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A numerical analysis is performed to study thermal transport phenomena in gas flow
through a strongly heated tube whose axis is in parallel with the rotational axis. The velocity
and temperature fields prevail when fluid flows in a rotating tube with uniform heat flux on
the tube wall. The two-equation k-c turbulence and t2-ct heat transfer models are
employed to determine turbulent viscosity and eddy diffusivity for heat, respectively. The
governing boundary-layer equations are discritized by means of a control volume finite-
difference techniques. It is found that the Coriolis and centrifugal (or centripetal) forces
cause fluid flow and heat transfer performance in the parallel-rotation system to be
drastically different from those in the stationary case. Consequently, even if a tube rotating
around a parallel axis is heated with high heat flux whose level causes a laminarizing flow in
the stationary tube case, both the turbulent kinetic energy and the temperature variance
remain over the pipe cross section, resulting in the suppression of an attenuation in heat
transfer performance. In other words, an increase in tube rotation suppresses laminarization
of gas flow.

Keywords. Thermal transport phenomena, Parallel rotation, Turbulent kinetic energy,
Temperature variance, Turbulent heat flux

INTRODUCTION

An effect of channel rotation on flows in rotating
machinery, such as flows in a rotary pump, high
temperature gas turbine, high power electric
generators, motors and other rotating systems,
has been investigated. However, its roles in flow
and heat transfer mechanisms are not yet fully

understood, because the flow and heat transfer
mechanisms in the rotating turbine blades are

extremely complex due to the presence of both
the Coriolis force and the buoyancy force in
the centrifugal acceleration field. Generally, the
engineering applications can be classified into
four types of rotation or revolution, i.e. radial
rotation, parallel revolution, axial rotation and
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circumferential revolution (Yang and Zhang,
1992). The coaxial rotating duct is a special case
of the parallel revolving duct without eccentricity.
In accordance with the applications of heat transfer
to the advanced rotating machineries, it is neces-
sary and important to understand the heat transfer
processes in rotating channels. The detailed infor-
mation on the heat transfer characteristics in
rotating channels is valuable in the design and
calculation of cooling system in the rotating
machineries. Experimental and theoretical studies
on transport phenomena in rotating and revolving
pipes or ducts were performed by numerous
authors, for example, Mori and. Nakayama
(1984), Kataoka et al. (1984), Mori and Nakayama
(1968), Mori et al. (1971). Morris (1981) reviewed
the known information on the influence of rotation
on flow and heat transfer in ducts which are
constrained to rotate about a prescribed axis. The
present study is focused on flows through a tube,
whose axis is in parallel with the rotational axis.
When a gas in a channel is heated with extremely

high heat flux, the flow may possibly be laminar-
ized, that is, a transition from turbulent to laminar
flows occurs at a higher Reynolds number than the
usual critical value, i.e. Re 2300. This phenom-
enon is referred to as laminarization. The experi-
mental and numerical studies on the thermal fluid
transport phenomena have been performed by
several investigators: Bankston (1970), Coon and
Perkins (1970), McEligot et al. (1970), Perkins et al.
(1973), Mori and Watanabe (1979), Ogawa et al.
(1982), Kawamura (1979). Torii et al. (1993) and
Torii and Yang (1997a) investigated the transport
phenomena in the strongly heated circular tube
flows by means of a Reynolds stress turbulence
model and a two-equation heat transfer model,
respectively. It is disclosed that (i) even when a
substantial reduction in heat transfer, i.e. laminar-
ization takes place, the turbulent kinetic energy
does not disappear completely, (ii) laminarization
due to strong heating causes both a reduction in
the Reynolds stress and an amplification of the
inherent anisotropy of turbulence structure, (iii)
both the temperature variance and the turbulent

heat flux are also diminished over the whole
tube cross section in the flow direction, and

(iv) although both the velocity dissipation time
scale and the temperature dissipation time scale are
substantially amplified in the laminarizing flow,
their ratio is slightly increased. Torii and Yang
(1997b) reported the thermal transport phenomena
in a strongly heated gas flow in a circular tube
rotating around the axis. It is found that (i) the
presence of tube rotation contributes to the
promotion of laminarization of gas flow, and (ii) a

reduction in the velocity gradient induced by tube
rotation suppresses the production of turbulent
kinetic energy, resulting in an amplification in
laminarizing the flow process. In contrast, to the
authors’ knowledge, there is no detailed experi-
mental data pertinent to flow and thermal char-
acteristics such as turbulence quantities in a

strongly heated pipe in parallel rotation, because
of the complexity of the fluid flow and the
difficulty of the measurement. Numerical analysis
is a useful method of studying fluid flow and
heat transfer in the tube, whose axis is in parallel
with the rotational axis. As for the existing
theoretical study, the assumption of constant
properties is employed in the governing equa-
tions to be solved, although the coolant in the
rotating machinery, particularly in the high
temperature gas turbine, is imposed with high heat
flux heating.
The purpose of the present study is to investigate

a strongly heated gas flow in a circular tube,
whose axis is in parallel with the rotational axis.
The tz-ct heat transfer model proposed by Torii

and Yang (1997a) and the k-e turbulence model
of Torii et al. (1990) are employed to determine
the mechanism of heat transport phenomena. The
turbulent thermal conductivity At is determined

using the temperature variance, 2, and the dis-

sipation rate of temperature fluctuations,
together with k and e. Emphasis is placed on
effects of parallel rotation of the pipe on the
flow and thermal fields, i.e. turbulent kinetic
energy, streamwise velocity, and temperature
variance.
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GOVERNING EQUATIONS AND
NUMERICAL SCHEME

A turbulent flow in a strongly heated circular tube
whose axis is in parallel with the rotational axis, as
shown in Fig. 1, is analyzed using cylindrical
coordinates..In this analysis, the dependence of
gas properties on temperature as well as change
in gas density must be taken into account
(Schlichting, 1985). Here, the derivation processes
of the governing equations are expressed in
reference (Schlichting, 1985). The following
assumptions are imposed in the formulation of
the problem: an incompressible, steady flow,
negligible viscous heating and neglect of viscous
dissipation in the energy equation. Thus, the
governing equations read

OUi
Oxi
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OP O ( OUi )CX- nt- --X.] # -Xj D H Hj -Jr- F, (2)

OT O ( OT
CpUi OX-- ON " -X Cp blii (3)

Here, a ttiird term, F, in Eq. (2) implies Coriolis
forces and centrifugal buoyancy forces caused in
the flow and temperature fields, which are summar-
ized in Table I for each component. The Reynolds
stress -p uiuj in Eq. (2) is obtained by using the

TABLE Coriolis forces and centrifugal buoyancy forces
caused in the flow and temperature fields

Component F

2pfW q- pQ2/(r q- Hcos 0)(Tw Tb)
0 -2pfV- D2(Tw Tb)sin 0
x 0

Boussinesq approximation

(ogi Ogj 2
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Here, the turbulent viscosity/st can be expressed in
terms of the turbulent kinetic energy k and its

dissipation rate e, referring to the Kolmogorov-
Prandtl’s relation (Rodi, 1982), as

k2

C, (5)

C, and fu are a model constant and a model
function, respectively. Torii et al. (1990) developed
the low Reynolds number version of the
turbulence model capable of reproducing the
transition from turbulent to laminar flows, which
was originally developed by Nagano and Hishida

(1987). The same model is employed here. Both

transport equations read

0
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FIGURE A schematic of physical system and coordinate.
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The empirical constants and model functions in

Eqs. (5)-(7) are presented in Table II.
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TABLE II Empirical constants and model functions in the k-c turbulence model

C# C1 C2 Ok oe fl f2
0.09 1.44 1.9 1.0 1.3 + 0.28 exp(-Rt/25) 0.3 exp(-Rt2) {1- exp(-R/26.5)}

TABLE III Empirical constants and model functions in the 2-ct heat transfer model

CA Cp1 Cp2 o- o-q CD1 CD2 /P1 fP2 /D1 fD2 fa

0.11 1.80 0.72 1.0 1.0 2.20 0.80 1.0 1.0 1.0 1.0 {1-exp(-(x//30.5)(Z/f)Sty+)}

The turbulent heat flux -Cp# uit in Eq. (3) can be
given using Boussinesq approximation

OT
-Cp#Ut A Ox/ (8)

Nagano and Kim (1988) expressed the turbulent
thermal conductivity At in terms of the temperature
variance, 2, the dissipation rate of temperature
fluctuations, ct, k and e, as

At cp#Cx fake -,
V

(9)

where Ca is a model constant and fa is a
model function. The two-equation heat transfer
model developed by Nagano and Kim (1988) is
modified by Torii and Yang (1997a) in order
to reproduce the thermal transport character-
istics in the turbulent-to-laminar transition region.
In the present study, the modified model is used
to obtain 2 and e in Eq. (9). The transport
equations for 2 and ez are expressed in tensor
form as:

fi Uj Oxj Oxj
+

Oxjj
2 fi ujt Oxj

-2fief- 2 A-- (oqV/-
2

(o)

and

(11)

respectively. The empirical constants and model
functions in Eqs. (9)-(11) are summarized in
Table III. In the present study, a combination of
the k-e model for velocity field and the tz-t
model for thermal field is applied to analyze gas
flows in a strongly heated pipe parallel to a
rotating axis, because the models employed here
can predict laminarizing flows in a stationary pipe
with high heating (Torii and Yang, 1997a).
A set of governing equations are discretized

using the control volume finite-difference proce-
dure developed by Patankar (1980) wherein the
control volumes such as the temperature were

staggered from those for the velocities. Figure 2
depicts an arrangement of finite-difference vari-
ables in the r-O cross section. The subscript
corresponds to the cell location. The faces of the
temperature (i.e. scalar) control volumes coincide
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FIGURE 2 Grid arrangement in the r-O plane.

with the interfaces of dissimilar materials. Power
law variation was used for the interpolation of the
dependent variables.

Since all turbulent quantities as well as the time-
averaged velocities vary rapidly in the near-wall
region, the size of nonuniform cross-stream grids
is increased with a geometric ratio from the
wall towards the center line, i.e. the y direction.
The maximum control volume size near the
center line is always kept less than 3% of tube
radius. Throughout numerical calculations, the
number of control volumes is properly selected
between 62 x 62 and 98 x 98 nonuniform grid to
obtain a grid-independent solution, resulting in no
appreciable difference between the numerical results
with different grid spacing. The discritized equa-
tions were solved iteratively using the line-by-line
TDMA (Tri-Diagonal Matrix Algorithm) and
the SIMPLE procedure. The calculations are pro-
gressed from the inlet in the downstream direction
by means of a marching procedure, because the
diffusion terms ofmomentum and energy equations
in the streamwise direction are deleted due to the

strong inertia effect. The maximum step-size in the
streamwise direction is limited to five times the
minimum size in the radial direction of the control
volume. At each axial location, the thermal proper-
ties for respective control volumes are determined
from the axial pressure and temperature by using a

numerical code of reference (PROPATH, 1987).
The hydrodynamically, fully-developed, iso-

thermal flow is assumed at the starting point of
the heating section. The following boundary
conditions are used at the wall:

r-R(atwall): U- V- W

=k-c-t2-ct-O,
OT qw

(constant heat flux).Or Aw
The computations are processed in the following
order:

1. Specify the initial values of U, V, W, k, c, T, 2

and e and assign a constant axial pressure
gradient. Here, the values of U, k and e in the
hydrodynamically, fully-developed, isothermal
circular tube flow are employed as the initial
ones.

2. Solve the equations of U, k, e, T, 2 and t.
3. Repeat step 2 until the criterion of convergence

is satisfied, which is set at

max < 10-4 (12)qga
for all the variables 5(U, k, c, T, 2 and t). The
superscripts M and M-1 in Eq. (12) indicate
two successive iterations, while the subscript
"max" refers to a maximum value over the entire
field of iterations.

4. Calculate new values of U, k, e, T, 2 and e by
correcting the axial pressure gradient.

5. Repeat steps 2-4 until the conservation of the
streamwise flow rate is satisfied under the
criterion

ff UcpdO dr ff UindO dr

ff UindO dr
_< 10-5 (13)
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and evaluate the convergent values of U, k and
c. Here, Ucp is the axial velocity under the
correction process and Uin is that at the inlet of
the circular tube.

6. Calculate V and W using the updated values of
U, k, c, T, 2 and t until the criterion of
convergence, Eq. (12), is satisfied. Here, vari-
ables q5 in Eq. (12) correspond to V and W.

7. Repeat steps 2-6 until x reaches the desired
length, i.e. a location 150D downstream from
the inlet.
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In the present study, the nondimensional heat
flux parameter, qi+n, is employed to indicate the
magnitude of heat flux at the tube wall. The ranges
of the parameters are nondimensional heat flux
parameter qi+n < 0.005; inlet Reynolds number, i.e.
Reynolds number at the onset of heating
Rein 8500; rotation speed of 0-500 rev/min; inlet
gas (nitrogen) temperature Tin 273 K. Numerical
computations were performed on a NEC personal
computer (32 bit).

In order to verify the k- turbulence and the
two-equation heat transfer models employed here
and to determine the reliability of the computer
code, heat transfer coefficients are calculated. The
model is applied to a flow in a circular tube
revolving about a horizontal axis parallel to the
tube axis, which is heated with a low uniform wall
heat flux. Thus, there is no effect of the variation of
the gas properties on the velocity and thermal
fields. A numerical result is obtained in both the
thermal entrance and thermally and hydrodynami-
cally fully-developed regions of a circular tube.

Figure 3, for Re 10000, depicts the streamwise
distribution of the Nusselt number in the form of
Nu versus x/D with rotational Reynolds number, J,
as the parameter. The results are compared with the
experimental data of Humphreys et al. (1967). It is
observed that the Nusselt number decreases mono-
tonically along the flow due to the thermal entrance
effect, and an amplification in local Nusselt
number yields due to parallel rotation of the tube.
This trend becomes larger with an increase in
rotation speed, J. The model employed here predicts

FIGURE 3 A comparison of theoretical and experimental
results for the local Nusselt number in the developing tube
flows at different rotational Reynolds numbers for the lower
heat flux case.
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FIGURE 4 A comparison of theoretical and experimental
results for the Nusselt number in the fully-developed tube
flows at different rotational Rayleigh numbers for the lower
heat flux case.

precisely the streamwise variation of the Nusselt
number, although the Nusselt number is somewhat
overestimated in the vicinity of the inlet.

Figure 4 compares the numerical result with the
experimental data (air) of Woods (1975), which are
measured at LID 34.7 and HID 24. Here, Nu0
denotes the Nusselt number for a fully-developed
turbulent flow in a stationary tube and Nut implies
that for a fully developed turbulent flow in a tube
rotating around a parallel axis. One observes that
the calculated values of Nusselt number are in
accord with the experimental data and with Re
fixed, the Nusselt number is amplified with an

increase in the rotational Rayleigh number, Ra. In
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other words, heat transfer performance is induced
due to the centripetal buoyancy force because the
rotational Rayleigh number emerges from the
centripetal buoyancy terms of the momentum
equations.
To the authors’ knowledge, although there is no

experimental data pertinent to the turbulence
quantity, it is of interest to give the numerical
results in the velocity and thermal fields. Figure 5
illustrates the calculated turbulent kinetic energy
for a fully-developed turbulent flow in a rotating
tube at three different rotational Rayleigh number
Ra=0, 3.8 x 102 and 1.5 103. Note that Fig. 5
depicts the radial distribution along A-A line
in Fig. 1. Ra=0 corresponds to no parallel
rotation case. Here, the Reynolds number is fixed
at Re 10,000 and numerical results are divided by
the square of the friction velocity on the wall in the
absence of parallel rotation (u*)2. One observes that
as the rotational Rayleigh number, i.e. rotation
speed is increased, the turbulent kinetic energy level
is enhanced over the entire flow cross section,
particularly in the vicinity of the wall. This
enhancement yields due to the secondary flow
caused by parallel rotation. The corresponding
radial distribution of the temperature variance, 2,
in the thermal field is illustrated in Fig. 6. Here, it is
normalized by the square of the friction tempera-
ture in a fully-developed turbulent flow with a

6.0

4.0

 2.o

Prediction
Rck=O ---e---
R=5.gx102

1.0(A) 0.5 0.0 0.5 1.0(A’)
r/R

FIGURE 5 Radial distributions of predicted turbulent
kinetic energy in the fully-developed tube flows at different
rotational Rayleigh numbers for Re 10,000.
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FIGURE 6 Radial distributions of predicted temperature
variance in the fully-developed tube flows at different rota-
tional Rayleigh numbers for Re 10,000.

stationary tube, t*. The predicted 2 undergoes a
sharp rise in the wall region followed by a gradual
decline toward the central region. The temperature
variance is intensified with an increase in rotation
speed. These behavior is in accord with the
variation of heat transfer performance. In other
words, a change in heat transfer corresponds to the
variations of both the turbulent kinetic energy and
the temperature variance. Since the eddy diffusivity
concept (Eq. (8)) is employed to determine the
turbulent heat flux, -uit in Eq. (3), it is directly
related to k, c, 2 and ct in Eq. (9). Hence, the
amplification in both the turbulent kinetic energy
and the temperature variance causes an increase in
the Nusselt number, as shown in Fig. 4.

In the above numerical results, the validity of the
computer code and the accuracy for k-e turbu-
lence and two-equation heat transfer models are
borne out.

RESULTS AND DISCUSSION

Figure 7 illustrates the local heat transfer coeffi-
cients in the strongly heated gas flow in the form of
Stanton number Stb versus Reynolds number Reb,
with qi+n as the parameter. Numerical results
(solid symbols) are compared with the experimen-
tal data (hollow symbols) of Bankston (1970),
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which are obtained in the stationary pipe flow.
Figures 7(a)-(c) correspond to the rotational
Reynolds number, J of 0, 95 and 190, respectively.
J= 0 corresponds to no parallel rotation case. The
inlet bulk Reynolds number is fixed at 8,500.
Both the Dittus-Boelter’s turbulent heat transfer
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xSb=0.021Reb-0"2prb-"6

y Bonkston Prediction-

q+,.=0.00254
q+in--’0"00429

// ,OW A
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0-3
103 Reb

Rein=8500
d=0

104

10-2
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Rein=8500 Turbulent
J=190 021%0.2prbi.6

Experiment "o"-.._ j
byBonkston Prediction-" u-fO

q+ln=O.O0254 0
q+in=0.00429 ZX.

Lom;nor "x "

Stb=4.36Reb-lprb-,.
104Reb

(c)
FIGURE 7(c)

FIGURE 7 Variations of predicted local Stanton number
Stb with Reynolds number Reb as a function of nondimen-
sional heat flux qi+n for (a) J= 0, (b) J= 95 and (c) J= 190.
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FIGURE 7(a) and (b)

104

correlation and the Stanton number for laminar
flow heat transfer in the stationary pipe heated
with uniform wall heat flux are superimposed in the
figure by solid straight lines. In Fig. 7, a reduction
in the bulk Reynolds number implies a change in
the streamwise location, because the bulk Reynolds
number decreases from the inlet with the axial
distance resulting from an increase in the molecular
viscosity by heating. It is observed in Fig. 7(a) that
at qi+n- 0.00254, the measured Stanton numbers
decrease first in the thermal entrance region,
followed by an upturn, approaching the turbulent
correlation further downstream. This implies that
no laminarization will occur. On the contrary, the
experimental Stanton numbers at qi+n- 0.00429
depart from the turbulent correlation toward
the laminar case as the flow goes downstream.
Bankston reported that the substantial reduction in

Stb is attributed to the occurrence of laminariza-
tion. For qi+n 0.00254 and 0.00429, the turbulence
model employed here reproduces the streamwise
variation of the experimental data. Figure 7(b), for
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J--95, shows that the local Stanton number ceases
to decrease after the initial reduction, and begins to
recover in the case of qi+n -0.00429. This trend is
induced with an increase in pipe rotation, as seen in
Fig. 7(c) for J= 190. That is, the local Stanton
number finally approaches the turbulent correla-
tion even at higher heating level (qi+n 0.00429). In
other words, as rotation speed, J, is iricreased, no
laminarization takes place even at higher heating
level qi+n, whose level causes the laminarizing flow in
the stationary tube. Hence, one may postulate that
with high flux heating, a parallel rotation of the
pipe induces an amplification in heat transfer
performance, that is, the presence of pipe rotation
suppresses the promotion of laminarization of
gas flow.
An attempt is made to explore the effects of

parallel rotation of the tube on the flow and
thermal fields, i.e. radial distributions of turbulent
kinetic energy, streamwise velocity, and tempera-
ture variance along A-N line in Fig. 1. Numerical
results are obtained at qi+n-0.00429, whose
heating level causes laminarization in a station-
ary pipe.

Figure 8 illustrates the effects of rotation speed,
J, on the radial distributions of the normalized
time-averaged streamwise velocity U/Um,,, at three

1.0

x/D=i20

I=o
0 I=o
1.0(A) 0.0 1.0(A’)

r/R

FIGURE 8 Effects of rotational Reynolds number on the
distribution of time-averaged streamwise velocity U/U,,,x in a
rotating pipe at three different axial locations, x/D-O, 60
and 120, for Rein 8500 and qi+n 0.00429.

different axial locations x/D 0, 60 and 120. The
velocity U is normalized by the maximum value

Umax at each axial location. At J= 0, the velocity
gradient at the wall is substantially diminished
along the flow by the effect of acceleration due to
gas expansion. The acceleration effect suppresses
the velocity gradient at the wall even in the case of
parallel rotation. This trend becomes minor with
an increase in rotation speed, because of the
secondary flow caused by parallel rotation. The
corresponding streamwise variation of tlie turbu-
lent kinetic energy is illustrated in Fig. 9. Here, the
turbulent kinetic energy k is normalized by a

square of the wall friction velocity in the absence
of parallel rotation at the onset of heating u.2. One
observes that the turbulent kinetic energy level at
J--0 is substantially diminished over the whole
tube cross section in the flow direction. The
streamwise variation corresponds to an attenua-
tion in the velocity gradient at the wall, as seen in
Fig. 8. The reduction is suppressed by the presence
of parallel rotation of the pipe and the turbulent
kinetic energy level is maintained in the flow

4.0

2.0

Rin=8500
q..,.in=O.O0429
0 J=O
,", J=95

a= 9o,.

x/D=O
0.0 1.0(A’)
r/R

x/D=120

x/D=60

FIGURE 9 Effects of the rotational Reynolds number on
the distribution of turbulent kinetic energy k/u.2 in a rotating
pipe at three different axial locations, x/D=O, 60 and 120,
for Rein 8500 and qi+n 0.00429.
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direction, in accordance with the variation of the
streamwise velocity distribution in Fig. 8.

Figure 10 depicts the radial distribution of the
temperature variance, 2, in the thermal field at the
three different axial locations. Here, the tempera-
ture variance 2 is divided by the square of the
friction temperature, t*, at each axial location. The
production of 2, at J-0, is substaritially attenu-
ated over the whole pipe cross section in the flow
direction. In contrast, 2 at J-95 and 190 is
maintained along the flow direction, although the
level is slightly diminished in the initial stage. As
mentioned previously, the turbulent heat flux, -uit
in Eq. (3) is directly related to k, c, and ct in
Eq. (9), because it is obtained using the eddy dif-
fusivity concept (Eq. (8)). Hence, the presence in
the turbulent kinetic energy and the temperature
variance suppresses a substantial attenuation in the
local Stanton number, as shown in Fig. 7.

In summary, under a very high heat flux heating,
reductions of the turbulent kinetic energy, stream-
wise velocity, and temperature variance during
laminarization in a stationary pipe are substan-
tially suppressed due to parallel rotation of the
pipe, resulting in the maintenance of heat transfer
performance.

SUMMARY

A t2-et heat transfer model and a k-e turbulence
model have been employed to numerically investi-
gate fluid flow and heat transfer in a strongly
heated gas flow pipe in the presence of its parallel
rotation. The study has concluded that:

1. In the higher heat flux case in which laminar-
ization occurs in the stationary pipe flow, .a

substantial reduction in the local Stanton
number is suppressed by parallel rotation of a

pipe. Heat transfer performance is maintained
with an increase in the rotation speed. In other
words, an increase in pipe rotation results in
the suppression of laminarization of gas flow.

2. When laminarization is suppressed due to pipe
rotation even at higher heat flux case, the
velocity gradient in the vicinity of the tube wall
is not substantially affected by acceleration due
to gas expansion, resulting in a presence in the
turbulent kinetic energy over the entire tube
cross section. In addition, the temperature
variance is also maintained over the whole tube
cross section in the flow direction.

NOMENCLATURE

Rein=8500
q+in=0.00429

O, d=0
A J=95

x/D=120
4-.0

2.Oo x/

60

1.0(A) 0.0 1.0(A’)
2y/D

FIGURE 10 Effects of the rotational Reynolds number on
the distribution of temperature variance t2/t.2 in a rotating
pipe at three different axial locations, x/D= 10, 60 and 120,
for Rein 8500 and qi+n 0.00429.

C#, C1, C2

CA, Cp1, Cp2, CD1, CD2

D

f
f,, fl, f,.

F
G

specific heat at constant

pressure, J/(kg K)
empirical constants of
k-e model

turbulence mode
constants for
temperature field

tube diameter, m
friction coefficient
turbulence model
functions of k-e model

turbulence model
functions of
temperature field

third term in Eq. (2)
mass flux of gas flow,
kg/(mZs)
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H
J
k
L
Nu
P
Pr
Prt
q

r

Ra-

Re
Rt
St

T

U,V,W

Ui
uuj

x

xi

Y
y+

eccentricity, m
rotational Reynolds number, fD2/2u
turbulent kinetic energy, m2/s2
heat length, m
Nusselt number, qwD/(Tw,avg Tb)A
time-averaged pressure, Pa
Prandtl number
turbulent Prandtl number
heat flux, W/m2

dimensionless heat flux parameter,
qw/(GcpT)in

radial coordinate, m
tube radius, D/2, m
rotational Rayleigh number,
f2HflT-R4/ct,
Reynolds number, umD/u
turbulent Reynolds number, kZ/(u)
Stanton number,
qw/(pCpUm(Tw,avg- Tb))

time-averaged temperature, K
fluctuating temperature
component, K

friction temperature, qw/(pCpU*), K
temperature variance, K2

time-averaged velocity components
in axial, radial and tangential
directions, respectively, m/s

time-averaged velocity, m/s
Reynolds stress, m2/s2
Turbulent heat flux, mK/s
mean velocity over tube
cross section, m/s

friction velocity, m/s
axial coordinate, m
coordinate, m

distance from wall, m
dimensionless distance, u*y/u

Greek Letters

OZ, O molecular and turbulent thermal
diffusivity, respectively, m2/s
volume expansion coefficient, 1/K

7"

density, kg/m3

turbulent energy dissipation
rate, m2/s

dissipation rate of -5, K/s2

molecular and turbulent thermal
conductivities, respectively,
W/(Km)

molecular and turbulent
viscosities, respectively, Pa s

fluid kinematic viscosity, m2/s
turbulence model constants for
diffusion of k, e, 2 and
respectively

axial temperature gradient
tangential direction
angular velocity

Subscripts

avg average
b bulk
in inlet
max maximum
w wall

Superscripts

time-averaged value
fluctuation value
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