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Abstract

In this paper, the effects of inlet turbulence level on the development of three-dimensional turbulent flow and heat
transfer in the entrance region of a helically coiled pipe are investigated by means of a fully elliptic numerical study. The
k—e standard two-equation turbulence model is used to simulate turbulent flow and heat transfer, which are assumed to
develop from the inlet to the outlet simultaneously. Constant wall temperature and uniform inlet conditions are applied.
The governing equations are solved by a Control-Volume Finite Element Method with an unstructured nonuniform
grid system. Numerical results presented in this paper cover a Reynolds number range of 10*-10°, a Prandtl number
range of 0.02-100, and an inlet turbulence intensity range of 2-40%. The development of the main velocity field, the
secondary velocity field, the temperature field, bulk turbulent kinetic energy, the average friction factor, and average
Nusselt numbers are discussed. It is found that bulk turbulent kinetic energy far from the entrance is not affected by the
inlet turbulence level. Significant effects of the inlet turbulence level on the development of the friction factor and Nusselt
number occur within a short axial distance from the entrance only. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature 1 4
a radius of the helical pipe [m] <= 2 J ugk dA>
2 upi, A Jo
A area [m’]
Ay Van Driest constant L characteristic turbulence length scale [m]
C, specific heat under constant pressure [J kg ™' K '] n coordinate direction perpendicular to a surface
Cui, Cy, €, turbulence model constants Nu,, circumferential average Nusselt number on a cross
d, hydraulic diameter of the helical pipe [m] section
E empirical constant in logarithmic velocity profile
fm circumferential average friction factor on one cross (_ 1 J 2" >
. = — Nu,do
section 7 J,
2n
<: LJ £ d9> Nu, local Nusselt number on the circumference of a
27 Jo pipe ( =(¢,d,/T)/(T, ~T,))
fo local friction factor on the circumference of a pipe p pressure [N m~]
[ = 7./(0.5pu3)] Pr molecular Prandtl number
I turbulence intensity ( = «’/u x 100%) Pr,, turbulent wall Prandtl number
k turbulent kinetic energy [m?* s~ ¢y local heat flux [W m~7]
k, nondimensional bulk turbulent kinetic energy on one r radial coordinate [m]
cross section R. radius of the coil [m]
Re Reynolds number ( = puyd, /@)
s axial coordinate [m]
T temperature [K]
* Corresponding author T, fluid bulk temperature on one cross section
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(= [wrad)u

u velocity component in the flow direction [m s™']

u’  root-mean-square turbulent velocity fluctuation [m
s

u, inlet velocity [m s™!]

u; velocity component in the i-direction (i = 1, 2, 3) [m
s

u*  friction velocity ( = \/7y/p) [ms™']

U, nondimensional axial velocity ( = u,/u)

x; Cartesian coordinate in the i-direction (i =1, 2, 3)
[m].

Greek symbols
o angle []
I' thermal conductivity [W/(m - K)]
I,y effective thermal conductivity [W/(m - K)]
0, Dirac delta function
dissipation rate of turbulent kinetic energy [m? s 7]
axial angle [°]
Von Karman constant
viscosity [kgm™'s™']
nondimensional temperature ( =(7—T,)/(T,—T,))
density of the fluid [kg m~?]
or turbulent Prandtl number in energy equation
o, diffusion Prandtl number for k
o, diffusion Prandtl number for ¢
7, wall shear stress [N m~2].

i

> @@= as ©

Superscripts
— average
fluctuation
+ standard wall coordinates.

Subscripts

0 inlet conditions

b bulk quantity

i, j, k general spatial indices

1 laminar or molecular quantity

r, 0, s radial, azimuthal, and axial directions, re-
spectively

t turbulent quantity

w  wall condition.

1. Introduction

Turbulent fluid flow and heat transfer in a helically
coiled pipe of constant circular cross section are of inter-
est in fundamental studies and of importance in many
engineering applications, such as compact heat
exchangers, evaporators, condensors, chemical reactors,
storage tanks and piping systems. Most of the previous
studies on this topic have been carried out within the
regime of fully developed turbulent flow or heat transfer
by means of experimental methods. Experimental studies
after 1980 include those by Kalb and Seader [1]; Mikaila

and Poskas [2]; Belenkiy et al. [3]; Webster and Hum-
phrey [4]; Das [S]; and Rao [6,7]. Few studies have been
conducted using numerical methods due to the geo-
metrical and mathematical difficulties in describing and
solving the physical problem. Moreover, although the
inlet boundary conditions do play an important part in
developing turbulent flow and heat transfer in the
entrance region of helically coiled pipe, no extensive data
on the effects of inlet boundary conditions are available
in the open literature, particularly regarding the effects
of inlet turbulence.,

Among the numerical studies, Patankar et al. [8]
applied the standard k—¢ two-equation turbulence model
to predict turbulent developing fluid flow in curved pipes,
but only fully developed hydrodynamic results were
reported for helically coiled pipes. Yang and Ebadian [9]
adopted the same turbulence model to investigate fully
developed turbulent heat transfer in helical pipes with
substantial pitch. Both of these numerical studies used
the Control-Volume Finite Difference Method developed
by Patankar and Spalding [10], a method which is of
first-order accuracy. These two studies also treated the
flow as parabolic; the diffusion fluxes in the axial direc-
tion together with terms of small order of magnitude in
governing equations were neglected. Recently, Lin and
Ebadian [11,12] performed fully elliptic computations of
developing turbulent flow and heat transfer in helical
pipes by means of a Control-Volume Finite Element
Method, which is of second-order accuracy. The devel-
opment of turbulent flow and heat transfer in helical pipes
with finite pitch were addressed in their investigations.

It is well known that the standard k—¢ two-equation
turbulence model is based on an isotropic eddy-viscosity
concept. Robustness, economy, and reasonable accuracy
for a wide range of turbulent flows have explained its
popularity in engineering applications. Although con-
cerns may arise when flows with streamline curvature
and secondary velocity are considered, the reported good
agreement [8,9,11,12] between numerical predictions by
the standard turbulence model and available exper-
imental results indicates that the standard turbulence
model can be applied in the modeling of turbulent flows
in coiled pipes within certain parameter ranges.

In this paper, the effects of inlet turbulence level on the
development of turbulent flow and heat transfer in a
helically coiled pipe are investigated with the standard
k—¢ turbulence model. To capture the physics of three-
dimensional fluid flow and heat transfer in the coiled pipe,
fully elliptic flow computations have been performed with
a Control-Volume Finite Element Method of second-
order accuracy.

2. Physical problem

The geometry and physical problem considered are
shown in Fig. 1. The circular pipe studied, which has a
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Fig. 1. Physical problem.

diameter of 2a, is coiled at a radius of R.. At the inlet
(p = 0°), fluid with turbulence intensity / and tem-
perature T, enters into the coiled pipe at a speed of u,.
The wall of the pipe is heated under temperature T.,.
Turbulent flow and heat transfer develop simultaneously
downstream in the coiled pipe. The k—¢ turbulence model
developed by Launder and Spalding [13] is used to simu-
late the turbulent flow. Reynolds stresses are related to
the mean velocity gradients on the basis of the Boussinesq
hypothesis. Turbulent heat flux in the energy equation is
modeled using the gradient transport analogy. The pre-
sent analysis of the physical problem does not include
the buoyancy effects. The time-averaged, fully elliptic
differential equations governing the steady turbulent flow
in the coiled pipe can be written in tensor form as:

Mass:

ou;
o~ (1)
Momentum:

‘ ou; | Ou 2 Ouy,
ax"[ﬂlwl) <ax, Tox, 03 am>_p “f”f_@fPJ =0

2

Energy:

g C\oT
0x |:<r[+ %)Efpu/CpTJ"‘ﬂ[q)y—f—pg:O (3)

Xj , )

Turbulent kinetic energy:

9 1\ ok
f‘.f[@ﬁa)@z*p“/k}*ﬂl’*ps—o @

Dissipation rate of turbulent kinetic energy:

a My 68 ng p82 B
(3Xj|:<'u[+ O'Sj|ax,7pu./’g:|+Cz:l © —Cy B =0 (5)

J

where
s Ou; (Ou;  Ou;
F= p 0x; <8x, * 0x; ©

8u,-<0u,- ou; 2 0uy )
d y

YT ox\0x; | Ox, 30x, ! M
In the above equations, the subscripts i, j, kK =1, 2, 3.
Turbulent kinetic energy, k, and its dissipation rate, ¢,
are coupled to the governing equations via the relation
i = pC,k*/e. The empirical constants for the turbulence
model are assigned the following values in accordance
with the recommendation by Launder and Spalding [13]:

C, =009 C,=147 C,=192,
or=07, o,=10, ¢,=1.3

To represent the results, the following nondimensional
variables and parameters are defined:

d, 1 (4 1
Re =w, ky = (_ J chdA)
u A

s 0 u%

%pu% 2m |,
T, = L[ TdA4, © = =T
b aal, MY T T,
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where U, is nondimensional axial velocity; U,,q, non-
dimensional secondary velocity; ®, nondimensional tem-
perature; k,, nondimensional bulk turbulent kinetic
energy; f,, circumferential average friction factor on one
cross section; and Nu,,, circumferential average Nusselt
number on one cross section.

3. Wall functions and boundary conditions

The two-layer based nonequilibrium wall function
method developed by Launder and Spalding [14] is used
to account for the near wall regions in the numerical
computation of turbulent flow. The first near wall
numerical grid point, M, is located sufficiently far from
the wall for the local turbulent Reynolds number
(= pk'l/u, where [ = k*?/¢) to be much greater than
unity. In the region between the wall and node M, the
expression for velocity is:

y, yr<yS

u

(€)

* %ln(Ey*), yt>ph
Here u and y denote the velocity component in the flow
direction and the normal distance from the wall, re-
spectively. The term y* is the dimensionless y (y* =
puxy/u); k = 0.41; and E = 9.793 (for a smooth wall).
The term y; represents the thickness of the viscous sub-
layer (y* = 11.225). Outside of the viscous sublayer, the
friction velocity, defined as \/1,/p is computed as ux =
C{][,Akl,‘z'

In the near wall cell, the value of the dissipation rate
of the turbulent kinetic energy is given by:
L Ciq 32 .

Ky

The turbulent kinetic energy equation is solved with
zero normal derivative wall boundary conditions. The
production term is computed using the velocity wall func-
tion described above to compute wall shear stress, and
the dissipation at the near wall cell is obtained using an
average over the cell:

12
gz Culuk (11)
y

The wall heat flux is computed using ¢, =

pCouxAT|T*, where T™ is obtained from

(10)

u
Pr—, yr<y
Uy

T+ = . (12)
Pr, <L7 +P7v>, >y
*

P n/4 (ALY [ Pr | Pr,\"* 3
T_sin(n/4)<;c> <Prwi )(Pr) (13
where Pr is the molecular Prandtl number; Pr,, the tur-
bulent wall Prandtl number (Pr,, = 1.2); and 44, the Van
Driest constant (A4, = 26).

Among the entrance or inlet boundary conditions, only
the inlet turbulence and its effects on developing flow
and heat transfer in the pipe are examined in this study.

Uniform profiles for all the dependent variables are used
at the inlet boundary just for simplicity:

u =uy, =0, uy=0, T=T,, k=ky e=¢

(14)
where u,, u,, and u, are the axial, radial, and azimuthal
velocities, respectively. Turbulent kinetic energy at the
inlet, k,, and the dissipation rate of turbulent kinetic
energy at the inlet, g,, are calculated by

3/2

ko = %(“01)2, & = Ci"4kT~ (15)
As the turbulent eddies cannot be larger than the pipe,
the turbulence characteristic length scale, L, is set to be
0.07 a in the present study. The factor of 0.07 is based on
the maximum value of the mixing length in fully
developed turbulent pipe flow. The turbulence intensity
level, 1, is defined as:

’

1=“; % 100%. (16)

At the outlet, the diffusion fluxes for all variables in
the exit direction are set to be zero:

0
%(“S’ U, Up, Ta ka 6) =0. (17)

Nonslip and isothermal boundary conditions are
imposed on the wall of the coiled pipe:

u, =0, u,=0, uy=0, T=T,. (18)
According to Srinivasan et al. [15], Re, the critical

Reynolds number identifying a transition from laminar
to turbulent flow in a curved pipe, can be estimated by

R\
Rey = 2100 [1+12<j> J (19)

Usually, the critical Reynolds number for a curved pipe
is much higher than that for a straight pipe. In the present
paper, the Reynolds numbers applied are higher than
those predicted by equation (19) to ensure that the flow
in the helically coiled pipe is within the turbulent regime.

4. Numerical computation
The governing equations have been solved with a Con-

trol-Volume Finite Element Method similar to that intro-
duced by Baliga and Patankar [16]. The FLUENT/UNS
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code [17] has been used as the numerical solver. As the
Control-Volume Finite Element Method combines the
best aspects of the Control-Volume Finite Difference
Method and the Finite Element Method, it provides the
mesh flexibility of the Finite Element Method without
sacrificing the benefits of the Control-Volume Finite
Difference Method, which are robustness and economy.

An unstructured (block-structured) nonuniform grid
system is used to discretize the governing equations. Fig-
ure 2 depicts the three-dimensional grid system. Each
three-dimensional hexahedral element in the grid system
has 27 nodes. The distribution of the grid on the cir-
cumference of each cross section is uniform. Five blocks
were applied to form the entire helically coiled pipe, with
the central square block occupying 12.4% of the area on
each cross section.

The convection term in the governing equations was
modeled with the bounded second-order upwind scheme,
and the diffusion term was computed using the multi-
linear interpolating polynomials N;(x;, x,,x;) (also
referred to as the ‘shape function’ in the Finite Element
Method). The final discrete algebraic equation for vari-
able ¢ at each node is a set of nominally linear equations
that can be written as:
appp = zbanh(pbnb + (20)
where a, is the center coefficient; a,, is the influence
coefficient for the neighbor; and ¢, is the contribution of
the constant part of the source term S, in S = S.+S,¢
and of the boundary conditions. The SIMPLEC algo-
rithm [18] is used to revolve the coupling between velocity
and pressure. The algebraic equations are solved iter-
atively using an additive-correction multigrid method
[19] with a Gauss—Seidel relaxation procedure. To accel-
erate convergence, the under-relaxation technique is
applied to all dependent variables (the under-relaxation
factor for p is 0.3; that for T'is 1.0; and that for u;, k and
¢ is 0.7). The numerical computation is considered to
be converged when the residual summed over all the
computational nodes satisfies the following criterion:

R;

:g,max

<10°? (21

Fig. 2. Unstructured grid system for helically coiled pipe.

where R, is the residual at the nth iteration for variable
¢, and R}, represents the maximum residual value
after m iterations. The variable ¢ applies for u;, T, k and
e

In the present study, the computational domain in the
axial direction extends from ¢ = 0° to ¢ =270°. The
choice of this computation domain is based on the entry
length data on curved pipes presented by Austin and
Seader [20] to ensure that fully developed flow results can
be obtained on the outlet plane. A grid independence
study was carried out with grid distributions (sectional x
axial) of 245x100, 320x 120, 720x 120, 500 x 120,
500 x 160, and 500 x 200. Here, the sectional number
refers to the total number of elements on one cross section
of the pipe. Based on the computed maximum and average
values of velocity, temperature, friction factor, Nusselt
number, and turbulence quantities, a grid distribution of
500 x 160 was found sufficient to obtain the grid-indepen-
dent numerical results of turbulent flow and heat transfer.
Numerical results with even finer grids are within 1% of
that by the 500 x 160 grid. The detailed grid dependence
study can be found in Lin and Ebadian [11,12].

Validation studies were also conducted for the numeri-
cal models used with the experimental data available on
turbulent flow and heat transfer in coiled pipes. Numeri-
cal predictions of the velocity profiles were compared
with experimental data by Mori and Nakayama [21];
numerical predictions of the friction factors were com-
pared with experimental data by Ito [22]; and numerical
predictions of Nusselt numbers were compared with
experimental data by Rogers and Mayhew [23]. It has
been observed that the numerical results agree fairly well
with the experimental results. A detailed comparison
between numerical and experimental results can be found
in Lin and Ebadian [11,12]. Within the investigated par-
ameter ranges, it was estimated that the maximum devi-
ation between the present numerical results and the
experimental results is about 5%.

All the numerical computations in this paper were car-
ried out on a Sparc20 Sun Workstation at the Hemi-
spheric Center for Environmental Technology (HCET)
at Florida International University. Approximately 350
to 400 iterations were required to obtain converged
numerical results.

5. Results and discussion

Most of the data presented in the following sections
were obtained under the conditions of R./a =20 and
T, =10+T,.
5.1. Velocity and temperature fields

The development of the nondimensional axial velocity,
U,, is shown in Fig. 3. On a plane with a small non-
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Fig. 3. Development of the axial velocity fields at Re = 10* and Pr = 7: (a) I = 2%; (b) I = 40%.

dimensional axial distance s/d,, fluid with uniform vel-
ocity occupies most of the area of the cross section (the
main potential core). As s/d, increases, the displacement
effect of the growing boundary layer accelerates the flow
in the main core. The unbalanced centrifugal force of the
main flow results in the shift of the point of maximum
velocity to the outside of the pipe, forming steeper gradi-
ent of U, near the outer wall. As shown in Fig. 3, the
effect of the inlet turbulence level, 7, is to reduce the
velocity gradient on each cross section. It has been found
that the maximum axial velocity on each cross section is
barely affected by the increase of the inlet turbulence
level.

Figure 4 shows the development of the nondimensional
secondary velocity, U,,q. As the effects of inlet turbulence
on the secondary flow were found to be very weak within
the investigated parameter ranges, typical secondary flow

results at only one level of inlet turbulence are presented
in Fig. 4. On a plane near the entrance, a weak secondary
flow is induced due to the effects of curvature, with one
of the vortex cores near the top and the other near the
bottom of the cross section. As s/d, increases, the inten-
sity of the secondary flow increases. It has been found
that with the increase of the inlet turbulence level, the
two-vortex secondary flow pattern remains unchanged,
but the intensity of the secondary flow will reduce slightly.
When I is increased from 2 to 40%, the maximum
decrease in the secondary velocity is only about 1% on
the different cross sections.

Figure 5 demonstrates the development of the non-
dimensional temperature, ®. At different axial locations,
the temperature field is symmetric to the centerline con-
necting the outermost and innermost points of the cross
section. When s/d,, is small, a fluid of uniform tem-

S/dh =4

S/dh =8

s/dy =16

Fig. 4. Development of the secondary velocity fields at Re = 10*, Pr = 7 and I = 40%.
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Fig. 5. Development of the temperature fields at Re = 10* and Pr = 7: (a) I = 2%; (b) I = 40%.

perature occupies most of the area of the cross section.
As s/d, increases, the shift of the maximum axial velocity
results in a shift of the maximum ® toward the outside
of the pipe, forming steeper ® gradients near the outer
wall. The increase of the inlet turbulence level results
in an increase in the developing speed of the thermal
boundary layer along the wall of the pipe. With the
increase of 7, the values of the maximum ® at different
s/dy, change at different levels. When [ increases from 2
to 40%, the maximum © increases 1.98, 2.91 and 2.78%
at s/d, = 4, 8 and 16, respectively.

5.2. Turbulent kinetic energy

The effects of I on the development of the non-
dimensional bulk turbulent kinetic energy, k,, are given
in Fig. 6. The bulk turbulent kinetic energy develops
rapidly only within a short axial distance from the
entrance (s/d, < 15). This rapid developing region is also
termed the early developing stage. Usually, the value of
ky increases with the increase of 7in the rapid developing
region. When s/d;, > 30, the bulk turbulent kinetic energy
remains a constant value, k_,,, all the way to the outlet.
This phenomenon reveals that the inlet turbulence level
has no effect on the bulk turbulent kinetic energy in
regions far enough from the entrance of the pipe. The
value of k, ., depends only on the Reynolds number, Re,
and the Prandtl number, Pr. It has been found that the
higher the Reynolds number, the lower the value of &, .

Within the rapid developing region, the bulk turbulent
kinetic energy, k,, at different levels of I experiences
different behaviors before it reaches the magnitude of

ky... Figure 6 indicates that with the increase of s/d,, k,
at I = 2% develops from a lower level to a higher level
until it approaches the value of k,, ., while k, at I = 10%
falls from a higher level to a lower level until it reaches
the value of k, .. Interestingly, it is found that at different
levels of I, k, starts from different values at the entrance,
however, it reaches the values of k., at almost the same
axial location.

5.3. Friction factor

The development of the circumferential average fric-
tion factor, f,, with axial distance is depicted in Fig. 7.
The development of f,, has been found to be oscillatory
after a rapid developing region (s/d, < 5 ~ 10), where f,,
drops sharply as s/d), increases due to the rapid devel-
opment of the flow boundary layer. It has been ascer-
tained that the oscillation of f,, is a consequence of the
secondary flow. A similar oscillatory development of the
friction factor was also found by Liu [24] in his parabolic
numerical study of the laminar developing flow in helical
pipes.

In the rapid developing region, except the case of lower
values of I and Re (e.g., I=2% and Re = 10%), an
increase in the level of 7 results in an increase in the value
of 1., at each axial distance. Moreover, with the increase
of the level of I, the point of the minimum value of f;,
moves downstream.

The effects of I on the oscillation of friction factor, f,,,
is found to be weak in this study. As shown in Fig. 7,
depending on the value of Re, the effect of 7 on f,, within
the oscillatory stage is different at different axial
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Fig. 6. Effects of inlet turbulence on the development of bulk turbulent kinetic energy at Pr = 7: (a) Re = 10% (b) Re = 10°.
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Fig. 7. Effects of inlet turbulence on the development of the average friction factor at Pr = 7: (a) Re = 10% (b) Re = 10°.
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Fig. 8. Effects of inlet turbulence on the development of the average Nusselt number at Pr = 7: (a) Re = 10% (b) Re = 10°.
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Fig. 9. Development of the average number as a function of Pr at Re = 10* (a) I = 2%; (b) I = 40%.
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locations. It is observed from Fig. 7 that before entering
the oscillatory stage the friction factors at different inlet
turbulence usually tend to merge at a point of s/dj, ~ 13—
14. After this merging point, the friction factors will
diverge with the increase of s/d,. At another point down-
stream, the friction factors will merge again. This merg-
ing-diverging phenomenon of friction factors at different
inlet turbulence level is one of the macro behaviors of the
oscillating turbulent flow in the coiled pipe.

5.4. Nusselt number

The development of the circumferential average Nus-
selt number, Nu,,, with axial location is depicted in Fig.
8. In the rapid developing region (s/d, < 5 ~ 10), except
in the case of lower values of / and Re (e.g., I = 2% and
Re = 10%), Nu,, drops sharply as s/d, increases due to the
rapid development of the thermal boundary layer. After
the rapid developing region, Nu,, experiences an oscil-
latory stage, which is similar to that for f,,. It has been
ascertained that the oscillation of Nu,, is also a conse-
quence of the secondary flow in helical pipes. Similar
oscillatory development of the Nusselt number was found
by both Liu [24] and Patankar et al. [25] in their parabolic
numerical studies of laminar developing heat transfer in
helical pipes.

In the rapid developing region, an increase in the level
of I results in an increase in the value of Nu, at each
axial location due to the increased turbulent heat fluxes.
Similar to the results of f;,, the point of the minimum
value of Nu,, moves downstream with the increase of the
inlet turbulence level. The effects of 7 on the oscillation
of Nu,, are also found to be weak, as can be observed in
Fig. 8.

The effect of 7 within the oscillatory stage depends on
the value of the Reynolds number. As shown in Fig. 8,
within the oscillatory region, the increase of Reynolds
number causes the increase in the difference between the
Nusselt numbers at different inlet turbulence. It is also
found that the higher the Reynolds number, the longer
the oscillatory region.

Figure 9 demonstrates the development of Nu, at
different values of the Prandtl number, Pr. With an
increase of the Prandtl number, the value of Nu,, at each
axial distance increases, and the oscillation of Nu, is
weakened. Two cases of lower I values and higher Pr
values (I =2%, Pr=7 and I=2%, Pr=100) at
Re = 10* are provided in Fig. 9a to illustrate the dis-
tinguishing feature of the development of Nu, in the
rapid developing region found in this study. In these two
cases, the development of Nu, occurs from the lower
level to the higher level in the rapid developing region,
which is different from the other cases. This unusual
development of Nu, is generated thanks to the extreme
low level of inlet turbulence intensity. At this low level of
turbulence, the predictions are beyond the capability of

the standard k—¢ two-equation turbulence model, which
is more suitable to high Reynolds number flows with high
turbulence level.

6. Conclusions

e The effects of the inlet turbulence level on the devel-
opment of three-dimensional turbulent flow and heat
transfer in helically coiled pipe have been studied by
conducting fully elliptic numerical computations with
a Control-Volume Finite Element Method.

e The increase of the inlet turbulence level weakens the
developing secondary flow velocity and speeds up the
development of the thermal boundary layer in the pipe.

e The level of the bulk turbulent kinetic energy is not
affected by the inlet turbulence level far enough away
from the entrance of the pipe.

o Significant effects of inlet turbulence level on the devel-
opment of the friction factor and the Nusselt number
are limited to the early developing stage of turbulent
flow and heat transfer.

e When the inlet turbulence level is very low, abnormal
development of Nusselt number may occur in the region
near the entrance of the pipe, depending on the Rey-
nolds number and the Prandtl number. This anomalous
behavior of Nusselt numbers need to be further inves-
tigated.
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