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Abstract

This paper presents the first attempt to investigate numerically heat transfer in a helical pipe filled with a fluid saturated porous
the analysis is based on the full momentum equation for porous media that accounts for the Brinkman and Forchheimer extens
Darcy law as well as for the flow inertia. Numerical computations are performed in an orthogonal helical coordinate system. Th
of the Darcy number, the Forchheimer coefficient as well as the Dean and Germano numbers on the axial flow velocity, secon
temperature distribution, and the Nusselt number are investigated.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The investigation of flows in porous media is motivat
by various engineering applications, such as migration
moisture in fibrous insulation, grain storage, transpor
contaminated soils, underground disposal of nuclear wa
transport in drying processes, heat exchanges, etc. Nield
Bejan [1] summarized the state-of-art on this topic. Anot
quickly developing research field related to porous med
concerned with biomedical applications. In a clotted art
the lesions or “plaques” within the artery wall consist of
calized deposits of fat compounds (lipids) surrounded
cells recruited from the blood stream and scar tissue;
acts as a porous medium that may diminish or comple
eliminate the blood flow. The coronary arteries surround
the heart are curved and at least segments of them ca
modeled as helical.

Flow in helical pipes is also a subject of intensive inv
tigation. Of primary interest is the secondary flow cau
by the centrifugal force in a helical pipe. Numerical stu
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ies have been conducted to examine the effects of tor
and curvature on the Newtonian fluid flow in helical pip
utilizing the Dean number,Dn = ε1/2Re, and the Germano
number,Gn = (ελ)Re, to characterize the magnitude and t
shape of the secondary flow and the effects of the curva
and torsion on helical pipe flow [2–9]. Sandeep et al. [10]
tended the analysis of a helical pipe flow to non-Newton
fluids; the numerical research was performed in a Carte
coordinate system. Cheng and Kuznetsov [11] used the
thogonal helical coordinate system to study the effect
torsion and curvature on non-Newtonian fluid flow in heli
pipes and compared the flow dynamics between Newto
and non-Newtonian fluids.

Numerical computations of heat transfer in helical pip
were reported in a number of publications [12–16]. Che
and Kuznetsov [17] studied heat transfer in a fully-develo
laminar flow of a non-Newtonian fluid in a helical pipe wi
a constant wall heat flux; the effects of the Dean and G
mano numbers with a fixed Reynolds number on the hy
dynamics and heat transfer in non-Newtonian fluid flow
helical pipes were investigated. Nield and Kuznetsov [
presented a perturbation analysis and obtained an an

cal expression for the Nusselt number in a helical pipe filled
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Nomenclature

a pipe radius. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
CF Forchheimer coefficient
Da Darcy number,K/a2

Dn Dean number,ε1/2Re
Gn Germano number,ελRe
hs dimensionless scale factor
h̃r , h̃s , h̃θ dimensional scale factors
k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

K permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Nu Nusselt number,2a
k

q ′′
w

(T̃w−T̃b)

r dimensionless radial coordinate,r̃/a

r̃ radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m
r̂ residual vector
Re Reynolds number,ρf Ua/µ

s dimensionless axial coordinate,s̃/a

s̃ axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . m
p pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
P dimensionless pressure,̃P/ρU2

P̃ pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pr Prandtl number,cpµ/km

T dimensionless temperature, defined in Eq. (10)
T̃ temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T̃b mean temperature, defined in Eq. (10) . . . . . . K
T̃w wall temperature . . . . . . . . . . . . . . . . . . . . . . . . . K

U mean velocity, defined in Eq. (10) . . . . . . m·s−1

ṽ velocity vector . . . . . . . . . . . . . . . . . . . . . . . m·s−1

us,ur , uθ dimensionless velocity components,
ũs/U, ũr/U, ũθ /U

ũs, ũr , ũθ velocity components . . . . . . . . . . . . . . . . m·s−1

Greek symbols

ε dimensionless curvature,κa

θ angle, defined in Fig. 1(b)
κ curvature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

λ the ratio of torsion to curvature,τ/κ

µ effective dynamic viscosity of a porous
medium . . . . . . . . . . . . . . . . . . . . . . . . kg·m−1·s−1

ν effective kinematic viscosity of a porous
medium . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

ξ angle, defined in Eq. (11)
ρf fluid density . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

τ torsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

ϕ porosity
φ angle, defined in Fig. 1(b)

Subscripts

s axial direction
r radial direction
θ circumferential direction
ipe

es-
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ar-
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with a porous medium for the case when the flow in a p
is described by the Darcy law.

In the previous paper, Cheng and Kuznetsov [19] inv
tigated laminar flow in a helical pipe filled with a poro
medium utilizing the Brinkman–Forchheimer-extended D
cy equation with inertia terms. The purpose of this pa
is to perform numerical simulations of heat transfer fo
fully developed laminar flow of a Newtonian fluid in a h
lical pipe filled with a fluid saturated porous medium su
jected to a constant wall heat flux. An orthogonal heli
coordinate system is utilized. The effects of the Darcy nu
ber, the Forchheimer coefficient, the Dean number, and
Germano number with a fixed Reynolds number on the
drodynamics and heat transfer in helical pipes are inve
gated.

2. Governing equations

A helical pipe (Fig. 1(a)) is characterized by two param
ters, the curvature,κ , and the torsion,τ , which are defined
as, respectively

κ = R

R2 + p2
, τ = p

R2 + p2
(1)

An orthogonal helical coordinate system introduced by G

mano [3,4] is utilized with a helical coordinates for the axial
direction,r for the radial direction, andθ for the circumfer-
ential direction (Fig. 1(b)). The continuity and momentu
equations in the vector form are

∇ · ṽ = 0 (2)

and

ρf

ϕ2
(ṽ · ∇)ṽ = −∇P̃ + µ

ϕ
∇2ṽ − µ

K
ṽ − CF ρf

K1/2
|ṽ|ṽ (3)

whereK is the permeability of the porous medium (whi
is assumed to be isotropic with a uniform porosity),CF is
the Forchheimer coefficient (which, for a given geometry
a porous matrix, is a dimensionless form-drag constant
andϕ is the porosity.

Eq. (3) is a full momentum equation for the steady fl
in porous media that accounts for the Brinkman and Fo
heimer extensions of the Darcy law as well as for the fl
inertia [1].

The energy equation (the effect of thermal dispersio
neglected) is given by

(ρcp)f
DT̃

Dt
= ∇ · [km∇T̃

]
(4)

km = ϕkf + (1− ϕ)ks (5)

where km is the effective thermal conductivity of porou

medium and the subscripts ‘f ’ and ‘s ’ refer to ‘fluid’ and
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Fig. 1. (a) Schematic diagram of a helical pipe. (b) The orthogonal he
coordinate system.

‘solid’, respectively. Eq. (5) is a commonly used approxim
tion for porous media [1]. In the orthogonal helical coor
nate system, the scale factors are given by

h̃s = 1+ κr̃ sin(θ + φ), h̃r = 1, h̃θ = r̃ (6)

The dimensionless governing equations for the flow i

porous medium written in the orthogonal helical coordinate
system are the continuity equation

∂(rus)

∂s
+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂θ
= 0 (7)

the momentum equations

1

ϕ2

1

hsr

(
∂(rusus)

∂s
+ ∂(rhsurus)

∂r
+ ∂(hsuθus)

∂θ

)

+ 1

ϕ2

ε

hs

us

(
ur sin(θ + φ) + uθ cos(θ + φ)

)
= − 1

hs

∂P

∂s
+ 1

ϕ

1

Re

{
1

hs

∂

∂s

[
1

hsr

[
∂(rus)

∂s

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂θ

]]

− 1

r

(
∂

∂r

(
r

hs

(
∂ur

∂s
− ∂

∂r
(hsus)

))

− ∂

∂θ

(
1

hsr

(
∂

∂θ
(hsus) − ∂

∂θ
(ruθ )

)))}

− 1

Re

1

Da
us − CF

Da1/2
us

(
u2

s + u2
r + u2

θ

)1/2 (8a)

1

ϕ2

1

hsr

(
∂(rusur)

∂s
+ ∂(rhsurur)

∂r
+ ∂(hsuθur)

∂θ

)

− 1

ϕ2

u2
θ

r
− 1

ϕ2

ε

hs

u2
s sin(θ + φ)

= −∂P

∂r
+ 1

ϕ

1

Re

{
∂

∂r

[
1

hsr

[
∂(rus)

∂s

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂θ

]]

− 1

hsr

(
∂

∂θ

(
hs

r

(
∂

∂r
(ruθ ) − ∂ur

∂θ

))

− ∂

∂s

(
r

hs

(
∂ur

∂s
− ∂

∂r
(hsus)

)))}

− 1

Re

1

Da
ur − CF

Da1/2
ur

(
u2

s + u2
r + u2

θ

)1/2 (8b)

1

ϕ2

1

hsr

(
∂(rusuθ )

∂s
+ ∂(rhsuruθ )

∂r
+ ∂(hsuθuθ )

∂θ

)

− 1

ϕ2

ε

hs

u2
s cos(θ + φ) + 1

ϕ2

uruθ

r

= −1

r

∂P

∂θ
+ 1

ϕ

1

Re

{
1

r

∂

∂θ

[
1

hsr

[
∂(rus)

∂s

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂θ

]]

− 1

hs

(
∂

∂s

(
1

hsr

(
∂

∂θ
(hsus) − ∂

∂s
(ruθ )

))

− ∂

∂r

(
hs

r

(
∂

∂r
(ruθ ) − ∂ur

∂θ

)))}

− 1 1
uθ − CF

uθ

(
u2

s + u2
r + u2

θ

)1/2 (8c)

Re Da Da1/2
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(bott
Fig. 2. Contour lines of the axial velocity (top), vector plots of the secondary flow (middle) and contour lines of the dimensionless temperatureom)
at Re = 100,CF = 0.55, ϕ = 0.95, ε = 0.1, λ = 0.1, Dn = 31.6, Gn = 1.0 for different values of the Darcy number: (a)Da = 10−2; (b) Da = 5 × 10−2;
−1
(c) Da = 10 .

and the energy equation(
∂(rusT )

∂s
+ ∂(rhsurT )

∂r
+ ∂(hsuθT )

∂θ

)

= rus

Re Pr
+ 1

Re Pr

(
∂

∂s

[
r

hs

∂T

∂s

]

+ ∂

∂r

[
hsr

∂T

∂r

]
+ ∂

∂ξ

[
hs

r

∂T

∂θ

])
(9)

where

s̃ r̃
(

ũs ũr ũθ

)

s =

a
, r =

a
, (us, ur , uθ ) =

U
,
U

,
U

P = P̃

ρf U2
, ε = κa, λ = τ

κ

Re = ρf Ua

µ
, Da = K

a2

U = 1

π

2π∫
0

1∫
0

ũsr dr dθ, T̃b = 1

Uπ

2π∫
0

1∫
0

ũs T̃ r dr dθ

Pr = cpµ

km

, Nu = 2a

k

q ′′
w

(T̃w − T̃b)

T = T̃ − T̃w (10)

Nu(T̃b − T̃w)
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Fig. 3. Profile plots of the dimensionless axial velocity and dimensionless temperature in the horizontal and vertical cut view of the pipe atRe = 100,

CF = 0.55,ϕ = 0.95,ε = 0.1, λ = 0.1, Dn = 31.6, Gn = 1.0 for different values of the Darcy number: (a)Da = 10−2; (b) Da = 5× 10−2; (c) Da = 10−1.

he
den
is
wherea is the radius of the pipe andU is the mean velocity
defined in Eq. (10).

A fully developed laminar flow is considered so that t
dynamic variables except for the pressure are indepen
of s; therefore, the following simplifying transformation
performed froms, r , θ to s, r , ξ :

θ + φ �⇒ ξ,
∂

∂s
�⇒ ∂

∂s
− ελ

∂

∂ξ

∂

∂θ
�⇒ ∂

∂ξ
(11)

The governing equations are then reduced as:

−ελ
∂(rus)

∂ξ
+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂ξ
= 0 (12)

1

ϕ2

1

hsr

(
−ελ

∂(rusus)

∂ξ
+ ∂(rhsurus)

∂r
+ ∂(hsuθus)

∂ξ

)
1 ε
+
ϕ2 hs

us(ur sinξ + uθ cosξ)
t

= − 1

hs

(
∂P

∂s
− ελ

∂P

∂ξ

)

+ 1

ϕ

1

Re

{
−ελ

1

hs

∂

∂ξ

[
1

hsr

[
−ελ

∂(rus)

∂ξ

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂ξ

]]

− 1

r

(
∂

∂r

(
r

hs

(
−ελ

∂ur

∂ξ
− ∂

∂r
(hsus)

))

− ∂

∂ξ

(
1

hsr

(
∂

∂ξ
(hsus) + ελ

∂

∂ξ
(ruθ )

)))}

− 1

Re

1

Da
us − CF

Da1/2
us

(
u2

s + u2
r + u2

θ

)1/2 (13a)

1

ϕ2

1

hsr

(
−ελ

∂(rusur)

∂ξ
+ ∂(rhsurur)

∂r
+ ∂(hsuθur)

∂ξ

)

− 1

ϕ2

u2
θ

r
− 1

ϕ2

ε

hs

u2
s sinξ

∂P 1 1
{

∂
[

1
[

∂(rus)
= −
∂r

+
ϕ Re ∂r hsr

−ελ
∂ξ
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ot
Fig. 4. Contour lines of the axial velocity (top), vector plots of the secondary flow (middle), and contour lines of the dimensionless temperature (btom) at
Re = 100,Da = 10−2, ϕ = 0.95,ε = 0.1, λ = 0.1, Dn = 31.6, Gn = 1.0 for different values of the Forchheimer coefficient: (a)CF = 0.0; (b) CF = 0.25; (c)

CF = 0.50.

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂ξ

]]

− 1

hsr

(
∂

∂ξ

(
hs

r

(
∂

∂r
(ruθ ) − ∂ur

∂ξ

))

+ ελ
∂

∂ξ

(
r

hs

(
−ελ

∂ur

∂ξ
− ∂

∂r
(hsus)

)))}

− 1

Re

1

Da
ur − CF

Da1/2
ur

(
u2

s + u2
r + u2

θ

)1/2 (13b)

1

ϕ2

1

hsr

(
−ελ

∂(rusuθ )

∂ξ
+ ∂(rhsuruθ )

∂r
+ ∂(hsuθuθ )

∂ξ

)
1 ε 2 1 uruθ
−
ϕ2 hs

us cosξ +
ϕ2 r
= −1

r

∂P

∂ξ
+ 1

ϕ

1

Re

{
1

r

∂

∂ξ

[
1

hsr

[
−ελ

∂(rus)

∂ξ

+ ∂(rhsur)

∂r
+ ∂(hsuθ )

∂ξ

]]

− 1

hs

(
−ελ

∂

∂ξ

(
1

hsr

(
∂

∂ξ
(hsus) + ελ

∂

∂ξ
(ruθ )

))

− ∂

∂r

(
hs

r

(
∂

∂r
(ruθ ) − ∂

∂ξ
(ur)

)))}

− 1

Re

1

Da
uθ − CF

Da1/2
uθ

(
u2

s + u2
r + u2

θ

)1/2 (13c)

(
∂(rusT ) ∂(rhsurT ) ∂(hsuθT )

)

−ελ

∂ξ
+

∂r
+

∂ξ
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Fig. 5. Profile plots of the dimensionless axial velocity and dimensionless temperature in the horizontal and vertical cut view of the pipe atRe = 100,

Da = 10−2, ϕ = 0.95,ε = 0.1,λ = 0.1, Dn = 31.6, Gn = 1.0 for different values of the Forchheimer coefficient: (a)CF = 0.0; (b)CF = 0.25; (c)CF = 0.50.
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Re Pr
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Re Pr

(
(ελ)2 ∂

∂ξ

[
r
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∂T

∂ξ

]

+ ∂

∂r

[
hsr

∂T

∂r

]
+ ∂

∂ξ

[
hs

r

∂T

∂ξ

])
(14)

3. Computational procedure

A control volume-based finite difference method is u
lized on an evenly spaced mesh in both radial and circ
ferential directions. The convection–diffusion terms are d
cretized with the power-law scheme (Patankar [20]) and
other terms are approximated by central differences.
SIMPLE algorithm (Patankar [20]) is adopted on a stagge
grid arrangement to solve the governing equations.

A no-slip boundary condition is assumed at the wa
of the helical pipe. To solve the numerical singularity
the pipe axis(r = 0), boundary values are needed for flo
quantities, which are either located directly at the pipe a
or at the opposite sides of the pipe axis (Hüttl [7]; Che

and Kuznetsov [11]). An initial value of the Reynolds num-
ber, which is needed to start the iterations, is estima
as follows. The flow is driven by a constant pressure g
dient dP/ds that has to balance the fluid friction in
porous medium, which implies that approximately (negle
ing the Forchheimer resistance) the following equation
satisfied:(

dP

ds

)
= 1

Da Re
(15)

This is used to evaluate only the initial value ofRe. During
the iteration process,Re is evaluated according to Eq. (1
utilizing the value of the mean velocity from the previo
iteration.

A constant wall heat flux is assumed as the boundary
dition for the energy equation. Since the effective dyna
viscosity of the porous medium is temperature-independ
the energy equation is solved after the velocity profile
been obtained. The effects of different parameters for
same values of the Reynolds number on the hydrodyna

and heat transfer in a helical pipe are investigated.
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r:
(a) (b)

(c) (d)

Fig. 6. Contour lines of the axial velocity (left) and vector plots of the secondary flow (right) atRe = 100,Da = 10−2 CF = 0.55, ϕ = 0.95, Gn = 1.0 for
different values of the Dean number: (a)ε = 0.1, λ = 0.1, Dn = 31.6; (b) ε = 0.2, λ = 0.05, Dn = 44.7; (c) ε = 0.5, λ = 0.02, Dn = 70.7; (d) ε = 0.8,
λ = 0.0125,Dn = 89.4.

(a) (b)

(c) (d)

Fig. 7. Contour lines of the dimensionless temperature atRe = 100,Da = 10−2, CF = 0.55, ϕ = 0.95, Gn = 1.0 for different values of the Dean numbe

(a) ε = 0.1, λ = 0.1, Dn = 31.6; (b) ε = 0.2, λ = 0.05,Dn = 44.7; (c) ε = 0.5, λ = 0.02,Dn = 70.7; (d) ε = 0.8, λ = 0.05,Dn = 89.4.
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Fig. 8. Profile plot of the axial velocity and the dimensionless temperature in the horizontal and vertical cut view of the pipe atRe = 100, Da = 10−2,
CF = 0.55, ϕ = 0.95, Gn = 1.0 for different values of the Dean number: (a)ε = 0.1, λ = 0.1, Dn = 31.6; (b) ε = 0.2, λ = 0.05, Dn = 44.7; (c) ε = 0.5,
λ = 0.02,Dn = 70.7; (d) ε = 0.8, λ = 0.0125,Dn = 89.4.
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4. Results and discussion

A constant Reynolds number of 100 is assumed for
cases to compare the effects of the Darcy number, the Fo
heimer coefficient, the Dean number, and the Germano n
ber. Values of the Nusselt number for different cases
listed in Table 1 to compare the heat transfer efficiency
different parameter values.

Figs. 2 and 3 show the effect of the Darcy number
the flow and heat transfer in a helical pipe. Fig. 2 dep
the axial velocity contours, velocity vector plot of the se
ondary flow and the dimensionless temperature contour
different Darcy numbers. This figure shows that with
increase of the Darcy number, the maximum of the axial
locity increases and the secondary flow becomes stron
This is explained by a larger filtration velocity that can

attributed to a larger permeability for larger Darcy numbers.
-

.

However, the dimensionless temperature decreases wit
Darcy number, as shown in Fig. 2, and the Nusselt n
ber becomes smaller, as shown in Table 1. The displace
of the maximum value of the axial velocity to the wall
apparent and can be explained by the effect of the cent
gal force in a helical pipe, but this does not happen for
dimensionless temperature, which remains parabolic fo
computed values of the Darcy number. These trends can
be observed from the profile plots of the dimensionless
ial velocity and temperature in the horizontal and vertical
views of the cross section of the pipe (Fig. 3).

The effect of the Forchheimer coefficient,CF , on the
fluid flow and heat transfer in a helical pipe filled with
porous medium is shown in Figs. 4 and 5. The cont
lines of the axial velocity show that the value of the ma
imum axial velocity decreases whenCF is increased and

the profile plots of the axial velocity show that increas-



796 L. Cheng, A.V. Kuznetsov / International Journal of Thermal Sciences 44 (2005) 787–798
Fig. 9. Contour lines of the axial velocity, the dimensionless temperature and the stream function atRe = 100,Da = 10−2, CF = 0.55, ϕ = 0.95, ε = 0.1,
Dn = 31.6 for different values of the Germano number: (a)λ = 0.1, Gn = 1.0; (b)λ = 0.5, Gn = 5.0; (c)λ = 1.0, Gn = 10.0.

Table 1
Nusselt number for different parameters

Da CF ε λ Dn Gn Nu

0.01 0.55 0.10 0.10 31.60 1.00 21.10
0.05 0.55 0.10 0.10 31.60 1.00 12.40
0.10 0.55 0.10 0.10 31.60 1.00 10.19

0.01 0.00 0.10 0.10 31.60 1.00 6.34
0.01 0.25 0.10 0.10 31.60 1.00 15.34
0.01 0.50 0.10 0.10 31.60 1.00 20.30

0.01 0.55 0.10 0.10 31.60 1.00 21.13
0.01 0.55 0.20 0.05 44.70 1.00 20.88
0.01 0.55 0.50 0.02 70.70 1.00 19.08
0.01 0.55 0.80 0.0125 89.40 1.00 15.21

0.01 0.55 0.10 0.10 31.60 1.00 21.13
0.01 0.55 0.10 0.50 31.60 5.00 21.13

0.01 0.55 0.10 1.00 31.60 10.00 21.13
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ing CF results in the displacement of the maximum ax
velocity towards the wall. The secondary flow is also
duced for larger Forchheimer coefficients (which physica

corresponds to larger resistance to the flow by the porous
medium), as shown in the vector plots of the secondary fl
The displacement of the maximum value of the dimens
less temperature from the center to the wall becomes sm

with the increase ofCF , however, the value of the maxi-
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mum increases, opposite to the axial velocity. The Nus
number also increases, as shown in Table 1. WhenCF in-
creases from zero (this assumption means that the form
due to the solid obstacles in the porous medium is tot
ignored) to 0.25, the change is much larger than whe
increases from 0.25 to 0.5, for both the velocity and the t
perature.

The Dean number is a parameter used to characteriz
magnitude and the shape of the secondary flow. The e
of the Dean number on the flow and heat transfer is inve
gated in Figs. 6–8. Fig. 6 shows that whenDn increases, the
contour lines corresponding to large values of the axial
locity are displaced to the outer wall due to the centrifu
force and the value of the maximum axial velocity increas
The secondary flow also becomes stronger. Fig. 7 show
contour lines of the dimensionless temperature for the
responding Dean number. The maximum of the tempera
is also displaced to the outer wall with the increase of
Dean number. The profile plots of the axial velocity a
temperature in Fig. 8 show that the trends are similar
cept that the profile of the axial velocity is closer to that o
slug flow while the profile of the dimensionless temperat
looks more as a deformed parabolic profile. Table 1 sh
that the Nusselt number decreases when the Dean num
increased. It can be concluded that the Dean number ha
nificant effect on the axial velocity, secondary flow, and h
transfer.

When the Darcy number, the Forchheimer coefficie
and the Dean number are fixed, the distributions of the
ial velocity and temperature at the cross-section of a he
pipe do not show any significant sensitivity to the Germa
number, which describes the effect of torsion on a flow i
helical pipe (Fig. 9). The Nusselt number remains the sa
as seen from Table 1. However, the secondary flow d
change, as seen from the contour lines of the stream f
tion, which shows that the shape of the swirl is different
different values of the Germano number. It seems that
Germano number only affects the secondary flow but no
axial velocity and heat transfer.

5. Conclusions

This paper studies the laminar flow and heat transfe
a helical pipe filled with a fluid saturated porous medi
for a constant wall heat flux. A full momentum equati
that accounts for the Brinkman and Forchheimer extens
of the Darcy law and the flow inertia is utilized and d
rived in an orthogonal helical coordinate system. The
fects of the parameters characterizing the porous med
the Darcy number,Da, and the Forchheimer coefficient,CF ,
and the parameters characterizing the helical pipe flow
Dean number,Dn, and the Germano number,Gn, are in-
vestigated. Increasing the Darcy number results in a la
maximum value of the axial filtration velocity and a strong

secondary flow but a smaller value of the maximum of the
s
-

,

dimensionless temperature and the Nusselt number. W
Da is fixed and the Forchheimer coefficient,CF , is in-
creased, the axial velocity decreases and the secondary
becomes weaker, however, the values of the maximum
mensionless temperature and the Nusselt number incr
The change is especially apparent whenCF changes from
zero to a non-zero value. For the same porous medium
when Da and CF are fixed), when the Dean number i
creases, the maximum values of the dimensionless axia
locity and the dimensionless temperature increase and
secondary flow become stronger. The Nusselt numbe
creases with the Dean number. The increase of the
mano number does not have any significant effect on
axial velocity and heat transfer but strengthens the secon
flow.
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