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Abstract—A numerical study is performed to investigate thermal transport phenomena of the laminarizing
fiow in a strongly heated circular tube. A k—¢ turbulence model is employed to determine the turbulent
viscosity and the turbulent kinetic energy. The turbulent heat flux is expressed by Boussinesq approximation
in which the eddy diffusivity for heat is determined by a £ — ¢, heat-transfer model. Both models are slightly
modified to improve the accuracy in the turbulent-to-laminar transition region. The governing boundary—
layer equations are discretized by means of a control volume finite-difference technique and numerically
solved using a marching procedure. Results are obtained for Stanton number, turbulent kinetic energy,
temperature variance and velocity and temperature dissipation time scales in laminarizing flow. © 1997
Elsevier Science Ltd.

INTRODUCTION

When a gas in a channel is heated with extremely
high heat flux, the flow may be laminarized. So-called
laminarization implies that a strongly heated gas flow,
which is certainly turbulent at the entrance of the
channel, exhibits heat transfer characteristics of lami-
nar flows in the down stream part. That is, a transition
from turbulent to apparent laminar flow, occurs at
higher Reynolds number than the usual critical value.
Both the proposed criteria for the occurrence of lami-
narization and the heat transfer characteristics of this
phenomenon have been reported by several inves-
tigators |1-6]. It is commonly accepted that: (i) some
locally defined Reynolds numbers, such as a turbulent
Reynolds number, are remarkably reduced, par-
ticularly in the vicinity of the heated wall; and (ii)
this is caused by the effect of acceleration due to gas
expansion, resulting in laminarization. Experimental
data [1-6] are found in the literature as to the bulk
flow properties such as heat transfer coefficients or
pressure drops along the stream. Moreover, radial
distributions of the time-averaged velocity and tem-
perature near the entrance region are also measured
by Mori and Watanabe [5] and Perkins and McEligot
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[7], respectively. However, to the authors’ knowledge,
there is no detailed experimental data pertinent to
flow and thermal characteristics such as turbulence
quantities in the laminarizing flow. This is because
measurement of the turbulent quantities in strongly
heated laminarizing flows is very difficult. Numerical
simulation gives detailed information which furthers
our understanding of the transport phenornena.
Kawamura [8], Torii er al. [9] and Fujii et al. [10]
analyzed the laminarization phenomena in strongly
heated gas flows by means of k—kL, k—¢ and k—kL—uv
models, respectively. They all revealed that turbulent
kinetic energy is substantially attenuated in the vicin-
ity of a heated wall, resulting in the remarkable
reduction in heat transfer. Since the above three
different turbulence models basically assume isotropic
turbulence structure, they cannot precisely reproduce
the anisotropy of turbulence caused by rapid flow
acceleration due to gas expansion. In order to obtain
detailed information on the flow structures, the higher
order closure model, i.e. a Reynolds stress turbulence
model is employed. Torii et al. [11] investigated trans-
port phenomena in strongly heated circular tube flows
by means of the Reynolds stress turbulence model of
Launder and Shima [12]. Tt is disclosed that: (i) even
when a substantial reduction in heat transfer, i.e. lami-
narization takes place, the turbulent kinetic energy
does not disappear completely; and (ii) lami-
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NOMENCLATURE
¢ specific heat at constant pressure Up mean velocity over tube cross section,
[J (kgK)~'] I .
C,, C,, C, empirical constants of k—& model U =75 o Urdr [ms™]

C;, Cpy, Cpy, Cpy, Cpyy  turbulence model
constants for temperature field

D diameter [m]

f friction coefficient

Jfw fis /2 turbulence model functions of k—¢
model

fis fo1s fe2r fou. fp2  turbulence model functions
of temperature field

g acceleration of gravity [m s™?

G mass flux of gas flow [kg (m’s)]

Gr  Grashof number, gq, D*(v?AT),,

h heat transfer coefficient
Wm2K™

k turbulent kinetic energy {m? s?]

Nu  Nusselt number, 2D/

P time-averaged pressure [Pa]

Pr Prandtl number
Pr,  turbulent Prandtl number
q heat flux [W m ™3

g dimensionless heat flux parameter,
qw/(chT)in
r radial coordinate [m]
i . 1 )2e,
R time-scale ratio, R =
kfe

Re Reynolds number, u,D/v

R, turbulent Reynolds number, k%/(ev)

R, dimensionless distance in radial
direction, = y*

St Stanton number, q,/(pc (T —Ty))

T time-averaged temperature [K]

t fluctuating temperature component
(K]

* friction temperature, g./(pc,u*) [K]

£ temperature variance [K?]

U, V' time-averaged velocity components in

axial and radial directions,
respectively [m s ']

instantaneous velocity component in
radial direction, V+v [ms™']

)

u, v fluctuating velocity components in
axial and radial directions,
respectively [ms™']

u* friction velocity, \/7,/p [ms™']

X axial coordinate [m]

¥ distance from wall [m]

v dimensionless distance, u*y/v.

Greek symbols

o, turbulent thermal diffusivity [m?s™']
p density [kg m ™%
€ turbulent energy dissipation rate
(m? s~ _
& dissipation rate of * [K s77
A, 4. molecular and turbulent thermal

conductivities, respectively [W (Km) ']

molecular and turbulent viscosities,

respectively [Pa s]

v fluid kinematic viscosity [m?s~']

0y, 0., 0y, 0, turbulence model constants for
diffusion of k, ¢, * and &, respectively

W I

7. T, time scales of velocity and temperature
fields, respectively, k/e, 1,/(2e,) [s]
T wall shear stress [Pa]
0 tangential direction
ar dimensionless temperature, equation
(18).
Subscripts
b bulk
C center
in inlet
max —maximum
w wall.
Superscripts

time averaged value
fluctuation value
instaneous value.

’

A

narization due to strong heating, causes both a
reduction in the Reynolds stress and an amplification
of the inherent anisotropy of the turbulence structure.
Koshizuka er al. [13] analyzed heat transfer charac-
teristics at supercritical water cooling in a vertical
pipe, by means of a k—¢ model. They reported that heat
transfer deterioration is caused by two mechanisms
depending on the flow rate, i.¢. an increase in viscosity
near the wall by heating for the large flow rate and

an acceleration of the flow velocity near the wall by
buoyancy force of the small flow rate.

In the above numerical simulations pertinent to
turbulent heat transport problems, the turbulent heat
flux in the energy equation is modeled on the class
Boussinesq approximation. The unknown thermal
conductivity, 4,, is obtained from the definition of the
specific heat, ¢,, the known turbulent viscosity, u,,
and turbulent Prandtl number, Pr,, as A, = c,u/Pr,.
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However, calculation with this formulation gives no
more detailed information on heat transport phenom-
ena, such as temperature fluctuation and turbulent
heat flux. To acquire this information, the one- and
two-equation models for thermal field and the tur-
bulent heat flux equation model are employed.

Nagano and Kim [14] proposed a two-equation
model for thermal field, in which the temperature vari-
ance, #* and the dissipation rate of temperature fluc-
tuations, &, are used together with k£ and p to model
a thermal eddy diffusivity, «,. This model, taking the
near-wall behavior into account, was developed to
investigate the heat transport phenomena under the
uniform wall-temperature condition, resulting in bet-
ter prediction accuracy for a fiat-plate thermal bound-
ary layer, the thermal entrance region of a pipe, and
the turbulent heat transfer in fluids with different
Prandtl numbers. Youssef ez al. [15] modified the orig-
inal two-equation heat-transfer model of Nagano and
Kim [14] to reproduce the wall limiting behavior of
turbulence quantities in a thermal field under arbitrary
wall thermal conditions. Sommer et al. [16] derived a
near-wall two-equation heat-transfer model similar to
that of Nagano and Kim [14] and Youssefez al. [15], in
which a Reynolds stress model is employed to ensure
accuracy and reliability in the predicted velocity field.
It was found by the authors’ preliminary examination
that (i) accuracy of the two-equation heat-transfer
model of Nagano and Kim [14] is somewhat inferior
to that of the other ##—¢, heat-transfer models, par-
ticularly for heat transfer analysis under the uniform
wall heat flux condition; and (ii) the former model,
however, yields short computing times and more
stable computations than the latter models because of
its simplicity.

The purpose of the present study is to investigate
the laminarization phenomena of a strongly heated
gas flow in a circular tube, particularly heat transfer
mechanism in the laminarizing flow. The two-equa-
tion model for heat transfer proposed by Nagano and
Kim {14] and the k-& turbulence model of Nagano
and Hishida [17] are employed to determine the mech-
anism of the heat transport phenomena. A slight
modification to both original models is made to
improve their accuracy, particularly in the low-Rey-
nolds-number region. The turbulent thermal con-
ductivity, 4, is determined by using the temperature
variance and the dissipation rate of temperature fluc-
tuations together with k£ and ¢. Emphasis is placed on
streamwise variation of the flow and thermal fields in
the laminarizing flow, particularly temperature
profile, turbulent heat flux and temperature variance.

GOVERNING EQUATIONS

A turbulent flow in a strongly heated circular tube,
as shown in Fig. 1, is analyzed using cylindrical coor-
dinates. In this analysis, dependence of the gas proper-
ties on temperature, as well as the change in gas
density, must be taken into account. The boundary
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Fig. 1. A schematic of the physical system and coordinates.

layer approximation is employed to express the
steady, two-dimensional, continuity, energy and
momentum equations as

opU) | 1008V _
ox ty or =0 (I
oTr =0T 10 oT —
CppUE—% /3Va r@r(M rcpﬁvt> (2)
and
WU GpU_ AP 1o au
P ox or _dx+r6r or Trpw

3)

respectively. Here, the term for body force in the
momentum equation was negligible, because a small
diameter tube was employed and throughout the cal-
culation, the buoyancy parameter. Gr/Re?, was less
than 0.1 so that the forced convection may be expected
to dominate.

Using the turbulent conductivity, 4,, the turbulent
heat flux, —c,put in equation (2), is expressed by the
following simple gradient form :

— oT
—cpput = A,E. 4)
Nagano and Kim [14] model 4, in terms of the tem-
perature variance, > and the dissipation rate of tem-
perature fluctuations, ¢, k and ¢, as

; _ kr*
A=, pCifik | — (%)
&,
where C, is a model constant and f; is a model func-
tion. In the present study, the two-equation heat-
transfer model developed by Nagano and Kim [14] is
used to obtain ¢* and ¢ in equation (5). The transport
equations for # and ¢, are expressed as

1¢ A _‘_Li
ror) o, C,)or

2, (0T NG
I 2pe —2 2
o la) e fer) o

'Ui T/'ai
P ax ar

and
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Table 1. Empirical constants and model functions in the ;fcl heat-transfer model of Nagano and Kim [14]
. Cor O 7 on 05 (o Cn A Jeo S I fin’ 7 1 -
011 18 072 10 1.0 220 08 10 10 1.0 10 {1 —exp (7 ggém ‘\)}:
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¢, 2\ or
g, oA, C(PTN
—Cpafpap 7 + (—(1 —f) 5 (N
P

k aor

respectively. The empirical constants and model func-
tions in equations (5), (6) and (7) are summarized in
Table 1.
The Reynolds stress, —puwv, in equation (3) is
obtained using the Boussinesq approximation as
.
gt = 2 ()
CF
Here, the turbulent viscosity, i, can be expressed in
terms of the turbulent kinetic energy, k and its dis-
sipation rate, ¢, through the Kolmogorov—Prandtl’s
relation [18], as

Kk’

o= pCih ©)
C, and fu are model constant and a model function,
respectively. In determining #* and ¢, in equation (5),
Nagano and Kim [14] used the low Reynolds number
version of a k—¢ turbulence mode! developed by
Nagano and Hishida [17]. The same model is
employed here. The transport equations read

‘Uak-{—‘l?qk—lﬁ _u‘+ ok
PP Prar = var) oy Ko

U\ 0./ K\
+ 1, <7> —pe—2u ( x ) (10)

-

and

.. & [OUV &
“f”(],fl/);,un N ‘szzf

. (CTUY
+vu(1=1,) (f) (1)

(Fr:

The empirical constants and model functions in equa-
tions (9), (10) and (11) are summarized in Table 2.

In the following, a combination of the k—¢ tur-
bulence model of Hagano and Hishida [17] and the
two-equation heat-transfer model of Nagano and Kim
[14] is designated as “Model A™".

NUMERICAL SCHEME

A set of governing equations may be solved using
the control volume finite-difference procedure
developed by Patandar [19]. Since all turbulent quan-
tities as well as the time-averaged streamwise velocity
vary rapidly in the near-wall region, the size of non-
uniform cross-stream grids is increased in a geometric
ratio from the wall towards the center line. The
maximum control volume size near the center line is
always kept less 3% of tube radius. In order to ensure
accuracy of the calculated results, at least two control
volumes are located in the viscous sublayer, i.e.
v* = 5.Thisis because the authors’ preliminary exam-
ination disclosed that (i) if one control volume or no
control volume is located in the viscous sublayer. the
predicted Nusselt number does not agree with the
experimental correlation for the slightly heated pipe
flow case, and the temperature profile is not in accord
with the law of the wall for the thermal field ; and (ii)
when two and five control volumes are located in
y* =5, there in no substantial difference between

Table 2. Empirical constants and model functions in the & ¢ turbulence model of Nagano and
Hishida [17]

C, ;s oy g, 1

Sz S
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both calculations for the strongly heated pipe flow
cases. Throughout our numerical calculations, the
number of control volumes is properly selected
between 62 and 98 to obtain a grid-independent solu-
tion, resulting in no appreciable difference between
the numerical results with different grid spacing. The
discretized equations are solved from the inlet along
the flow direction by means of a marching procedure,
since equations are parabolic. 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 properties
for respective control volumes, are determined from
the axial pressure and temperature by using a numeri-
cal code of ref. [20].

The hydrodynamically, full-developed, isothermal
circular tube flow is assumed at the starting point of
the heating section. The following boundary con-
ditions are used at the wall:

r = O(center line) :

U_OK 0o 3T _0F _du_
ry o or & or

and
r = D/2(wall):
U=k=¢=1=¢ =0,

oT g,

P Z(constant heat flux).
The computations are processed in the following
order:

(1) Specify the initial values of U, k, ¢, T, * and ¢,
and assign a constant axial pressure gradient.
Here, the values of U, k and ¢ in the hyd-
rodynamically, fully-developed, isothermal cir-
cular tube flow are employed as the initial ones.

(2) Solve the equations of U, k, ¢, T,  and &,

(3) Repeat step 2 until the criterion of convergence is
satisfied, which is set at

¢M_¢M—I

M—1
max

max < 107¢

(12)

for all the variables ¢ (U, k, ¢, T, * and ¢). The
superscripts M and M — 1 in equation (12) indicate
two successive iterations, while the subscript
“max’ refers to a maximum value over the entire
field of iterations. B

Calculate new values of U, k, ¢, T, r* and ¢ by
correcting the axial pressure gradient.

Repeat steps 2—4 until the conversion of the stre-
amwise flow rate is satisfied under the criterion

U, d6 dr—[[U,, dO dr
fjU.. dodr

4

~

s

~—~

<1077

(13)

and evaluate the convergent values of U, k, &, T,
# and ¢. Here, U,, is the axial velocity under the
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Fig. 2. Predicted Nusselt number and friction factor in the
fully-developed circular tube flow for the lower heat flux
case, using Model A.

correction process and U, is that at the inlet of
the circular tube.

(6) Repeat 2-5 until x reaches the desired length, i.e.
a location 150 D downstream from the inlet.

In the present study, the nondimensional heat flux
parameter, g}, is employed to indicate the magnitude
of heat flux at the tube wall. The range of the par-
ameters is: non dimensional heat flux parameter,
¢ < 0.00429; inlet Reynolds number, i.e. Reynolds
number at the onset of heating, Re,, = 1000 to 10000
inlet gas (nitrogen) temperature, 7;, =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 (i.e. Model A) and to
determine the reliability of the computer code, heat
transfer coefficients and friction factors are calculated.
The model is applied to a flow in a circular tube with
a low uniform wall heat flux, i.e. maximum ratio of
wall surface temperature to bulk gas temperature
T./T, < 1.004. Thus, there is no effect of the variation
of the gas properties on the velocity and thermal fields.
Here, the calculation is done with properties set
constant. A numerical result is obtained at a iocation
150 times the tube diameter, downstream from the
inlet, where both thermally and hydrodynamically
fully-developed conditions prevail.

Figure 2 illustrates both the friction factor, fand the
Nusselt number, Nu,, as a function of the Reynolds
number Re,. For comparison, Dittus and Boelter’s
well-known correlation [21] of turbulent heat transfer
and Blasius’ formula of the friction factor are shown
in the figure with solid straight lines. One observes
that the calculated values of both friction factor and
Nusselt number are in excellent agreeinent with the
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Fig. 3. A comparison of theoretical and experimental results
for radial distribution of turbulent kinetic energy in the fully-
developed circular tube flow for Re = 2000 and 10000, using
Model A.

correlations in the higher Reynolds number region,
over 3000. However, Model A fails to reproduce the
flow and heat transfer behavior in the lower-Reynolds
number region. That is, the transition from turbulent
to laminar flow is predicted to occur at a much lower
Reynolds number than 2300 and the transition itself
is somewhat asymptotic rather than stepwise.

Figure 3 illustrates the radial distribution of the
calculated turbulent kinetic energy at Re = 2000 and
10000. Here, numerical results are divided by the
square of the friction velocity on the wall (#*)*. In the
turbulent flow case, experimental data [22] are plotted
for comparison. Model A predicts radial distribution
in the turbulent flow, but it is less accurate near the
wall than in the center region. One observes that
although the Reynolds number is lower than the usual
critical value, the turbulent kinetic energy remains. In
other words, velocity fluctuations appear even in the
laminar flow region. The corresponding radial dis-
tribution of the temperature variance, £, in the ther-
mal field is illustrated in Fig. 4. Here, it is normalized
by the square of the friction temperature, r*. The
predicted £ for Re = 10000 undergoes a sharp rise in
the wall region followed by a gradual decline toward
the central region. A similar distribution is observed

" Re=2,000 —e—
LT Re=10,000 —o— |
'< | A
o
20} ]
-'
0

0 0.2 04 06 08 1.0
2y/D

Fig. 4. Radial distributions of temperature variance in the

fully-developed circular tube flow for Re = 2000 and 10000,
using Model A.
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at Re = 2000, that is, temperature fluctuations never
disappear in the laminar flow region.

In the above numerical results, the validity of the
computer code and the accuracy for k—¢ turbulence
and the two-equation heat transfer models (Model A)
are borne out, although the accuracy is somewhat less
reliable in the transition and laminar flow (i.e. low
Reynolds number) regions than in the high Reynolds
number region. It is apparent that the prediction
efficiency in the turbulent-to-laminar transition region
is of crucial importance in the examination of the
laminarization phenomena. Thus, modification to
take it into account is discussed in the following.

MODIFICATION OF k-¢ AND ?—s( MODELS

In the study of the k—¢ turbulence model, Torii et
al. [9] reported that the transition Reynolds number,
from laminar to turbulent flows, is obtained by mod-
ifying the model constant, C, and model function f,
in equation (11) of the original k—¢ turbulence model
developed by Nagano and Hishida [17]. That is, Torii
et al. {9] proposed the value 1.44 for €, and the fol-
lowing function of the turbulent Reynolds number for

ti

R
fi=14+0.28 exp< ) (14)

25

The same model constant and model function are used
in the present study. In the following, a combination
of the slightly modified k—¢ turbulence model and the
original two-equation heat transfer model of Nagano
and Kim [14], is designated as “Model B™.

To suppress the production of temperature variance
in the laminar flow region, as seen in Fig. 4, more
modification is made to the production terms in equa-
tion (7),

o Ag [OTY g feUN?
+Coifor —= +C|)2f[’2:ulﬁ .

Ay
P\ 0r Cr

(15)

This is because by the authors’ preliminary exam-
ination, the radial distribution of the temperature
variance was found to be substantially affected by the
modification of the production terms of ¢ equation.
Thus, a trial-and-error process was made to determine
terms capable of simulating the behavior of tem-
perature variance in the laminar flow region. In
general, since the velocity and temperature fields are
decoupled for non-buoyant flows, the velocity field
can be solved first, followed by the temperature field.
In other words, the change in the thermal field depends
on the velocity field. In the present study, the terms
proposed by Jones and Musonge [23], which adopt
the velocity time scale &/¢ instead of the thermal time
scale 1*/e,.

A [OTV e [OUN
+Cmfp|f ar +CI’2/P3/'Ll; o (16)

pk
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Fig. 5. Predicted Nusselt number and friction factor in the
fully-developed circular tube flow for the lower heat flux
case, using Models B and C.

are employed to replace equation (15). Thus, the
modified transport equation of ¢, is expressed as

-[Jagl +TI}%_1£ ;L‘ +£‘ %
Prax P s Tra) CoOy  Cp) OF

A [OTV g [OUN &
+CPLI(P1?F;<6%) +szfpzﬂtz<‘a_r> —Cmfm/’;—;

. " 2 2

= Codfonp g+ 1 =1) (%;T) . an
Here, the model constants and model functions in
equation (17), which are the same as that rec-
ommended by Nagano and Kim [14], are employed.
In the following, a combination of the k—¢ turbulence
and two-equation heat transfer models, which are

slightly modified here, is designated as “Model C”.
The next step is to verify the modified models (Mod-
els B and C). The numerical results are illustrated in
Fig. 5, in the same manner as Fig. 2, along with the
result of Model A. Models B and C predict that the
transition from turbulent to laminar flows occurs at a
higher Reynolds number than that obtained by Model
A. The obtained transition Reynolds number,
approximately 2200, as well as the general behavior
of both friction factor and Nusselt number in the
transition region, are found to be much more reason-
able than those predicted by Model A. When the
Reynolds number is in the turbulent region, i.e. over
than 2300, no substantial difference among the results
obtained by Models A, B and C is recognized in fric-
tion factors. As for the heat transfer calculation,
Model C predicts a higher Nusselt number than that
obtained by Models A and B in the turbulent region.
In other words, the numerical result obtained by
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Fig. 6. Radial distributions of turbulent kinetic energy in the
fully-developed circular tube flow for Re = 2000 and 10000,
using Models B and C.

Model C is about 10% higher than the experimental
correlation. This is because for Model C, the same
model constants and model functions as the original
#* —¢, heat-transfer model of Nagano and Kim [14]
are used despite its modification. Thus, the task of
improving the accuracy of the model in the turbulent
region, i.e. modification of model constants and model
functions in the r* —¢, model, remains.

The radial distributions of calculated turbulent kin-
etic energy at Re = 2000 and 10000 are depicted in
Fig. 6, in the same form as Fig. 3, comparing the
results of Models B and C with that of Model A. Lam
and Bremhorst [24] suggested that the radial profiles
of the turbulent kinetic energy etc. are substantially
affected by the form of f; in equation (11). However,
no such definite difference is seen among the results
of the three models at Re = 10 000. In the laminar flow
region, i.e. for Re = 2000, Models B and C predict an
attenuation in the turbulent kinetic energy over the
whole pipe cross-section, which is a prominent con-
trast to that of Model A. The corresponding radial
distributions of the temperature variance are illus-
trated in Fig. 7, in the same manner as Fig. 4. In the
turbulent flow region, i.e. for Re = 10000, no differ-
ence is seen between the results of Models A and B,
while both models predict a somewhat lower value
than that of Model C over the pipe cross-section. It is
observed that although Model B predicts a decrease in

' Re=2,000 Re=‘10.000
4.0 Model A —@— —o—
oy Model B —k— —A—
*< Model C  —g— -
[
2.0 ’
3
h
0
0 02 0.4 06 08 1.0
2y/D

Fig. 7. Radial distributions of temperature variance in the
fully-developed circular tube flow for Re = 2000 and 10 000,
using Models B and C.
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Fig. 8. Variation of the predicted local Stanton number with
Reynolds number as a function of the nondimensional heat
flux parameter, using Model A.

the temperature variance near the wall, an appreciable
amount of temperature fluctuation remains in the
laminar flow region. On the contrary, Model C repro-
duces a remarkable reduction in the temperature vari-
ance over the whole pipe cross-section.

It is found that: (i) the accuracy of Model A in the
fully turbulent flow region is, as a whole, not affected
by the above modifications, while its poor accuracy in
the transition region is substantially improved ; and
(ii) especially, Model C reproduces the thermal trans-
port phenomena in the laminar and transition flows
in the slightly heated pipe, i.e. attenuations in both
the turbulent kinetic energy and temperature variance.

RESULTS AND DISCUSSION

The local heat transfer coefficients in a strongly
heated gas flow are illustrated in Fig. 8 in the form of
Stanton number St, vs Reynolds number Re,, with
g} as the parameter, in which the numerical results of
Model A are compared with the experimental data of
Bankston [1]. As for the experiment, the uncertainty
in the heat transfer coefficients strongly depends on
the accuracy of local heat flux and inner wall tem-
perature. That is, each test section was individually
calibrated by determining the local resistivity of the
tube wall and the local effective heat-exchange
coefficient between the outer wall of the tube and the
environment. The inner wall temperature of the tube
was calculated using measured outside wall tempera-
ture, in which the uncertainty was reduced by taking
into account radial and axial conductions (including
the effects of temperature-dependent thermal con-
ductivity, electrical resistivity and the diameter of the
tube) and radiation from the outer surface of the tube.
Although these effects were also taken into account
to determine local heat flux, the streamwise dis-
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tribution and the deviation level from the constant
heat flux condition were not reported in literature
[1]. The inlet bulk Reynolds number is fixed at 8500.
Dittus—Boelter’s turbulent heat transfer correlation
and the Stanton number of the laminar flow heat
transfer under a constant wall heat flux condition are
superimposed in the figure with solid straight lines. A
reduction in the bulk Reynolds number is observed
along the flow, as seen in Fig. 8. This corresponds to
the change in the streamwise location because the bulk
Reynolds number decreases gradually from the inlet
value with the axial distance as a result of an increase
in molecular viscosity due to heating. It is observed
that although the measured Stanton number at ¢,
= 0.00254 decreases in the first stage, i.e. in the ther-
mal entrance region, subsequently, it begins to recover
and approaches the turbulent correlation in the down-
stream part. This implies no laminarization. The
streamwise variation of the Stanton number is repro-
duced by Model A. On the contrary, one observes
for g, = 0.00429 that the Stanton number in the ex-
periment deviates markedly from the turbulent corre-
lation and rapidly approaches the laminar value as
the flow goes downstream. Bankston pointed out that
this substantial reduction is ascribed to the occurrence
of laminarization. The calculated Stanton number,
however, decreases due to the thermal entrance effect,
ceases to decrease after its initial drop, begins to
recover and finally approaches the turbulent corre-
lation. It is found that although Model A predicts the
streamwise variation of Stanton numbers in the case
of relatively low heat flux, it is of little use in invest-
igating the laminarization phenomena of strongly
heated gas flows.

Numerical results of Models B and C are illustrated
in Fig. 9 in the same manner as Fig. 8, superimposed
with the experimental data of Bankston [1]. Although
Model B reproduces the streamwise variation of the
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Fig. 9. Variation of the predicted local Stanton number with
Reynolds number as a function of the nondimensional heat
flux parameter, using Models B and C.
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Fig. 10. Variation of time-averaged streamwise velocity pro-
files in laminarizing flow with three different axial locations,
using Models B and C.

experimental data for g = 0.00254, its accuracy is
somewhat inferior to that of Model A, as seen Fig. 8.
In centrast, the local Stanton numbers obtained by
Modei C follow a pattern similar to the measured one
of the laminarizing flows, even in the case of g}
= 0.00254. For g% = 0.00429, although Models B
and C cannot precisely reproduce the corresponding
experimental data, both models predict a remarkable
reduction in the Stanton number along the flow, which
forms a prominent contrast to the case of Model A.
It should be noted that the accuracy of Models B and
C is somewhat inferior to that of both the k&~ model
modified by Torii et al. [9] and the k—kL model
developed by Kawamura [8], in which the turbulent
Prandtl number is employed to determine the tur-
bulent thermal diffusivity. The original £—e¢, model
used here was developed for a flat-plate thermal
boundary layer, the thermal entrance region of a pipe,
and the turbulent heat transfer in fluids with different
Prandtl numbers, although it was not applied to the
strongly heated gas flow including dependency of the
gas properties on temperature as well as the change in
the density. Thus, discrepancy between the exper-
imental data and the numerical results, as seen in Fig.
9, seems to be due to the accuracy of the # — g model.
It is found from the above results that Models B
and C can predict the deterioration in heat transfer
performance due to laminarization, although the task
of improving the accuracy of both models remains.
Thus, Models B and C may give detailed information
on the flow structure and the thermal transport
characteristics in the laminarizing flow.

An attempt is made to explore the mechanisms of
the laminarizing flow based on the numerical resuits
at g;; = 0.00429 using Models B and C. Figure 10
illustrates the radial distributions of the time-averaged
streamwise velocity U/U,,, at three different axial
locations, They are normalized by the maximum value
Unax at each axial location. The laminar flow profile
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is superimposed in the figure with a solid line for
comparison. No substantial difference is recognized
between the results of the two models at each axial
location. It is observed that as the flow goes down-
stream, the velocity gradient at the wall is significantly
diminished and approaches the laminar velocity
profile. This behavior is in good agreement with the
measurement by Mori and Watanabe [5] and the
numerical analysis by Torii ez al. [9, 11]. The cor-
responding variation of the turbulent kinetic energy
along the flow is illustrated in Fig. 11. Kawamura [8]
and Torii et al. [9, 11] investigated the change in the
absolute value of the turbulent kinetic energy along
the flow and the relative change, in which the turbulent
kinetic energy is divided by a square of the wall friction
velocity at the onset of heating and by a local friction
velocity, respectively. Torii et al. [9, 11] reported that
if laminarization occurs, relative turbulent kinetic
energy as well as absolute one are substantially
reduced so that a similarity in the turbulence structure
is not maintained along the flow. That is, turbulent
kinetic energy is diminished in the laminarizing flow.
Here, the turbulent kinetic energy is normalized by a
square of the wall friction velocity at each axial
location. One observes that as the flow goes down-
stream, the turbulent kinetic energy level is greatly
reduced over the whole tube cross-section. A similar
result is reported by Kawamura [8] and Torii ef al.
[9]. This behavior is in accordance with the variation
of the streamwise velocity distribution in Fig. 10.

The radial distributions of the time-averaged tem-
perature at three different axial locations are depicted
in Fig. 12. Here the dimensionless variable is intro-
duced as

T—-T,

+
0 T T.,—T.

(18)

where T, and T, are the heated wall and the centering
fluid temperatures at each axial location, respectively.
Perkins and McEligot [7] measured mean temperature
profiles in laminarizing flows in the entrance region,

[ Rejn=8,500
qtin=4.29x1073
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{ L Model C —&—
[}
40t | :
‘:3 | x/D=60
>2o I
: - = Sl * x/D=40
0 ' . : % /D=20
0 02 04 06 08 107

2y/D
Fig. 1l. Variation of turbulent kinetic energy profiles in
laminarizing flow with three different axial locations, using
Models B and C.
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Fig. 12. Variation of time-averaged temperature profiles in

laminarizing flow with three different axial locations, using
Models B and C.

0.8

as mentioned previously. The inlet Reynolds number,
Re,,, and heat flux parameter, g&, are somewhat
different from that employed here, i.e. Re,, = 8500
and ¢ = 0.00429. In the present study, no com-
parison between the numerical results and the exper-
imental data of Perkins and McEligot was made.
Models B and C predict similar temperature dis-
tributions at each axial location. It is observed that
the temperature gradient gradually decreases from the
wall side along the flow. Figure 13 illustrates the pre-
dicted change in the turbulent heat flux profiles at
three different axial locations. The turbulent heat flux
level in the vicinity of the wall is substantially reduced
in the flow direction. This behavior is in accordance
with the variation of the time-averaged temperature
distribution and causes the deterioration of the heat
transfer performance, as seen in Fig. 9. Figure 14
depicts the radial distribution of the temperature vari-
ance, %, in the thermal field at three different axial
locations. Here, the temperature variance is divided

0.1 —
| Rein=8,500 qYin=4.29X107° |
0.08}F ModelB —@— |
- Model C —&— |
E, B 4
= 0.06 «/D=20 1
2 o
= 0.04} % /D=40 _
B x/D=60
0.02}-
L
0.0 J | ] \
00 02 04 06 08 1.0
2y/D

Fig. 13. Variation of turbulent heat flux profiles in lami-
narizing flow with three different axial locations, using Mod-
els Band C.
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Fig. 14. Variation of temperature variance profiles in lami-
narizing flow with three different axial locations, using Mod-
els Band C.

by the square of the friction temperature, r*, at each
axial location. Model C predicts that as the flow
moves, a reduction in * appears in the whole region
of the flow cross-section and the peak is significantly
diminished. On the contrary, however, ¢* obtained by
Model B is intensified over the whole pipe cross-sec-
tion in the flow direction. This behavior implies
enhancement in the temperature fluctuations in the
thermal field. Though there is no experimental data
of the temperature variance in the laminarizing flow,
Ogawa et al. [6] observed the fluctuating temperatures
in the strongly heated pipe flow at 157 D downstream
with a miniaturized thermocouple and depict the
oscilloscope traces in their literature. It was disclosed
from the observation that as wall heat flux increases,
signals corresponding to turbulent parts diminish
gradually, and turbulent signals disappear entirely in
the laminarizing flow case. This result is a prominent
contrast to the numerical prediction of Model B, as
seen in Fig. 14. However, Models B and C predict the
substantial reduction in the heat transfer performance
in the flow direction, as seen in Fig. 9. It is postulated
that the results shown in Fig. 9 are not sensitive to 7.
This will be discussed in the following. It is found that
although Model B predicts the flow structure in the
laminarizing flow in the strongly heated pipe, it cannot
reproduce the corresponding behavior in the thermal
field, i.e. an attenuation in the temperature fluc-
tuations due to strong heating. Therefore, Model B
gives no more detailed or precise information on the
thermal field in investigating the laminarization
phenomena.

A reduction in the temperature variance in the lami-
narizing flow becomes clearer by taking the budget
of the temperature variance, . Equation (6), which
governs 2, consists of four terms : molecular and tur-
bulent diffusions, production and dissipation. The
contribution of each term is depicted in Fig. 15 using
Model C. In this figure, (a) and (b) correspond to
the results at the 20 and 60 diameter downstream
locations, respectively. The molecular diffusion term
is seen to become more significant in the central region
at x/D = 60 than at x/D = 20. In contrast, the role of
the turbulent diffusion term is reduced at x/D = 60. It
is observed that in the downstream region, production
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Fig. 15. The budget of temperature variance in laminarizing
flow, using Model C, at: (a) x/D = 20; and (b) x/D = 60.

and dissipation terms are substantially diminished
over the entire flow region. The remarkable reduction
in the production of #* is ascribed to a decrease in the
temperature gradient at the wall, as seen in Fig. 12.
The attenuation in the dissipation of > becomes cle-
arer in Fig. 16 by taking the budget of ¢, In this figure,
(a) and (b) correspond to the results at the 20 and 60
diameter downstream locations, respectively. Pro-
duction is the sum of production (a) and production
(b) in Fig. 16. Both terms mean production due to
time-averaged temperature and mean shear, which
correspond to the second and third terms in the right
side of equation (17), respectively. One observes that
each term is substantially attenuated over the entire
flow region in the flow direction. The substantial
decrease in the production of ¢, is ascribed to a drastic
reduction in both productions (a) and (b). That is, the
production of ¢, is suppressed by reductions in time-
averaged temperature and time-averaged velocity
gradients, as seen in Figs. 10 and 12. It results in an
aitenuation in the dissipation of 1% as seen in Fig. 15,

Since the eddy diffusivity concept is employed to
determine the turbulent heat flux, — ¢, v¢, in equation
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Fig. 16. The budget of the dissipation rate of temperature
variance in laminarizing flow, using Model C, at: (a)
x/D = 20; and (b) x/D = 60.

(2), it is directly related to %, ¢, £ and g, through
equation (4) and (5), and is rewritten as

_ K oT
—vt = Cifi /2R .

Now, —vf is shown to be dependent upon k, ¢ and the
time-scale ratio, R. Figure 17 shows the predicted
radial distributions of the velocity dissipation time
scale, 7,, the temperature dissipation time scale, 7,
and their ratio, R, at three different axial locations. It
is observed that both time scales increase mono-
tonically with an increase in the distance from the wall
and 7, is always larger than .. In other words, the
temperature fluctuation dissipates faster than the vel-
ocity fluctuation except near the heating wall. These
time scale characteristics are in accord with the DNS
data of Kasagi er al. [25]. A similar trend is observed
even in the strongly heated laminarizing gas flow,
where 7, and 7, are simultaneously induced along the
flow. On the contrary, only a slight change in the time-
scale ratio appears. It is observed in Figs. 9 and 14
that the heat transfer performance in the laminarizing
flow is diminished despite an increase or a decrease in
the temperature variance along the flow. Equation
(19) implies that the turbulent heat flux is extremely

19)
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sipation time scale, the temperature dissipation time scale

and their ratio in laminarizing flow with three different axial
locations using Model C.

affected by the turbulent kinetic energy, although the
time scale ratio, R, also depends on the change in the
temperature variance. Therefore, a reduction in the
turbulent kinetic energy, as seen in Fig. 11, causes
both an attenuation in the predicted local Stanton
number, i.e. a deterioration in the turbulent heat flux
and a reduction in time-averaged temperature gradi-
ent at the wall even if the temperature variance is
somewhat increased or decreased. In other words, as
for Model C, modification of the # —¢, heat transfer
model, i.e. the effect of the time scale, k/e, changed
from /e, in the production term of the original g,
equation is to cause a decrease in the temperature
variance in the laminarizing flow.

SUMMARY

A P —¢, heat-transfer model and a k—¢ turbulence
model have been employed to numerically investigate
fluid flow and heat transfer in a strongly heated cir-
cular tube. Consideration is given to the streamwise
variation of the flow and thermal fields in the lami-
narizing flow. The results are summarized here.

(1) The modified model, in which an empirical con-
stant and a model function in the original ¢ equation
are slightly modified and the production term pro-
posed by Jones and Musonge is employed to replace
that of the original ¢ equation, can precisely repro-
duce the thermal and fluid flow characteristics in the
laminar and transition regions. In the high Reynolds
number region, the modification shows a slight effect
on the accuracy.

(2) For g = 0.00429, the modified model predicts
the substantial reduction in the local Stanton number
in the strongly heated gas flow, although it cannot
precisely reproduce the corresponding experimental
data of Bankston [1]. In the lower heat flux case, in
which no laminarization occurs, the modified model
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reproduces the streamwise variation of the Stanton
number no more exactly than the original model.

(3) When laminarization takes place, the velocity
gradient in the vicinity of the wall is decreased along
the flow, resulting in a substantial attenuation in the
turbulent kinetic energy over the entire tube cross-
section. At the same time, the temperature variance
and the turbulent heat flux are also diminished over
the whole tube cross-section in the flow direction and
it results in a decrease in time-averaged temperature
gradient at the wall.

(4) Although both the velocity and temperature
dissipation time scales are substantially amplified in
the laminarizing flow, their ratio is slightly increased.

(5) The temperature fluctuation dissipates faster
than the velocity fluctuation, even if the flow is lami-
narized.

(6) Consequently, the turbulent heat flux is dimin-
ished by a decrease in the turbulent kinetic energy over
the pipe cross section, resulting in the deterioration of
heat transfer performance.

Although the modified model proposed here deep-
ens our insight into the laminarization phenomena
due to strong heating, further study must be made to
improve the model itself in order to achieve sufficient
prediction accuracy.
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