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ABSTRACT

A numerical study of fluid flow and heat transfer characteristics for
fully developed turbulent air flow in a straight annular tube is
presented. Two types of initial swirl profiles were used in the present
numerical study. The effects of the swirl intensity and the annulus
radius ratio on the flow and heat transfer parameters were studied.
Computations were carried out for velocity distribution, turbulence
parameters, friction losses and heat-transfer characteristics. The
results show that with swirl generation the turbulence parameter,
near the outer wall is higher than that in the inner wall and also the
shear stress. The Nusselt number enhancement was higher for
larger values of swirl intensities. Increasing the annulus radius ratio
has shown increasing in Nusselt number enhancement. From the
present results, empirical formulas have been deduced between the
skin friction coefficient, Nusselt number and the Reynolds number
with swirl intensity at the duct inlet. Comparison of present results
with previous correlations has shown a fairly agreement.

Keywords: Turbulent flow, Annular duct, Swirl intensity and
Nusselt number
INTRODUCTION in heat transfer rates significantly over those
rTurbulent swirling flow  through found in purely axial pipe flow.

longitudinal cylindrical annular ducts
heated or wunheated has many practical
engineering applications such as in
turbomachinery and heat exchangers. Many
studies have been concerned with the flow
in circular ducts with and without swirl.
Little attention has been paid to turbulent
curved flows with three dimensional
influences. Study of turbulent swirling flow
through an annulus primarily requires a
knowledge of the velocity profiles and the
effect of streamline curvature upon heat
transfer and fluid flow characteristics.
Swirling flow through annular pipes is a
highly complex turbulent flow and is still
challenging to predict. Several interesting
effects appear in the flow field with
introduction of “‘swirl. For example, swirl is
responsible for increasing shear rates,
greater turbulence production and longer
path lengths for a particular fluid particle so
that the effect of swirl leads to an increase
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The pioneering works of Rothfus, et al
[1] and [2] have indicated that the need for
the radius ratio as a correlating parameter
and the use of outer zone parameter have
been adopted in this type of flow.
Kundensen and Katz [3] have shown that
the hydraulic diameter is insufficient to
correlate frictional pressure drop for laminar
flow in annuli. An improvement in the
calculation of turbulent friction in smooth
concentric annuli have been shown by
Jones and Leung [4]. They demonstrated
that the theoretically determined laminar
equivalent  diameter which  provides
similarity in laminar flow for round tubes
and concentric annuli, also, provides
similarity in turbulent flow. Singh, et al. [5]
have shown the flow characteristics in the
two regions of the annulus. The stress in the
inner region is higher than that in the outer
region which may be explained by a higher
value of velocity fluctuation in the inner
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region and a smaller wall area. Also, the
energy loss per unit volume is higher in the
inner region due to higher turbulence.
Okiishi and Serovy [6] conducted theoretical
analysis of developing and fully developed
turbulent flow of Newtonian fluid through a
concentric annular passage supported by
experimental data. They have shown the
dependence of flow development on the
geornetry of the entrance. Furthermore, an
appropriate turbulent velocity profile and
relationships for friction factor in annulus
and entrance region pressure drops are
developed. Scott [7], has presented an
analytical solution of the incompressible
linearized swirl equation in annular flow.
The results show for a constant value of
effective viscosity per and a slug axial
velocity profile, the initial free vortex
character is rapidly lost. The radial location
of the maximum swirl velocity moves from
the wall to r/ro value of 0.67. Yeh and
Philadephia [8], studied the development of
incompressible turbulent boundary Ilayer
along stationary annular walls analytically
and experimentally for a swirling flow. Study
of fully developed temperature field and the
mean velocity profile in turbulent liquid flow
through a vertical concentric annular
channel has been conducted by Roy, et al.
[9]. Mattingly and Gordon [10], have made
an extensive experimental investigation of
the mixing behaviour of co-annular streams
with substantial swirl present. Enhanced
radial mixing is created as a result of the
Rayleigh instability which itself is present
because of the outwardly decreasing angular
momentum of the fluid.

The present investigation is concerned
with the theoretical -study of swirl flow
through concentric annulus. Swirling flow
characteristics and heat transfer parameters
are the main object of the present study.
Variation of the inlet swirl velocity profile,
swirl intensities and the annulus radius
ratio are predicted.

FORMULATION OF GOVERNING
EQUATIONS AND MATHEMATICAL
MODELS

In this section, the formulation of the
governing equations which include the
continuity, momentum, stagnation enthalpy
and turbulence equations together with
their boundary conditions, including the
effect of swirl on wall functions, are
presented.

The Governing Equations

The set of turbulent Reynolds equations
of conservation of mass, momentum and
stagnation enthalpy in combination with
turbulence  kinetic energy (k) and
turbulence dissipation rate (g), which govern |
the two-dimensional axisymmetric incom-
pressible swirling steady turbulent flow in a
stationary annulus may be expressed in
cylindrical coordinates as in References 11-
13, (see Figure 1).

7z

Figure 1 Geometrv Coordinates

Continuity
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Axial momentum
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Turbulence (K - &) model

The turbulent diffusion fluxes which
appear in the governing equations are
modeled using Boussinesq approach in
terms of the mean flow conditions and eddy
diffusivities. These  diffusivities  are
determined by solving additional
conservation  equations for the time-
averaged Kkinetic energy of turbulence (k)
and its dissipation rate (¢). The common
form of the equations can be written as in
References 13 and 14.

Turbulence kinetic energy Equation (k)
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Turbulence dissipation rate Equation (z)
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Where G is the production term given by:

) o

(@ )&

G = pegr , , (8)
(5] 2

Within the above framework, the
governing set of equations mentioned above
may be compactly represented in terms of a
single general equation for an arbitrary
dependent variable ¢ :

%[% (roup) + g(rcpw)} .

1[&(% &), L, @)J +S, (@

r|ox or or

Where ¢ = 1 for the continuity equation
and for other equations , ¢ may stand for
uv,whk, € etc. and S¢ is the
corresponding source term which has
various forms. Table 1 summarizes the
values of these quantities.

Where, certain quantities are defined as
follows:

i

T
Ple 2|2
| S |
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Table 1 Conservation Equations Corresponding to Equation 9.

Conservation of ) I“(p Se
Mass 1 0.0 0.0
Axial momentum u Hef ap
-——+8,
Radial momentum v Hefr B @ pw- _ UV +S
or r rz v
Tangential momentum w ety pVW w 0 (r“ )
T g 2 B eff
Kinetic energy k Heoff G-Cppe
Ok
Dissipation rate € Heff C,Gs - C, pa:
O¢ k
Enthalpy h Hefr 0.0
Ch
The effective viscosity perr is given by: b- Uniform axial velocity with solid body
pk2 rotation (forced vortex) i.e U= U,
=it C, 10 _ r—rT, '
Heff =H 7%y e (10) w=w, | —=—| and h = hi.
. 5 i . T = 7.
Where p is the laminar viscosity. out min
The constants of the turbulence (k-g) where, f§ = tan'!(w/u)
model C,, Ci, Cz, on, ok and o, are
recommended as in References 13 and 16 w
which are given in Table 2.
Table 2 Turbulence model constants. |
e
Cu Ci [&] Ok O¢g Ch —_—
0.09 1.43 1.92 1.0 1.3 0.9 E
P—————— 'S
|

Boundary conditions ;

Boundary conditions which must be
specified on the entire boundary around the *~. -
solution domain are, velocity components, w —
temperature, (k) and (g).
At the inlet

All variables azre given definite fixed
values (Dirichlet conditions), see Figure 2.
The distribution of inlet velocity profile is
assumed in the calculation as in Reference
15, as follows: ) r

a- Uniform axial velocity profile with a flat b- Inlet plug profile (Solid body rotation)

swirl profile (plug flow). i.e u = uin,
W = Win , (Win = Wi tan f) and h = hi. Figure 2 Inlet flow condition

a- Inlet plug profile ( Flat swirl)

'Y
L4

A 318 Alexandria Engineering Journal, Vol. 37, No. 6, November 1998



Turbulent Swirling Flow in Annular Ducts "

pcif" Jk

it the outlet all variables are given zero Ty =7 V3 (13)
gradient %CE =0[Neumann condi- o {n (Ey ;3)
v = ;
18] except the radial velocity v which is CE‘”k"5
5. B e (14)
S ¥
. V-
T
N o
wall

velocity components u, v and w are
a value zero near the wall regions.
ons were introduced to link the p(.j)
ss of dependent variables on the wall to
in the logarithmic region, taking into
t the effect of swirl. The first grid
nt in the flow mnext to the wall is placed
st outside the viscous Layer. At that point
e resulting velocity Vp, parallel to the wall
daries as shown in Figure 3 is given by

S ¢ = @B

1 Ty - Y.
e n[Ey; ] (11) a- Wall ¢ - value on the bottom wall

X
2

- Where u* and yp,* are the friction he=hn N o o=@
velocity and the dimensionless wall distance
lefined respectively by:

L) L and plij)

Where tw is the wall shear stress, y and
E are the Von-Karmans constant and the
roughness parameter given by Reference 14, . )
for smooth walls, y = 0.4 and E =9.0. =y

On a similar way of Reference 13, and b @ - value on the top wall
with the assumption that the shear stress at
the point p is approximately equal to the
wall shear stress, leads to:

Figure 3 Wall ¢ - distribution

B-c.Jk (12)
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Equations 12 to 14 give the values ofk
and e at the nearst wall point P without
solving the transport equations.

Wall functions and the effect of swirl

The effect of swirl on wall function
specification is handled as follows:

The previous ideas are extended to find
the total tangential shear stress near
boundary. From boundary Ilayer velocity
measurements in turbulent, swirling, pipe
flow [16] shows that the total velocity near
the wall V =+u’ +w’ is correlated by the
universal velocity profile:

Y+ =an [E Y;]

&
%X
The dimensionless total velocity V* and

total distance Y; are obtained by non-
dimensionlizing with respect to the total

shear velocity ’13- . Hence the total shear
p

a2 - .
stress at the wall 1, = 1}, + 1 is obtained

from:
Ve /ol /2=~ ea [E yyfu /o] /0] 019)

05

where 1, (=1,) =(CDCH) pk

thus, we obtain:
!

v, =-Vorp Cf Cf ki /¢n(Ey;) (16)

The 1, - Component of .,

ou  ov
Trx = ueﬁ" E+g

is given by

However, % approaches zero and the

boundary condition Us = 0.0. Then the
above wall function, Equation 15, is
multiplied by the factor cos 6 (= u/V) to
obtain tx, where 0 is the angle between the
total tangential velocity vector near the wall
and the axial velocity vector. Then the wall
function for u is:

au / / 2 +
per = =[-7p Cl* CF* k7 / m EY; )],

(17)
Also the wall function for wis

i . 1/41/49,1/2 + W ey
Hefr -(.;={-/.p CiCpkyp /[l.’n(E Y, )]+%}Wp

(18)
Also the shear stress wall functions are
employed for the (k) generation source (G) as
follows:

-8+ () (7]

where
> cu  ov
T, =T +T5p and, T, = Hey E+&
g (@_E)
© = Heif or

And also, in the present case the wall
heat flux, gs, with the boundary of hs-hy,
was evaluated as in References 11 and 16:

-q, 2 v /(pV3)

(hp "hN)P|Vp| ) Gturb[l +p"(‘tw /pVé):l

-1
Where, p = 90 x [—C—Slal’l'w - 1.0} x [Glﬂ) ! ,

S turb. S turb.

G lam. and ¢ wrb. are the laminar and
turbulent Prandtl number.

(20)

THE FINITE- DIFFERENCE EQUATIONS
AND SOLUTION PROCEDURE

The differential equations represented by
Equation 9 and Table 1 were expressed in
the finite difference form Reference 12. The
finite difference equations for each ¢ are
obtained by integrating Equation 9 over the
appropriate control volume, Figure 4,
centered about the location of ¢ and
expressing the result in terms of
neighboring and point values.
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:.I - ’ nodes resulting from grid lines scanning the
4 k(A‘ ji:Sp )cpp L0 £.8p , (21) flow filed. These finite difference equations
§ o : are solved by the algorithm described by
x : Patanker [12]. This algorithm is a series of
) T mm
e % & gtign oyerihe topr steps of estimations and subsequent
neighboring nodes N, E, W and S. corrections of the pressure and velocities. To
A’'s express effects of diffusion and speed up the convergence and to prevent
convection. instability, under-relaxation factors are
The partial differential equations in the used. Figure 4 displays the calculation
| form of Equation 9 are expressed in the mesh and grid.
g finite difference form and solved at the grid
N ¢
|
p 1 -
N N
T
u
——) —_ . X W e
E W E W E
w p p T p
S
S | S
L
a-Control volume for cell for u b- Control volume for cell for v c- Control volume for cell for p,w,h,......... etc.
i=1 i=N
i=M
i=1
d- grid distribution
Figure 4 Control volumes and grid distribution
RESULTS AND DISCUSSION Mean Velocity Results
The results have been simulated in two Mean axial velocity profiles have been
parts. The first is concerned with the results shown in Figures 5 and 6. Introducing
of flow characteristics with and without either plug (flat swirl) or solid body rotation
swirl. The second part is confined with the flow into the main axial flow increased the

heat transfer parameters. mean axial velocity gradient near the outer
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wall and the maximum velocity comes closer
to the outer wall as the swirl angle
increases. One observes a decrease in axial
velocity at the inner wall of the duct for
different swirl angles and at x = 41.26. This
is referred to the effect of radial centrifugal
force and thickening of boundary layer on
the outer wall.
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Figure 5 Axial mean-velocity distribution at different
swirl angles. (inlet plug profile, Re=1.66E+03)
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Figure 6 Axial mean-velocity distribution at different
swirl angles. (inlet solid body rotation profile,
Re=1.66E+05)

Figures 7 and & show the distribution of
mean radial velocity at different swirl
intensities.  Increasing swirl intensity
increased the negative value of the radial
velocity. In addition, at no-swirl and 15°

swirl angle the velocity profiles are showing
a reduction near the outer wall. This
behaviour of the radial velocity is referred to
the unbalance between the centrifugal force
and the radial pressure gradient created
across the flow. Figures 9 and 10 show the
distribution of swirl velocity component with
respect to the radius ratio at different swirl
intensities. Increasing the swirl angle
increased the value of swirl velocity. Figures
11 and 12 show the decreasing of tangential
velocity with respect to radius at different
sections along the duct for the two types of
inlet swirl (flat and solid body rotation). The
figures show fast decaying of solid body
rotation than flat flow.
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Figure 7 Radial mean-velocity distribution at different
swirl angles.(inlet plug profile, Re=1.66E+03)
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Figure 8 Radial mean-velocity distribution at different
swirl angles. (inlet solid body rotation profile,
Re=1.66E+035)
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Figure 11 Tangential mean velocity distribution at
different down stream locations. {inlet plug
profile, Re=1.66E+03 & B=30.°)
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Figure 12 Tangential mean velocity distribution at
different down stream locations.(inlet solid
body rotation profile, Re=1.66E+05 & =30.9)

Turbulence Results

Figure 13 shows the distribution of
turbulence kinetic energy (T.K.E.) with
radius ratio at different swirl angle for
uniform swirl (flat) velocity inlet profile.
Increasing the swirl angle has shown
increasing in turbulence kinetic energy near
the outer wall. At swirl angle 60° ,the profile
is showing sharp increasing on kinetic
energy from the inner wall to maximum
value near the outer wall. Figure 14 shows
the effect of introducing swirl, (solid body
rotation) into the axial flow on total kinetic
energy distribution. It shows a dip near the
walls. Furthermore, increasing in
turbulence kinetic energy is noticed near
the outer wall at swirl angle 60 ©, where the
kinetic energy is doubled.
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Figure 13 Distribution of T.K.E at different swirl
angles. (inlet plug profile, Re=1.66E+053)
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Figure 14 Distribution of T.K.E. at different swirl angles
(inlet solid body rotation profile, Re=1.66E+05)

The distribution of turbulence energy
dissipation (T.E.D.) with respect to radius
ratio is profiled in Figures 15 and 16. The
figures show higher energy dissipation near
the walls. Furthermore, increasing in swirl
angle is showing an increasing in energy
dissipation near the outer wall. This is
referred to increase of shear stress near the
outer wall than at inner one. The results
show that increasing in kinetic energy,
turbulence intensities, energy dissipation
and shear stress near the outer wall than
inner wall. It is referred to the unbalance
between centrifugal force and pressure
gradient and unstability of flow.
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Figure 15 Distribution of T.E.D at different swirl
angles. (inlet plug profile, Re=1.66E+03)
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Figure 16 Distribution of T.E.D at different swirl
angles. (inlet solid body rotation profile,
Re=1.66E+05)

The distribution of local skin friction
coefficient along the annulus (inner and
outer walls) are shown in Figures 17 to 20
for the two cases of inlet swirl profile at
different angles of swirl. Increasing swirl
angle from zero angle to 60° degree has
shown an increasing in local skin friction
coefficient from 0.0039 to 0.0055 on outer
wall and 0.00415 to 0.00482 on inner wall
with inlet plug flow (flat swirl) while from
0.0039 to 0.0049 on outer wall and 0.00415
to 0.00423 on inner wall with inlet solid

body rotation, at station x = 41.26 along the
duct. This is referred to that the mean
velocity immediately adjacent to the wall is
(pulled taut), resulting in a layer velocity
gradient and shear stress at the outer wall.
The results shown in Figure 21 were used
to develop a correlation for skin friction
coefficient in the tube annuli with inlet plug
flow (flat swirl). After a series of successively
improved models, the following equation was
chosen as the best fit:

-0.200974

¢1=0.04367 Re [1.0+0.1678003 tan(p)]
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profile, Re=1.66E+05)

T
1 ——t Pp=00°
7 il - - - =-i- =15
- o RS
b —- =45
T T =60.
B
ot S ~
- < dnad ey
ﬁ S = = i
K T | 38 ] % { e S o B0 B i A 2 2 T3 T ¥ ¥ 7377 ;
0.0 20.0 40.0
X

7‘;; 2 17 Distribution of skin friction coefficient along
top wall at different swirl angles. (inlet plug

X

= — p=00°
= i sl I =15.
5 — - =30.
= % & z #= =45,
il R = 60.
: }
£ s
3 = —_—
= T e~
& i - - - —
j‘ e
=
) i
i !
j ;
x 1 |
{BLL LI AL I L N S N ) O
0.0 20.0 40.0

- Pigure 18 Distribution of skin friction coefficient along
i top wall at different swirl angles .(inlet solid

body rotation profile, Re=1.66E+05)

X

plug profile, Re=1.66E+05)

Alexandria Engineering Journal, Vol. 37, No. 6, November 1998

- — p=00°

] - - - - =15.

j == b i =30.

! —+ =45,

_4 -—-‘l— = 60.

“‘E 1

=3 . |

] S, S S S
] i 1
:1 | 1
Z i

; 3 I T 1 L § T+ T T T 1T 1T rrr
0.0 20.0 40.0

0.0052

b 5=0.0°
————— =15.
C— = =30.
] - - - = =45,
\ . viom o = 60.

0.0048 c j i

\ :

S \

0.0044

. B R

T O W I 5 T A Y O

0.0040 ————— : —_—
0.0 20.0 40.0 60.0

Figure 20 Distribution of skin friction coefficient along
bottom wall at different swirl angles. (inlet
solid body rotation profile, Re=1.66E+05)
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Figure 21 Comparison between skin friction coefficient
and predicted by [17] ( inlet plug profile).

This relation is related to the skin
friction with swirl angle and is compared
with the previous relation of Garimella et al.
[17], for smooth annuli as shown in Figure
21.

The effect of varying the diameter ratio
on the local skin friction coefficient
distribution along the outer and inner wall
of annular pipe at zero swirl are profiled in
Figures 22 and 23. Increasing the aspect
ratio has shown an increase in drag
coefficient along the bottom wall. The same
behaviour is shown on top wall but it

appeared cross over at X =41.26.
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Figure 22 Distribution of local skin friction coefficient
along top wall at different diameter ratio. (inlet
plug profile, Re=1.66E+05)
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Figure 23 Distribution of local skin friction coefficient
along bottom wall at different diameter ratio.
(inlet plug profile, Re=1.66E+05)

Heat Transfer Parameters Results

The second part of the results is
concerned with the calculation of heat
transfer parameters for the flow of hot
medium in smooth annular pipe.

Figures 24 and 25 show the distribution
of Nusselt number (Nu) with respect to axial
distance along the walls of annulus at
different swirl intensities from zero swirl
angle to 60° Increasing swirl angle is
showing an increase in Nusselt number (Nu)

from 313 to 375 at station x= 1.5 with solid
body rotation inlet profile while with plug
(flat) swirl profile the Nusselt number is
increased from 315 to 425. Increasing in
swirl intensities are showing an increase in
Nusselt number because the swirl enhances
the turbulent mixing, leading to an increase
in the turbulence intensity, which results in
the increase of both surface shear and

resultant velocity in the swirl channel. Also
the swirl flow enhances the heat transfer
due to the circulation of the fluid on account
to centrifugal convection as the low density
hot fluid at the wall be displaced into the
cooler stream. The Nusselt number (Nu)
distribution with respect to Reynolds
number (Re) is shown in Figure 26. The
figure shows an increasing in Nusselt
number with increasing the Reynolds
number. The data presented above were
used to develop a correlation for Nusselt
number in tube annuli with plug (flat swirl)
inlet flow. The following relation was
suggested as the best fit:

Nu=0.019125R."*"** [1.0+0.3167289 tan(p)]
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Figure 24 Distribution of local Nusselt number along top
wall at different swirl angles. (inlet plug
profile, Re=1.66E+05)
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Figure 25 Distribution of local Nusselt number along
top wall at different swirl angles. (inlet solid
body rotation profile, Re=1.66E+05)
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This relation is related to the Nusselt
number with swirl angle and is compared
with the previous relation of Garimella et al.
[17], for smooth annuli as shown in Figure
26.The effect of varying the annulus ratio
(DR) on the Nusselt number distribution
along the top and bottom walls of annular
pipe at zero swirl are shown in Figures 27
and 28. The results show that increasing the
DR is causes an increase in the Nusselt
number. Also, it shows a cross-over at X =
41.26.

To validate the present results, a
comparison with previous findings [17] has
been conducted and presented in Figure 21
for the skin friction coefficient and Figure
26 for Nusselt number distribution. The
results show good correspondence between
the test results and the literature values.
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Figure 26 Comparison between predicted Nusselt
number and predicted by [17].
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Figure 27 Distribution of Nusselt number along top
wall at different diameter ratio. (inlet plug
- profile, Re=1.66E+05 and B=0.0)
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Figure 28 Distribution of local Nusselt number along
bottom - wall at different diameter ratio. (inlet
plug profile, Re=1.66E+05 & B=0.0)

CONCLUSION
The following conclusions can be drawn:

1. The plug flow (flat swirl) inlet profile
affects the flow parameters much more
than the effect of solid body rotation inlet
profile.

2. Friction coefficient along the inner wall is
higher than that along the outer wall.
The difference in friction coefficients
between the outer wall and the inner wall
is increased with introducing the swirl.
Increasing swirl intensity shows an
increase in local skin friction coefficient
along the outer wall for the two types of
swirl, while on the inner wall the effect is
less with plug flow (flat swirl) and no
effect with solid body rotation type.

3.The effect of introducing swirl, plug flow
(flat swirl) at angle 60 © on the energy
dissipation is more pronounced than
solid body rotation flow at the same
angle.

4. Introducing a swirl into the axial flow is
resulted in increasing of heat transfer
coefficient and increased with increasing
swirl intensity.

5.The annulus skin friction coefficient and
Nusselt number were correlated in terms
of swirl angle § and Reynolds number.

NOMENCLATURE

cr skin friction coefficient;
c1,C2 cd,C,: constants in turbulence model;
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Re:
u, v and w:

%<

1 in:
u*:
Yo
yp'
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outer and inner diameters;
diameter ratio;

constant in law of wall, Equation
11;

production term, Equation 8;
enthalpy;

kinetic energy of turbulence;
Nusselt number;

pressure;

radial and axial coordinates;

dimensionless radial distance

from axis of symmetry,
* r =T

g = e in

T,

out ~ T

mn

Reynolds number;
mean axial, radial and
tangential
components;

velocity vector

velocity

dimensionless axial distance,
eyt g il

(rout —Tin )
source term of variable o,
Equation 9;
average inlet axial velocity;
friction velocity Equation 11;
distance normal to the wall;
dimensionless distance
normal to the wall, Equation
11;

Greck Symbols

f3:

I

€

L

iTs

Left:

Ve

o

Cg,Ck , Oh.
Tu
Twe |
Trx 5 Troe
@:

%
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inlet swirl angle;

exchange coefficient for ¢;
dissipation of kinetic energy;
laminar viscosity;

turbulence viscosity;

effective viscosity;

kinematic viscosity;

density;

constants in turbulence model;
total shear stress;

wall shear stress;

shear stress components;

an arbitrary dependent variable.
constant in law of wall, Eqn.(11);

Subscripts

B: boundary;
b: bottom wall;
eff: effective;

in

out: outer;
1

P

t

inner, inlet;
laminar;

pole;

turbulent, top wall
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