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Abstract

Heat transfer in the entrance-region flow of viscoplastic materials inside tubes is analyzed. The flow is laminar and the
material viscosity is modeled by the Herschel-Bulkley equation. The conservation equations are solved numerically via a finite
volume method. Two different thermal boundary conditions are considered, namely, uniform wall temperature and uniform wall
heat flux. The effect of temperature-dependent properties is also investigated. The Nusselt number is obtained as a function of the
axial coordinate, yield stress, and power-law exponent. Results show that the same trend is observed for the two thermal
boundary conditions, but the Nusselt numbers are always higher for the isoflux-wall cases. The length of the entrance region
decreases as the material behavior departs from the Newtonian one. Finally, it is observed that neglecting the temperature de-
pendence of material properties may introduce important errors in the heat transfer coefficient. © 1999 Elsevier Science Inc. All
rights reserved.
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Notation Tw wall temperature (°C)
e . u x-component of velocity (m/s)

a sensitivity of yield stress to temperature, T mean axial velocity (m/s)

= —(dw/dT)/7 (1K) u' dimensionless x-component of velocity, = u/}.R
b ;enjlgé\;t/yd;g;[gn(sﬁg;lcy index to temperature, u dimensionless mean axial velocity, = u/y.R

\ v velocity vector (m/s)
c spemﬁg heat (J/kg K) v r-component of velocity (m/s)
D tu.be. diameter (m) S v dimensionless r-component of velocity, = v/7.R
f friction factor, = (2(8p/6x)D)2/(pu ) X axial coordinate (m)
h heat .transfer. coefficient (\Z/ m” K) b dimensionless axial coordinate, = x/R
K consistency index (kg/m s™) x* inverse Graetz number, = x'/Pe
Kt consistency index at reference temperature (kg/m s>") ’
n power-law exponent
Nu Nusselt number, = AD/k Greek e )
p pressure (Pa) o thermal diffusivity, = x/pc (m?/s)
V4 dimensionless pressure 7y deformation rate, = 4/ %trjﬂ (s
Pe Peclet number, = uD/a Y dimensionless deformation rate, = /7,
Pr Prandtl number, n.c/x Ve characteristic deformation rate (s!)
qw wall heat flux (W/m?) ¥y rate-of-deformation tensor (s7!)
r radial coordinate (m) n viscosity function (kg/m s)
v dimensionless radial coordinate, = r/R N dimensionless viscosity function, = /1,
R tube radius (m) f, characteristic viscosity (kg/m s)
Re Reynolds number, = puD/#, K thermal conductivity (W/m K)
T temperature field (°C) 0 dimensionless temperature, = (7 — T,,)/(T; — Ty)
Ty bulk temperature (°C) o mass density (kg/m*)
T; inlet temperature (°C) T magnitude of the extra-stress tensor,= 4/ %trr2 (Pa)
Tret reference temperature (°C) Ty yield stress (Pa)
Toref yield stress at reference temperature (Pa)
- T extra-stress tensor (Pa)
* Corresponding author. E-mail: pmendes@mec.puc-rio.br. 0 dimensionless temperature, = (7 — T})/(qwD/x)
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1. Introduction

There are a large number of industrial processes, such as
the ones found in the industries of petroleum, cosmetics, foods,
plastics, paints and pharmaceutical, that somehow deal with
viscoplastic materials. Frequently, these processes involve non-
isothermal situations, and the temperature distribution in the
material must be known in order to allow control of its rhe-
ology.

An important example is found in the process of drilling
petroleum wells. Drill muds have a key role in this process.
They are typically concentrated suspensions, and, conse-
quently, highly non-Newtonian in nature. They should have
the correct density to provide the pressure needed for well
integrity and for avoiding premature production of hydro-
carbons. Their rheological properties must be such as to allow
carrying rock particles that are generated during drill opera-
tion, with a minimum of pumping power. This requires a
highly shear-thinning rheological behavior. Also, the success
of a well cementing operation depends to a great extent on the
knowledge and control of the cement rheological properties.
Because the material properties are strong functions of tem-
perature, and because these flows are not isothermal, heat
transfer information is needed to allow reliable designs of such
costly drilling or cementing operations.

Heat transfer to Bingham plastics and power-law fluids in
laminar flow through tubes has been investigated to some ex-
tent. Bird et al. (1983) presented an overview of the rheology
and flow of viscoplastic materials, and analyzed some simple
flow situations using a Generalized Newtonian Liquid (GNL)
model with a Bingham plastic viscosity function. For fully
developed laminar flow of power-law fluids in tubes, Bird et al.
(1987) gave Nu=13.657, 3.949 and 4.175, respectively, for the
power-law exponent n=1, 0.5 and 1/3 and uniform wall
temperature. For uniform wall heat flux, an analytical solution
is easily obtained (Irvine and Karni, 1987)
Nu:8(5n+l)(3n+l)- )

3In2 +12n+ 1

A comprehensive research focusing on the heat transfer
problem in the developing flow of power-law fluids through
tubes has been performed by Joshi and Bergles (1980a, b). In
this study, they obtained correlations for g, =constant, and
considered the temperature dependence of K. Another exper-
imental study for flow and heat transfer to pseudoplastic ma-
terials is presented by Scirocco et al. (1985). In both studies, at
the inlet of the heated portion of the test section the velocity
profiles are already fully developed. Richardson (1987) pre-
sents asymptotic solutions for power-law fluids considering a
temperature-dependent consistency index. Vradis et al. (1992)
analyzed the heat transfer problem in the simultaneously de-
veloping flow of a Bingham material, assuming uniform wall
temperature and constant thermophysical properties. In this
numerical study, axial conduction is neglected. The analysis
reported by Blackwell (1985) for Bingham materials also as-
sumes constant properties and uniform wall temperature.
Moreover, axial conduction is also neglected, and the flow is
considered hydrodynamically developed from the tube inlet.

Forrest and Wilkinson (1973), and, more recently, Nouar et
al. (1994), studied the heat transfer problem of the Herschel—-
Bulkley materials flowing inside tubes. These works considered
hydrodynamic development from the tube inlet, and neglected
axial conduction. In Forrest and Wilkinson’s numerical study,
both the uniform wall heat flux and the uniform wall tem-
perature thermal boundary conditions have been investigated.
Nouar et al. (1994) reported a theoretical and experimental
study, considering a constant wall heat flux boundary condi-
tion. In this paper, the impact on velocity profiles and Nusselt

numbers of temperature-dependent rheological properties is
discussed. In a similar study, Nouar et al. (1995) obtained
numerical results assuming fully developed flow at the entrance
of the heated region. Axial conduction was neglected, and the
temperature dependence of the consistency index was consid-
ered. Correlations for friction factor and Nusselt number were
also proposed.

For turbulent flow, the thermal boundary condition as-
sumes minor importance, and the entry length becomes much
shorter. Moreover, the shear rates are so large that the yield
stress limit becomes unimportant. Therefore, information for
power-law fluids and for fully developed flow can be employed
for a wide range of situations. Irvine and Karni (1987) rec-
ommend Yoo’s correlation, valid in the range 0.2 <n<0.9:

. Nu 00152
M= Re P T RS .
where
Z2—nyn I-n
Re:puKD <2(3n+1)> 3)
n
and

oS ()

In the above expressions, D is the tube diameter, p the mass
density, u, the average velocity, ¢, the specific heat, and x the
thermal conductivity. Yoo’s correlation can be used for Re’s in
the range 3000 < Re < 90000. From Eq. (2), it can be seen that
Ju 1s a rather weak function of Re.

Another important point discussed in the literature of vis-
coplastic materials is the numerical difficulty in using the von
Mises yield criterion. Essentially two types of modification of
the Bingham plastic viscosity function have been proposed to
handle this, namely, the bi-viscosity model (Lipscomb and
Denn, 1984; Gartling and Phan-Thien, 1984; O’Donovan and
Tanner, 1984), and Papanastasiou’s model (Papanastasiou,
1987). Both modifications have been used successfully in an-
alyses and numerical simulations of different complex flows
(e.g., Ellwood et al., 1990; Abdali et al., 1992; Beverly and
Tanner, 1992; Wilson, 1993; Wilson and Taylor, 1996; Piau,
1996).

In the present work, laminar heat transfer coefficients for
entrance-region flows through tubes of viscoplastic materials
are presented. Numerical results for both the isothermal-wall
(T, = constant) and the isoflux-wall (¢,, = constant) thermal
boundary conditions are obtained. The case of simultaneous
velocity and temperature development is considered, and axial
conduction is accounted for in the analysis. The mechanical
behavior of the material is assumed to be well represented by
the Generalized Newtonian Liquid model (GNL), which gives
excellent results when the main goal is to obtain a flow rate/
pressure drop, or flow rate/drag force relationship. In this
model, the extra-stress tensor t is given by

T=ny. (5
In the above equation, y is the rate-of-deformation tensor,
defined as grad v+ (grad v)", where v is the velocity vector.

The quantity # is the viscosity function, assumed here to be of
the Herschel-Bulkley form

{To/‘)-i-K*j/”‘l if T > 1, ©)

In Eq. (6), 7o is the yield stress, T = 4 /4trt? a measure of the

magnitude of 7, 7 =

%) otherwise.

%tr $? a measure of the magnitude of ¥,

K the consistency index, and nthe power-law exponent. Typi-
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cally K and 7, are sensitive to the temperature of the material.
However, for drilling muds and cements, the power-law ex-
ponent, n, is often independent of temperature variations.
These three parameters (179, K and n) are normally determined
via least squares fits to experimental shear (t x 7) data. In most
of the present work, these rheological parameters were as-
sumed to be independent of temperature. However, in order to
assess the validity of this assumption, some results were ob-
tained assuming that 7y and K are the following functions of
temperature:

—a(T—T;
To = Toref€ al m-)v (7)

K = Krefe’b(T’Tref). (8)

In these equations, 7o and K, are the values ofty and K at a
reference temperature, which was chosen to be the inlet tem-
perature for the cases with uniform wall heat flux, and the wall
temperature for the uniform wall temperature cases. The ref-
erence values and parameters @ and b were obtained via least-
squares fits to measured data for mayonnaise (Soares, 1996).
Results are presented in terms of velocity, pressure and
temperature fields. The variation of the heat transfer coefficient
with the inverse Graetz number and some rheological pa-
rameters are also presented. As far as the authors know, this is
the first heat transfer study of laminar entry-region flow of
viscoplastic materials through tubes which considers the si-
multaneous hydrodynamic and thermal development.

2. Analysis

In the analysis, the flow is assumed to be steady and axisym
metric. The hypothesis of constant thermophysical properties
is also employed. The mass, momentum and energy conser-
vation equations, in conjunction with the GNL (Eq. (5))
constitutive equation and appropriate boundary conditions,
govern this physical situation.

In order to obtain representative dimensionless governing
equations and dimensionless parameters, the choice of char-
acteristic quantities is crucial. For this problem, it is appro-
priate to choose fully developed values of some key quantities
as characteristic quantities, as discussed next.

The characteristic shear rate, }., is chosen to be the one that
occurs at the tube wall in the fully developed region, and at the
reference temperature:

_ 1/n
?c = (TR,fd T0ref) 7 (9)

Kref

where T 14 1S the shear stress at the wall in the fully developed
region, which can be easily related to the pressure drop by
means of a force balance:

d R ApR
TRfd = _[Trx(R)L‘d = (di:) B) Ltid) 2" (10)

The subscript “fd” indicates that the quantity is to be
evaluated in the fully developed region. In the above expres-
sion, p is the pressure, x the axial coordinate, R the tube radius,
and Lg a tube length in the fully developed region to whose
ends the pressure difference Ap corresponds.

The characteristic viscosity is chosen as

TR, fd
(11)
Ve
The dimensionless shear rate and viscosity are respectively
defined as

Y =9/Ves 0 =n/ne. (12)

e = ('c)

Using the above definitions, the dimensionless viscosity
function can be written as

! [l (1 — 7 /=1 if 7 > /7
ﬂ/—{r()// ( ”o)/ T T'O (13)
o0 otherwise.
where
T 4] Toref
‘=—andr=—=—. 14
TR fd TR trgu (14)

A result of interest is the expression for the fully developed
wall shear rate, J,:

. u 72”[-‘1—1 l o _ 2
" TWR™R 2n {2(1 ) =37 (00 =)
-1
n 3
73n+1(17r0)} . (15)

In this equation # is the average velocity and &' the corre-
sponding dimensionless quantity, given by &' = ii/R), (Souza
et al., 1995; Soares et al., 1997). Clearly, the above equation
can be rewritten as a useful relationship between flow rate and
pressure drop. It is also interesting to observe that it reduces to
the well-known expressions for the wall shear rate for fully
developed flow of power-law (r;, =0) and Newtonian
(ry, = 0,n = 1) fluids, namely

. 8u\3n+1
yc, power-law — 5 4n )

. 8u
Ve, Newtonian = <B> . (16)

2.1. Conservation of mass and momentum

Using the above defined characteristic quantities, the con-
servation equations can be reduced to their dimensionless
forms. The mass and momentum equations for the entrance
region of a steady laminar flow of a Herschel-Bulkley material
through a duct are thus given by
o 19()
ox' r o

D000 10 (00 o (o
v or o o w o\ o o \Tox )|’

(18)

=0, (17)

00 o opf 2u[a(1a ,,,)>

8’+ o 8r’+7 or r’ar/(nrb

)

In these equatlons v =v/Ry,, X =x/R, ¥ =r/R, and
= p/p(Rj.)". The Reynolds number is defined as
pid _2p()" @) R

Ne Kier + Torer (@')"R" / (4)"

It is interesting to observe that, when 7o = 0, Eq. (20) re-
duces to Eq. (3), which is a widely used expression for the
Reynolds number for flows of power-law fluids, and which is
often incorrectly used for flows of viscoplastic materials as
well.

The boundary conditions are the usual no-slip condition at
the wall, the symmetry condition at the centerline, uniform
velocity profile at the tube inlet, and locally parabolic flow at
the outlet:

Re =

(20)
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O (0.6) =0, v(0.X) =0,

W (1,x)=0, v(1,x)=0, 1)
u(7,0)=u, J(#,0)=0,

o, o,

W(”al‘)_o? ax,(r’L)_O?

where L' = L/R is the dimensionless tube length.
2.2. Modified bi-viscosity model

The viscosity function as given by Eq. (13) is not conve-
nient to handle numerically. The usual approach in numerical
schemes for flows of Bingham plastics is to replace it with
another viscosity function, the so-called bi-viscosity model
(Beverly and Tanner, 1992). This idea can be easily extended to
Herschel-Bulkley materials, yielding the following approxi-
mate representation of the viscosity function:

I/I/ _ ré/j/ + (] - ’6)?’"71 if 7}/ > 'J:/small’ (22)
Marge otherwise.
For the case of Bingham materials Beverly and Tanner

(1992) recommend
Miarge = 1000. (23)

This value is also employed here. Therefore,

/ J
"o "o

~

Fomall = 1000 — (T — r4)jmy 1000

(24)

2.3. Conservation of energy

Neglecting viscous dissipation effects and assuming that the
thermal conductivity is constant, the dimensionless energy
equation for the thermal boundary condition of uniform wall
temperature is given by

/@_’_ ’%72_17 @_ﬁ.li ’% (25)
“o o TP \ow  rar\"ar )

where 0 = (T — T,,)/(T, — Ty,), Pe = uD/o the Peclet number,
and o = x/(pc) the thermal diffusivity.

Similarly, for the thermal boundary condition of uniform
wall heat flux,

= 2 ]
V20D 0 (0] 5

ox' or  Pe | ox®  rFor\ or
where ® = (T — T;)/(qwD/K).

From Eqgs. (25) and (26), it can be seen that, when viscous
dissipation effects are negligible, the influence of rheological
behavior on heat transfer is conveyed through the velocity field
only.

For uniform wall temperature, the boundary conditions for
Eq. (25) are

D0,y =0, 0(1,x) =0,
or

20 (27)
0(?‘,0):1, &(V7L):O;

while, for uniform wall heat flux, the thermal boundary con-
ditions should be written as

a_¢(07x/):07 8_¢(17x/):17

or' or' 28
, o ,, , 2 (28)

¢(V,0)=O, &(rvl‘)zp_e

It should be clear that the above boundary conditions at L
have no physical basis whatsoever, but are needed in numerical

integrations where outflow boundaries are present. If used
appropriately, however, they typically yield excellent results.
For the uniform wall temperature boundary condition, the
Nusselt number is given by
hD 2 90
Nu@x)=—=—-——"——(1,¥ 29
u(e) =7 = g g (1) (29)

where 0, is the dimensionless bulk temperature, defined as

1
0, =2 / Zordr. (30)
u
0

When the thermal boundary condition at the tube wall is
one of the uniform heat flux, the Nusselt number becomes

hD 1
Nu)=—=-————— 31
W) = = T o) — &) (3
where
&y, = 2/ —ordr. (32)
u

2.4. Numerical solution

The conservation equations are discretized by the finite
volume method described by Patankar (1980). Staggered ve-
locity components are employed to avoid unrealistic pressure
fields. The pressure-velocity coupling is handled by the SIM-
PLEC algorithm (Van Doormaal and Raithby, 1984). The
resulting algebraic system is solved by the TDMA line-by-line
algorithm (Patankar, 1980) with the block correction algo-
rithm (Settari and Aziz, 1973) to increase the convergence rate.

A non-uniform 140 x 32 grid is employed, with points
concentrated toward the inlet region in the x-direction, and
toward the wall in the r-direction, to resolve the sharp gradi-
ents expected at these locations. The domain length in the axial
direction, L, is equal to fifteen diameters for the low Pe cases,
and ninety-five diameters for the high Pe cases.

Extensive grid tests were performed, which attested that the
solutions obtained are grid-independent. Two kinds of tests,
for the Newtonian and the Herschel-Bulkley materials, were
done. The results obtained were compared with the values
presented in the literature and with the results for finer meshes.
For the flow of a Newtonian fluid (Pe =50 and Re =10), fully
developed value of Nusselt number is less than 0.1% different
from the exact value, presented in Shah and London (1978).
The same error occurs for the fully developed value of the
product between the friction factor and the Reynolds number,
f Re. The average value of the errors for the fully developed
local axial velocities with respect to the analytical solution is
equal to 0.07% for the mesh used (140 x 32). However, it is
interesting to note that the length of the entrance region is
rather sensitive to mesh refinement. Refining the grid to 175 x
62 decreases it by 8%.

For a Herschel-Bulkley material (n = 0.3; r; =0.3), the
differences between the 140 x 32 and the 175 x 62 grid are
0.3% for the f Re, 0.24% for the Nusselt number and 5.72% for
the length of the entrance region. Comparing the results ob-
tained for the fully developed velocity profiles with the ana-
lytical solution (Souza et al., 1995), the agreement is excellent,
with an average error of 1.14%

A detailed comparison with results available in the litera-
ture for some particular cases for the purpose of validation can
be found in Soares (1996). As an example, Nu results obtained
for a power-law fluid are compared with the ones given by
Joshi and Bergles (1980a) in Fig. 1. It can be seen in this figure
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(developed velocity profile at inlet)
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0.001 _ . 0.1
X

0.0001

Fig. 1. Comparison of predictions with experimental results.

that the agreement is quite good, except in a short region
starting at the entrance of the tube. The departure is due to the
different hydrodynamic inlet condition imposed by Joshi and
Bergles (1980a) — fully developed flow, as opposed to the
uniform velocity profile.

3. Results and discussion

Because this problem is governed by an exceedingly large
number of parameters, an extensive parametric analysis is not
practical. Therefore, only a few representative combinations of
the governing parameters are examined.

Fig. 2 shows velocity profiles at four different axial posi-
tions along the entrance region. It is seen that, close to the tube
inlet, there is a velocity overshoot near the wall. This over-
shoot is related to axial diffusion of momentum, and therefore
cannot be predicted by formulations that consider radial dif-
fusion only. Although milder than the one observed for
Newtonian fluids, this effect is not negligible, and might have
an important impact in heat transfer.

The results shown in Figs. 3-7 pertain to the uniform wall
temperature boundary condition. Temperature profiles at
some axial locations are seen in Fig. 3. In order to eliminate
the x-dependence in the fully developed region, these profiles

1.5 T T T T

u'/a’

Fig. 2. Velocity profiles: Herschel-Bulkley material.

25 :
2 _\\\
\\
Q —_— -
D5 \\\\
— N
(un)

1 Fx *= 0.00487

0.0415
05 0.174
0.454
0 1 1 1 1 \
0 02 04,106 0.8 1

Fig. 3. Temperature profiles: Herschel-Bulkley material (73, = const.).

L L P T S S B | L L

+
X 0.1

Fig. 4. Entrance-region Nu for different r,’s and n’s (7,, = const.).

0.01

4 1 L L PR W T W T | 2
+
0.01 X 0.1

Fig. 5. Entrance-region Nu for different »,’s and Pe’s (7,, = const.).

are presented as a ratio of 0 to ,. Because the Prandtl number,
defined as Pr = 5_./pa = Pe/Re, is equal to 5, the thermal de-
velopment lengths are larger than the corresponding hydro-
dynamic development lengths, indicated in Fig. 2.
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Fig. 6. Nu(x") for different r;’s and Re’s (n = 1, T,, = const.).

10

P—

4 MR | " 1 PR S T B A | L
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Fig. 7. Nu(x") for different r{’s and Re’s (n = 0.3, T,, = const.).

Fig. 4 shows the Nusselt number variation with the inverse
Graetz number, x* = x'/Pe, for a number of combinations of
ry and n. It is seen that high {’s imply high velocity gradients
near the wall, as does low n’s. For example, the curve for rj, =
0.7 and n = 0.3 falls above all others in Fig. 4, while the curve
for v, = 0.3 and n = 1.0 gives the lowest Nu for a given x*.
Thus, the combinations of #; and » which yield higher velocity
gradients at the wall are the ones for which the Nusselt number
is also higher, as expected.

Fig. 5 illustrates the entrance-region Nusselt number vari-
ation with the Peclet number, for some combinations of the
governing parameters. It is interesting to observe that axial
conduction is important in the vicinity of the tube inlet only,
and its effect is to increase the Nusselt number. Larger yield
stresses tend to decrease the axial conduction effect. On the
other hand, axial conduction is not greatly affected by the
power-law exponent in the range investigated.

For the constant-property situations examined in this pa-
per, the Nusselt number depends on the material rheology
through its influence on the velocity profile only. Therefore,
axial diffusion of momentum — which affects the velocity field —
is expected to affect the Nusselt number. This is illustrated in
Figs. 6 and 7. It is seen in these figures that the effect is re-
stricted to the neighborhood of the tube inlet, and is negligible
for high yield stress materials. However, it becomes important

as the rheological behavior approaches the Newtonian (higher
n’s and lower r{’s).

Results are now shown for the uniform wall heat flux
boundary condition. Fig. 8 shows temperature profiles at some
axial locations, while Figs. 9-12 present Nusselt number re-
sults. Comparing these results with the ones obtained for the
uniform wall temperature boundary condition, it is seen that
the qualitative behavior is the same, both for the entrance
region and for the fully developed portion of the flow. How-
ever, the Nusselt number values are much higher for the uni-
form wall heat flux boundary condition, as usual.

Finally, Figs. 13-16 illustrate the effect of property varia-
tion with temperature on the velocity profile and Nusselt
number, for two different combinations of the flow parameters
and for uniform wall heat flux. For both situations examined,
the tube wall was assumed to be hotter than the flowing ma-
terial. It can be observed that the velocity profile gets sharper
near the wall for both cases, due to the fact that viscosity de-
creases in this region as a result of the wall heating. Therefore,
the development length is larger when viscosity depends on the
temperature. This effect on the velocity profile causes the
Nusselt number to increase significantly in the entrance region.
As the fully developed region is approached, the deviation gets
smaller, since the radial temperature gradient (and hence the
radial viscosity gradient) becomes milder.

-0.15 : ' ' '

Pe = 50
Nu
, )

Fig. 9. Entrance-region Nu for different »’s and »’s (g,, = const.).
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Fig. 10. Entrance-region Nu for different #;’s and Pe’s (¢,, = const.).
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Fig. 11. Nu(x") for different r{’s and Re’s (n = 1, g, = const.).
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Fig. 12. Nu(x") for different 7{’s and Re’s (n = 0.3, g, = const.).
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Fig. 15. Effect of variable properties on Nu (Re =100, ¢,, = const.).
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N \ constant properties

NLI \variable properties
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6L
A Pe = 500 |
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Fig. 16. Effect of variable properties on Nu (Re =500, ¢, = const.).

4. Conclusions

Heat transfer in the entrance-region flow of the Herschel-
Bulkley materials inside ducts is investigated. The case of si-
multaneous development of velocity and temperature profiles
is analyzed. Both the uniform wall temperature and the uni-
form wall heat flux boundary conditions are examined.

The characteristic quantities employed are obtained from
the fully developed analytical solution, which is presented in a
new form. The form of the solution presented in this paper is
more compact, and gives the velocity in terms of two conve-
nient dimensionless parameters, namely, n and r;,.

The governing equations are solved numerically via a finite-
volume technique. Results are presented in the form of velocity
and temperature profiles, and entrance-region Nusselt number
axial distributions.

In the entrance region the velocity profile presents an
overshoot near the wall. The trends observed for temperature-
and isoflux-wall boundary conditions are the same, but, as
occurs in fully developed flows, the Nusselt number in the
entrance region is always higher for the uniform wall heat flux
case. It is also shown that the Nusselt number changes sig-
nificantly in the entrance region due to the effect of property
variation with temperature.
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