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Abstract. A recently developed viscoelastic k-& turbulence model is used to analyze the reduction in heat transfer coefficient of
viscoelastic fluid. The new dynamic turbulence model is able to link fluid rheology and turbulence and constitutes an alternative
approach to the prediction of turbulent flow of drag reducing fluids. Here, the momentum equations are numerically solved for a
fully developed pipe flow and the flow field solution is used to solve the thermal energy equation, in order to obtain the heat transfer
coefficient along the developing boundary-layer. The numerical calculations of momentum compare favourably with experimental
data, whereas the heat transfer simulations do show a significant heat transfer reduction in relation to that of Newtonian fluid, thus
showing that the new formulation is able to predict both drag and heat transfer reductions in pipe flows.
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1. Introduction

Drag reduction is a fascinating subject that occurs in turbulent flow of some dilute polymer solutions and surfactant
solutions, but is still porrly understood. One of the theories for explaining drag reduction in non-Newtonian fluids
relates the suppression of turbulent fluctuations with some elastic properties (Lumley, 1977; Virk, 1975), especially the
normal stresses.

More recently, experimental and DNS investigations have confirmed the role of fluid elasticity in drag reduction
(Massah and Hanratty, 1997; Warholic et al, 1999), especially the effects of polymer extensibility and enhanced
elongational viscosity (Sureshkumar et al, 1997; Dimitropoulos et al, 1998) but so far no single physical model has
clearly emerged for explaining drag reduction. Still, as a possible cause for drag reduction an enhanced elongational
viscosity has been quoted more often at least since the nineteen seventies (Lumley, 1977). Other tentative theories, such
as stress or viscosity anisotropy, have been less successful and the corresponding results confusing. For instance, the
numerical investigations of Den Toonder et al (1997) has predicted higher drag reductions for anisotropic purely
viscous models than for anisotropic viscoelastic fluids, in contradiction with experimental findings.

In parallel with the reduction in turbulent momentum transport those fluids also exhibit a reduction in convective
heat transfer. Although both phenomena (drag and heat transfer reduction) are important in many branches of chemical
and mechanical engineering industries, the heat transfer has been far less investigated than the corresponding fluid
dynamic problem (Matthys, 1996). This can be partially explained, considering that heat transfer experiments are in
general more complex to perform accurately, but also because developments in predicting turbulent drag reduction with
polymer solutions are required prior to attempting to predict heat transfer with the same fluids. The non-existence of a
widely accepted turbulence model for drag reducing fluids has been the greatest obstacle to theoretical and numerical
investigations on their heat transfer characteristics.

The major problem in the description of turbulent flow characteristics of viscoelastic fluids, is the correct inclusion of
rheological parameters of the fluid in order to make it as general as possible. In the late nineteen seventies, some
authors (Mizushima, 1977; Durst et al, 1977; Hassid and Poreh 1975, 1977, 1978) used experimental results of pipe
drag reduction to adjusts the constants, wall functions and damping functions in standard and low Reynolds number
turbulence models and then were able to predict the characteristics of the same flows. However they could not
successfully predict the behaviour of the same fluids in other flows or in pipe flows of different diameter and, as far as
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we are aware, there was no further progress in deriving appropriate single-point closures. Since then most of the
research in the field, based on DNS simulations of elastic fluids, has been directed at understanding the molecular
configurations and corresponding fluid properties (for example, De Angelis et al, 2002).

Without knowing the correct physics behind drag reduction and the correct rheological constitutive equation
for a given drag reducing fluid, which at present nobody really knows for sure, it will not be possible to arrive at the
correct turbulence models. However, it is the duty of the engineer to improve the current situation since there is clearly
the need to further advances in single-point closures for drag reducing fluids. These must include some, if not all, of the
assumed relevant fluid rheological properties, and the best candidate is a sstrain-thickening elongational viscosity

Recently, Pinho (2002) and Cruz and Pinho (2002) proposed a new turbulence model for drag reducing fluids
that was developed from a Generalised Newtonian Fluid, and is based on the classical, low Reynolds number K — €
model. The GNF constitutive model was modified to mimic some of the elastic fluid properties that are held responsible
for drag reduction , namely enhanced elongational viscosity and a viscoelastic damping function was introduced. So far,
the results have been quite successful and,consequently, in the present work this turbulence model is extended to deal
with the heat transfer of a drag reducing fluid and its capabilities, in terms of heat transfer performance, are assessed. As
part of the solution, the thermal energy equation for turbulent flow will be solved for a thermally developing pipe flow,
but under the conditions of fully-developed hydrodynamic flow, ie, coresponding to high Prandtl number condition.

2. THE CONSTITUTIVE EQUATION

As a first step, it is necessary to consider a constitutive equation for the viscosity. An algebraic form for the
viscosity function can be a Bird-Carreau type of equation containing a shear-rate dependent term, that is multiplied by a
strain-rate dependent term. While the former gives the appropriate variation of the shear-viscosity, the latter mimics
some of the strain-thickening effects that are held responsible for drag reduction.

p-1

H= uo[1+/\v] [1+/\£ (1

However, for simplicity in the derivation of the turbulence model, a power law based equation was preferred
(Pinho, 2002) and, consequently, the same form (Eq. 2) is adopted here.
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In equation (2) the viscometric function |1, (y ) is obtained by fitting the viscometric viscosity 1), with a power law

whereas the non-dimensional elastic function [, = l/ 3N, (8)/ T]V(}'/) at 7= \/58 in order to respect the limiting

physical behavior.
For this Generalized Newtonian fluid it is now necessary to derive the corresponding conservation equations,
bearing in mind that there are turbulent fluctuations in the viscosity, because of its dependence on the flow kinematics.

3. THE TURBULENCE MODEL

The details of the derivation of the transport equations are presented in Pinho (2002) and here only the main
features of the model are presented. The mean flow conservation equation for the GNF fluid, with the two-dimensional
boundary layer simplifications, is :
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It is important to note here that a mean value of the molecular viscosity must be used, which is defined in Eq. (4a),
since the viscosity functions no longer linear. This average molecular viscosity reduces to a constant value of

1 = K,K, when the shear and strain rate dependencies are reduced (N =1, p =1).
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Since this average molecular viscosity was derived with high Reynolds number arguments, it must be corrected in
the vicinity of a wall to where fv is a molecular viscosity damping function. In this model, this damping function is
made equal to fu.

n-1
m= 10+ (- £)K[6)]
(4b)

To determine the shear stress the Boussinesq approximation is invoked by which

— ouU
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The eddy diffusivity v, is given by the Prandtl - Kolmogorov equation, which is modified for low Reynolds number
effects with the damping function f# :

2
v, =C,f k? (6)

In Eq. (6) k stands for the turbulence kinetic energy and € is the modified rate of dissipation of turbulent kinetic
energy which is used here as in most near wall, low Reynolds number k-£ models (Patel et al,1985). It is related to the
true rate of dissipation of turbulent kinetic energy £ by:

e=€+D (7
where D takes a specific form for each turbulence model.

The turbulence kinetic energy equation is not deeply affected by the new definition of the viscosity and it can be
written as follows, with the boundary layer simplifications:
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For the modified rate of dissipation of turbulence kinetic energy the transport equation is:

= = =2
OUE  10rVE _1 0 A flCHEP— fZC£2£—+E+ v, 0 0V )
O r dr rar o, or k k OV or or

&

In Eqs. (8) and (9) we adopted a modified version of the model proposed by Nagano and Hishida (1987), with the
kinematic viscosity V substituted by the average kinematic viscosity v and with a different damping function f,. The

various viscous extra terms and damping functions take the following form:
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The coefficients were taken form Nagano and Hishida’s model which are basically those of the standard model and
are listed in Tab. (1).

Table 1- values of the parameters assigned to Nagano and Hishida’s low Reynolds k-£ model.

Cyu Ok O¢ Cei Cer
0,09 1,0 1,3 1,45 1,9

The damping function f y has to be modified in order to consider the non-Newtonian behaviour of the fluids. The

complete deduction of the damping function f y used here can be found in Cruz and Pinho (2002) and is given by:

Cz pHp 126 (15)
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where

(16)

Constant C is equal to 9 and was obtained in Cruz and Pinho (2002) by comparing predictions with experimental
data of Escudier et al (1999) for an aqueous solution of 0,125% PAA.

The thermal energy equation adopted here for the turbulent flow simulations is the same used by Durst and Rastogi
(1977), which is written as:
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According to the literature (Loulou et al 1992 and Shin, 1996) the variation of thermal conductivity with shear rate
is weak and so, here the thermal properties of the fluid are assumed constant.

4. THE NUMERICAL PROCEDURE AND RESULTS

The set of equations (3) to (15) was solved numerically using a finite volume formulation to obtain the fully-
developed pipe flow solution. Since the flow problem is fully decoupled from the thermal problem, the momentum
solution was then used as input to solve the thermal energy balance for the development of the thermal boundary layer,
a situation that is physically consistent with a high Prandtl number flow. Here, however, the emphasis is not on
investigating the characteristics of a high Prandtl number flow, but on assessing the capabilities of the current
turbulence model to predict heat transfer reduction.

Under these conditions the second term on the left-hand-side of Eq. (17) vanishes, and a finite difference
formulation was used to compose the following ordinary differential equation:

2
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which was numerically solved for each step X using the MATLAB framework.

Figure (1) compares predictions of the Fanning friction factor with the corresponding experimental measurements
of Escudier et al (1999) for an aqueous solution of 0,125% polyacrylamide (PAA). As mentioned above, parameter C
was made equal to 9 based on these comparisons, but the value worked equally well when predicting the behaviour of
other aqueous polymer solutions based on xanthan gum and carboxymethilcellulose sodium salt. The values of N, p,
Ke and Ky, listed in Table (2), were obtained from least-square fitting to the shear and elongational viscosity data of

the same fluid, presented in the paper of Escudier et al (1999).
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Figure 1. Comparison of the predictions of the Fanning friction factor with results for 0,125% PAA obtained by
Escudier et al (1999) in a pipe flow.

Table 2 — Parameters of the viscosity model (Eq. 2) for an aqueous solution of 0.125% PAA

n p Ke Ky
0,425 1,479 1,9393 0,2491

Results of the solution of the thermal energy equation are presented in Fig. (2) as the axial variation of the Nusselt
number for flows at a wall Reynolds number of 37000 (the Reynolds number is based on the wall viscosity). The
thermal diffusivity, inlet temperature and wall temperature used are listed in Table (3). First, the thermal behavior of a
Newtonian fluid flowing at the same reynolds number was calculated and is used here as a reference for the
comparisons, since there are no experimental data for the heat transfer characteristics of this fluid.
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It is clear from Fig. (2) that the present formulation of the turbulence model is able to predict some heat transfer
reduction, and yet no modification to the standard closure of the Reynolds flux was introduced. The heat transfer
reduction follows the reduction in drag since, in the present formulation, the thermal diffusion coefficient is obtained
through the turbulent Prandtl number concept, here assumed to take on a constant value of 0,9. Note, however, that in
quantitative terms both reductions are quite different. Whereas the reduction in heat transfer is of aproximately 6%, that
in drag was equal to 68%.

An important issue concerning heat transfer of viscoelastic fluids is the true value of the turbulent Prandtl number. It
is known (Matthys, 1996) that the amounts of maximum drag and heat transfer reductions are not identical as they
should if the Reynolds analogy held. By comparing some predictions with experimental data, Matthys (1996) has
suggested that the turbulent Prandtl number for viscoelastic fluids is much higher than for Newtonian fluids. It is
important to note, however, that such high values of the turbulent Prandtl number were obtained form modified
Newtonian eddy viscosity models, which may not be entirely applicable to viscoelastic turbulent flows, as pointed out
by Matthys (1996). Nevertheless, such findings are in agreement with experimental results (Kostic, 1994) that show the
heat transfer reduction to be higher than the drag reduction, at least in the asymptotic condition of maximum reductions.
Therefore, for turbulent flow of viscoelastic fluids the Reynolds analogy does not work.

Table 3. Thermodynamic and thermal properties of the fluid and numerical parameter

a AX Radius Twall Tinlet
6x10°m?/s| 0,0l m 0,025m | 350K 300 K

To assess the effect of the turbulent Prandtl number ( Pr;) in the current turbulence model, two extra simulations
were carried out for values of Pri of 3 and 15 and the corresponding results, plotted in Fig. (2), show the reduction in
Nu as it should. The Nusselt number reduction in relation to the newtonian case is equal to 8,5% and 9,55% for Pr; of 3
and 15, respectively, which means that the sensitivity of Nu decreases significantly with Prandtl number.

However, it is clear that the amount of heat transfer reduction in significantly less than the amount of drag reduction
even at high turbulent Prandtl numbers. This suggests that other modifications to the thermal energy equation and
turbulence model are required to account for viscoelastic effects in heat transfer, but this assertion also needs to be
validated by experiments for the same fluids. In fact, the preliminary investigations conducted by Cruz and Pinho
(2002) have shown that for this turbulence model the drag reduction is basically due to the molecular viscosity and the
effect of fv and is little affected by the turbulent viscosity. Since the energy equation is not affected by the molecular
viscosity, but only by the turbulent viscosity the reduction in heat transfer became less than the reduction in drag.
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Figure 2. The influence of the turbulent Prandtl number variation on the Nusselt number for viscoelastic and newtonian
fluids

Regarding the turbulent Prandtl number, its determination has been rather difficult due to the lack of a consistent
theory for predicting the characteristics of drag reducing fluids. The main difficulty so far has been that the available
models required, as input, prior knowledge of some intrinsic flow properties, such as the friction velocity. In contrast,
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the present formulation needs no such previous flow information, and attempts to describe the flow field with no
information other than the rheological parameters of the fluid.

5. Conclusion

In the present work a recently proposed turbulent-viscoelastic fluid formulation was used to analyze the heat
transfer reduction in viscoleastic pipe flow. The results have shown a dreduction in the heat transfer coefficient in
parallel to a reduction in drag. It was also shown that an increase in the turbulent Prandtl number could raise the heat
transfer reduction, as suggested by experimental data, but further work is necessary to improve the Reynolds flux
closure model and to quantify the true value of the turbulent Prandtl number in order to improve the prediction of
intense heat transfer reductions.

In any case, these results indicate that the present formulation has the potential to be used on the solution of
engineering problems because it only requires information on the fluid rheology, thus overcoming the difficulties of
previous formulations which needed some intrinsic flow properties as input.

6. References

Cruz, D. O. A. and Pinho, F. T. (2002) A contribution to the development of a low Reynolds numer k-e model for drag
reducing fluids: parametric investigation. Internal report of CEFT, Faculdade de Engenharia da Universidade do
Porto, Portugal and Dept. Mechanical Engineering, Universidade Federal do Para, Belém, Brasil.

Den Toonder JMJ, Hulsen MA, Kuiken GDC and Nieuwstadt FTM (1997) Drag reduction by polymer additives in a
turbulent pipe flow: numerical and laboratory experiments. J Fluid Mech, 337, 193-231.

Dimitropoulos CD, Sureshkumar R and Beris AN (1998) Direct numerical simulation of viscoelastic turbulent channel
flow exhibiting drag reduction:effect of the variation of rheological parameters. J] Non-Newt Fluid Mech,79, 433-
468.

Durst, F. and Rastogi, A. K., 1977, “Calculations of turbulent boundary layer flows with drag reducing polymer
additives”, Phys. of Fluids, 20, pp. 1975-1985.

Escudier, M. P., Presti, F. and Smith, S., 1999, “Drag Reduction in Turbulent Pipe Flow of Polymers”, J. Non-
Newtonian Fluid Mech., 81, pp. 197-213.

Hassid, S. and Poreh, M., 1975, “A turbulent energy model for flows with drag reduction”, Trans. ASME J. Fluids Eng.,
97, pp. 234-241.

Hassid, S. and Poreh, M., 1977, “Mean velocity and turbulent energy closures for flows with drag reduction”, Phys.
Fluids, 20, S193-S196.

Hassid, S. and Poreh, M., 1978, “A turbulent energy dissipation model for flows with drag reduction”, J. Fluids Eng.
100, pp. 107-112.

Kostic, M., 1994. “On turbulent drag and heat transfer reduction phenomena and laminar heat transfer enhancement in
non-circular duct flow of certain non-Newtonian fluids”, Int. J. Heat and Mass Transfer, 37, pp. 133-147.

Loulou, T., Peerhossaini, H. and Bardon, J. P., 1992, “Etude experimentale de la conductivité thermique de fluides non-
Newtoniens sous cisaillement — application aux solutions de Carbopol 9407, Int. J. Heat and Mass Transfer, 35, pp.
2557-2562.

Lumley, J. L., 1977, “Drag reduction in two-phase and polymer flows”, Phys. Fluids, 20, pp. 564.

Massah H and Hanratty TJ (1997) Added stresses because of the presence of FENE-P bead-spring chains in a
randomvelocity field. J Fluid Mech 337,67-101

Matthys, E. F., 1991, “Heat Transfer, Drag Reduction, and Fluid Characterization for Turbulent Flow of Polymer
Solutions: Recent Results and Research Needs”, J. of Non-Newt. Fluid Mech., 38, pp. 313-342.

Mizushina, T., Usui, H. and Yoshida, T., 1973, “Turbulent pipe flow of dilute polymer solutions”, J. Chem. Eng. Japan,
7, pp. 162-167.

Nagano, Y. and Hishida, M., 1987, “Improved form of the k-€¢ model for wall turbulent shear flows”, J. Fluids
Engineering, 109, 156.

Patel, V. C., Rodi, W. and Scheuerer, G., 1985, “Turbulence models for near-wall and low-Reynolds number flows: A
review”, AIAA J., 23, pp. 1308-1319.

Pinho, FT (2002) A GNF framework for turbulent flow models of drag reducing fluids and proposal for a k-epsilon type
closure. Submitted to Journal of Non-Newtonian Fluid Mechanics

Shin, S., 1996, “The effect of the shear rate dependent thermal conductivity of non-Newtonian fluids on the heat
transfer in a pipe flow”, Int. Comm. Heat and Mass Transfer, 23, pp 665-678.

Sureshkumar R, Beris AN and Handler RA (1997) Direct numerical simulation of the turbulent channel flow of a
polymer solution. Phys Fluids, 9(3), 743-755.

Warholic MD, Massah H and Hanratty TJ (1999) Influence of drag reducing polymers on turbulence: effects of
reynolds number, concentration and mixing. Exp. in Flluids, 27, 461-472.

Virk, P. S., 1975, “Drag reduction fundamentals”, AIChEJ, 21, pp. 625-656.



