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Abstract

Turbulent mixed convection associated with upward and downward flows in heated vertical tubes is investigated
using the direct numerical simulation technique. With increasing heat flux, the skin friction first decreases and then
increases in upward heated flow, while it changes little in downward heated flow. The heat transfer coefficient exhibits a
similar trend in upward heated flow, but it monotonically increases in downward heated flow. The log laws of the mean-
velocity and temperature profiles are valid for downward heated flow but not for upward heated flow. Finally, the in-
fluence of buoyancy on turbulent transport of momentum and heat is elucidated by the ‘external’ and ‘structural’ effects.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Mixed convection in a heated or cooled vertical tube
is encountered in many engineering applications, such as
nuclear reactor cooling systems, heat exchangers and
solar power generators, which operate in laminar,
transition, or low-Reynolds-number turbulent flow re-
gimes, where buoyancy strongly affects velocity and
temperature fields [1].

Since the heat transfer characteristics of turbulent
mixed convection have received more attention than the
flow characteristics, the literature contains fairly accu-
rate correlations of the heat transfer coefficient. In
general, with increasing heat flux, the Nusselt number
Nu first decreases and then increases sharply in upward
heated flow, but it monotonically increases in downward
heated flow. The review of Jackson et al. [2] gives a most
comprehensive account of this subject.

There have been several studies that discussed the
buoyancy effect on the skin friction in turbulent mixed
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convection. Petukhov and Strigin [3] measured the fric-
tion pressure drop in upward heated water flow, and
found a monotonically increasing skin friction with in-
creasing heat flux. In their studies on upward heated air
flow, Carr et al. [4] and Polyakov and Shindin [5] mea-
sured the velocity profiles using a hot-wire anemometry
and an LDA, respectively, and calculated the skin fric-
tion from the convective velocity gradients at specific
axial positions. They found that the skin friction first
decreased and then increased slightly with increasing
heat flux. On the other hand, Abdelmeguid and Spalding
[6] employed a finite-difference forward-marching pro-
cedure with a two-equation turbulence model to predict
turbulent flow and heat transfer in vertical tubes under
the influence of buoyancy. They reported that the skin
friction increased monotonically in upward heated flow.
Parlatan et al. [1] measured the total pressure drop in
heated water flow by a differential pressure transducer,
and reported that the skin friction increased monotoni-
cally with increasing heat flux in upward heated flow,
with the suggestion that the disagreement among the
previous studies might be due to the fact that the ve-
locity measurements were not taken in the near-wall
region (y* < 30) in the experiments of Carr et al. [4] and
Polyakov and Shindin [5].

In downward heated flow, the skin friction was found
to decrease slightly by Abdelmeguid and Spalding [6].
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Nomenclature

Bo buoyancy number, 8 x 10*-16Gr, /((2-Re)***
PVO'S)

C, skin-friction coeflicient, 7,,/(0.50U2)

C, specific heat at constant pressure

Gr, Grashof number, gfq,R*/kv?

g gravitational acceleration

h heat transfer coefficient, ¢y /(Tw — Tp)

k thermal conductivity; turbulent kinetic en-
ergy

Nu Nusselt number, 4 - 2R /k

Pr Prandtl number

p pressure

Gw wall heat flux

R tube radius

r,¢,x  cylindrical coordinates

Re Reynolds number, UyR/v

T bulk temperature

Ty wall temperature

T. non-dimensional temperature, gy /(pCpu.)

t temperature

Uy bulk velocity

u,, uy,u, non-dimensional velocity components in cy-
lindrical coordinates

U, wall-shear velocity, (ty/p) 12

v wall-normal distance from the wall

Greek symbols

p coefficient of volume expansion

€ dissipation

0 non-dimensional temperature, (7, —¢)/
(v = Tv)

v kinematic viscosity

Wy streamwise vorticity
density

T non-dimensional time

Ty wall-shear stress

1) non-dimensional temperature, (T, —1¢)/
(qwR/k)

Subscripts

) rms root-mean-square ﬂuctugtlon

0O, value for forced convection

Superscripts

0 average over the x — ¢ plane and time

0 fluctuation

OF value in wall unit: y* = yu. /v, ui =u,/u,

and 0" = (T, — 1)/ T,

Easby [7] obtained the skin friction from the manome-
ter-measured total pressure drop in the heated down-
ward flow of pressurized nitrogen and showed that it
decreased by as much as 20% with increasing heat flux.
Parlatan et al. [1] obtained 25% decrease in the skin
friction in downward heated water flow.

Kasagi and Nishimura [8] investigated the turbulent
mixed convection in a fully developed upward flow be-
tween two vertical parallel plates kept at different tem-
peratures. At the cold wall, the skin friction decreased
with increasing heat flux, whereas the opposite is ob-
served at the hot wall.

As mentioned above, the previous results on heated
vertical flows are quite inconclusive and our under-
standing of the flow and heat transfer characteristics
in turbulent mixed convection regime is still limited.
Therefore, the objective of the present study is to in-
vestigate the buoyancy effect on turbulent transport of
momentum and heat in heated vertical tubes using direct
numerical simulation.

2. Numerical details

We consider upward and downward flows in ver-
tical tubes heated with uniform wall heat flux, g.

The streamwise (x) direction is opposite to that of the
gravitational acceleration for upward heated flow and
coincident with it for downward heated flow.

The governing equations are the continuity, incom-
pressible Navier-Stokes and energy equations:
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Throughout this paper the upper sign for the buoyancy
term refers to upward heated flow and the lower one to
downward heated flow. Note that the buoyancy term
(Grq /Rez(p) appears only in the streamwise momentum
equation (2). Eq. (5) is derived by introducing the defi-
nition of the dimensionless temperature ¢ into the
energy equation and the last term appears by consider-
ing the relation between the bulk temperature and heat
flux. The governing equations (1)-(5) are non-dimen-
sionalized by U, and R. The physical properties are re-
garded as constant except for the buoyancy term. In this
study, air is chosen as the working fluid, so that Pr =
0.71.

The governing equations (1)—(5) are discretized spa-
tially using a second-order finite volume formulation
and integrated temporally by a fractional step method.
Using the finite volume technique with the staggered grid
system, a singularity along the centerline can be circum-
vented rather easily without much special effort; center-
line conditions are actually not needed for any of the
variables, except for u, which can be obtained by aver-
aging neighboring values across the centerline [9]. Also,
the temporal domain decomposition method by Aksel-
voll and Moin [9] is used. This procedure simplifies
the solution algorithm because only one component of
the discretized momentum equation is non-linear in
each domain. A modified third-order Runge-Kutta
scheme [10] is used for the terms treated explicitly and the
Crank—Nicolson method is used for the terms treated
implicitly.

In this study, a constant mass flow rate is imposed
throughout the computation. Thus, Re(= U,R/v) is
fixed at 2650, which corresponds to u,,R/v ~ 180 in the
case of forced convection. The value of Gr,/Re? is taken
to be less than 0.434 not to violate the Boussinesq ap-
proximation [11].

For downward heated flow, the streamwise length
of the computational domain is taken to be 10R, which

corresponds to about 1800 wall units. On the other
hand, much longer streamwise domain size of 30R is
taken for upward heated flow due to the attenua-
tion of turbulence in this flow. This streamwise length
of the computational domain is sufficient to allow the
two-point correlations of the root-mean-square (rms)
velocity fluctuations to be nearly zero at large sepa-
ration distances. The number of grid points in the
x, r, and ¢ directions, respectively, is 256 x 68 x 128
for downward heated flow and 512 x 68 x 128 for
upward heated flow. The grid spacings in wall units are
Axt = 7~105, 0.17<A* <51, and (Ad)" ~ 8.85,
based on u,, in the case of forced convection.

3. Laminar mixed convection

In this section, we simulate laminar mixed convection
for a later comparison with turbulent mixed convection,
because the buoyancy effect on laminar transport of
momentum and heat may be interpreted as an ‘external’
effect of buoyancy on turbulent transport (see Section
4.7 for more details).

Fig. 1 shows the streamwise velocity and temperature
profiles in upward and downward heated flows. Ana-
lytical solutions for laminar mixed convection were re-
ported by Hanratty et al. [12]. There is an excellent
agreement between the numerical and analytical solu-
tions.

In upward heated flow, with increasing heat flux,
the peak-velocity location shifts from the tube center
toward the wall and the velocity gradient near the wall
becomes steeper, resulting in the increase in the skin
friction (see Fig. 3a). Also, the velocity profile develops
a dip at the tube center and thus shows an M-shape.
The temperature gradient at the wall also increases
with increasing heat flux. The mechanism for these
changes can be explained as follows: with increasing
heat flux the density near the wall becomes smaller so
that the velocity near the wall increases while the ve-
locity in the core region decreases because of the fixed
mass flow rate. As the velocity near the wall continues
to increase, the non-dimensionalized temperature gra-
dient near the wall also increases, resulting in the in-
crease in the Nusselt number (as will be shown later in
Fig. 6a).

In downward heated flow, the velocity decreases
near the wall and increases in the core region with
increasing heat flux. Near the wall the velocity is re-
tarded by the decreased density due to wall heating,
and thus the skin friction decreases (see Fig. 3b).
The non-dimensionalized temperature gradient also
decreases with increasing heat flux, and the Nusselt
number monotonically decreases (as will be shown later
in Fig. 6b).
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Fig. 1. Velocity and temperature profiles in laminar flow. Upward heated flow: (——) Gr,/Re* = 0; (----) 0.015; (-----) 0.039; (- - - - -- )
0.087. Downward heated flow: (----) Gr,/Re* = 0.005; (--=--) 0.015; (---- - ) 0.019. Symbols denote analytical solutions [12].

4. Turbulent mixed convection
4.1. Mean velocity and skin friction

Fig. 2(a) shows the mean-velocity profiles plotted in
global coordinates, together with previous results for
forced convection [13] and mixed convection [4]. With
increasing heat flux, the change in the mean-velocity
profile shows a similar trend to that of Carr et al. [4].
Unlike laminar mixed convection the velocity profile
near the wall does not change monotonically with in-
creasing heat flux, i.e. the velocity near the wall first
decreases and then increases. At high heat fluxes the
velocity profiles show M-shapes. Similar experimental

results were also obtained by Carr et al. [4] and Polya-
kov and Shindin [5]. In Fig. 2(b), the mean-velocity
profiles are plotted in wall coordinates. It is clear that
the log law is not valid any more for mixed convection in
upward heated flow.

Unlike in upward heated flow, the velocity profile
in downward heated flow changes monotonically with
increasing heat flux. In global coordinates (Fig. 2a), the
velocity near the wall changes little from that of
forced convection, but the velocity decreases for 0.55 <
r < 0.9 and increases in the core region with increas-
ing heat flux. A similar experimental result was ob-
tained by Axcell and Hall [14] who measured velocity
profiles in downward heated air flow in a vertical tube
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Fig. 2. Mean-velocity profiles plotted in: (a) global coordinates; (b) wall coordinates. Upward heated flow (lines without O): (——)
Gry/Re* = 0;(----) 0.063; (----) 0.087; (- - - - - ) 0.241. Symbols denote the results of Eggels et al. [13] for forced convection and Carr et al.
[4] for mixed convection: ($) Gr,/Re? = 0; (O) 0.092; (A) 0.136; (V) 0.184; (>) 0.224. Downward heated flow (lines with O): (——)

Gry/Re? = 0; (-=--) 0.063; (-+--) 0.241; (------) 0.434.

and showed that buoyancy reduced the velocity for
r > 0.65 and increased it in the core region. However,
they did not measure the velocity very near the wall,
nor mention the wall shear stress. In wall coordi-
nates (Fig. 2b), the deviation of the mean velocity
from the log law is much smaller than that for up-
ward heated flow. The velocity plotted in wall coordi-
nates decreases for 10 <yt <90 and increases for
¥t >90.

Fig. 3 shows the variation of the normalized skin
friction with respect to the buoyancy number Bo which

is widely used in the literature to represent the effect of
buoyancy [15], together with other numerical and ex-
perimental results including those for the case of laminar
flow. In this figure, Cy, is the skin-friction coefficient for
forced convection and is evaluated as 9.28 x 1073 for
turbulent flow and 3.02 x 10~ for laminar flow. The
variation of C,/Cy, with Bo is much larger for laminar
flow than for turbulent flow. In upward heated turbulent
flow the skin friction first decreases and then increases
with increasing Bo. This behavior agrees with the ex-
perimental results of Carr et al. [4] and Polyakov and
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Fig. 3. Skin-friction ratio: (a) upward heated flow; (b) downward heated flow.

Shindin [5] who obtained the skin friction from the
measured velocity gradient, but does not agree with the
numerical result of Abdelmeguid and Spalding [6] and
the experimental result of Parlatan et al. [1] who deter-
mined the skin friction from the total pressure drop
measured by a differential transducer. In downward
heated turbulent flow the skin friction shows little
change from that for forced convection, which is in
reasonable agreement with the numerical result of
Abdelmeguid and Spalding [6] but not with the experi-
mental results of Easby [7] and Parlatan et al. [1].

It is interesting to note that the variation of C, with
Bo agrees with the numerical result of Abdelmeguid and

Spalding [6] for downward heated flow but not for up-
ward heated flow. The reason for this difference is that
the log law used in Abdelmeguid and Spalding [6] is more
or less valid for downward heated flow, but is invalid for
upward heated flow (see Fig. 2b). It should be also ad-
dressed here that the present results for C, in both up-
ward and downward heated flows do not agree with the
experimental results obtained by using the total pressure
drop, but agree with those obtained by measuring the
velocity gradient in the case of upward heated flow. In
experiments, it is not easy to measure the actual pressure
drop corresponding to the skin-friction loss in a vertical
tube due to the acceleration pressure drop between the
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inlet and exit as well as the gravitational pressure drop
[1,7]. Also, one needs a very long tube to obtain C;
correctly using the total pressure-drop technique.

4.2. Velocity fluctuations and Reynolds shear stress

Fig. 4 shows the rms velocity fluctuations and Rey-
nolds shear stress plotted in global coordinates. In up-
ward heated flow, the rms velocity fluctuations show
non-monotonic behaviors: they first decrease and then
recover with increasing heat flux. At Gr,/Re? = 0.087

the reduction in the rms velocity fluctuations is signifi-
cant throughout the tube, especially very near the wall.
Also, the significant reduction in the peak of u, results
in nearly constant values of u, across the tube cross-
section, which is similar to that observed in turbulent
free convection [16]. At Gr,/Re* =0.241 the velocity
fluctuations are recovering themselves due to the in-
crease in the shear and buoyancy productions (see Sec-
tion 4.5). It is also interesting to note that two peaks
exist in u,, at high heat fluxes. In downward heated
flow, the rms velocity fluctuations monotonically

0.3 . ' S

/u’mrms

Fig. 4. (a) Root-mean-square velocity fluctuations (u,,,.) and (b) Reynolds shear stress (/u) plotted in global coordinates. Upward
heated flow (lines without O): (——) Gr,/Re* = 0; (----) 0.063; (----- )0.087;(------ ) 0.241. Downward heated flow (lines with O): (----)
Gr,/Re* = 0.063; (---) 0.241; (- -+ - - ) 0.434.
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increase with increasing heat flux. Also, the peak loca-
tion moves toward the wall as Gr,/Re? increases.

The Reynolds shear stress exhibits a similar trend to
that of the rms velocity fluctuations. In upward heated
flow, at Grq/Re2 = 0.087 and 0.241, the Reynolds shear
stress becomes negative away from the wall, which is
related to the M-shape of the mean velocity profile (Fig.
2a). This negative Reynolds shear stress was also found
in turbulent free convection [16].

1.5 . . . ,

4.3. Mean temperature and the Nusselt number

Fig. 5 shows the mean-temperature profiles in global
and wall coordinates. In upward heated flow, the mean-
temperature profile plotted in global coordinates does
not show an M-shape, unlike the mean velocity, but its
variation with increasing heat flux is non-monotonic
like the variation of the mean-velocity profile. With
increasing heat flux, the non-dimensional temperature

downward .

0
10° 10

Fig. 5. Mean-temperature profiles plotted in: (a) global coordinates; (b) wall coordinates. Upward heated flow (lines without O): (——)
Gr,/R&* = 0; (----) 0.063; (----) 0.087; (- -+ - ) 0.241. Downward heated flow (lines with O): (——) Gr,/Re* = 0; (----) 0.063; (- )

0.241; (------) 0.434.
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initially (i.e. at Gr,/Re* =0.063 and 0.087) decreases
near the wall, but later (at Gr,/Re* = 0.241) it recovers
as compared with that at Gr,/Re* = 0.087. In wall co-
ordinates, the slope of the log law significantly changes
from that for forced convection, or the log-law region
nearly disappears, whereas there is little change in the
viscous sublayer. In downward heated flow, the varia-
tion of the mean-temperature profile plotted in global
and wall coordinates is monotonic with increasing
heat flux. That is, the mean temperature increases in the

near-wall region and decreases in the core region.
The slope of the log law changes slightly, and the tem-
perature shows a downward shifting in the log-law re-
gion.

Fig. 6 shows the variation of the normalized heat
transfer coefficient Nu/Nuy with respect to the buoyancy
number Bo, together with other numerical and experi-
mental results including those for the case of laminar
flow. Nug is the Nusselt number for forced convection
and is calculated to be 18.3 for turbulent flow and 4.36
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Fig. 6. Nusselt number ratio: (a) upward heated flow; (b) downward heated flow.
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for laminar flow. It is interesting to note that the
behavior of Nu/Nuy for turbulent flow is very different
from that for laminar flow. That is, for the ranges of Bo
investigated, Nu/Nu, decreases for turbulent flow but
increases for laminar flow in upward heated flow,
whereas the opposite is observed in downward heated
flow. A more detailed discussion about this observation
is made in Section 4.7. In upward heated turbulent flow,
Nu rapidly decreases at Bo ~ 0.2, where about 50% re-
duction in MNu is obtained. At a higher Bo (~ 0.5), Nu
increases but still is smaller than that for forced con-
vection. The present result is in good agreement with the
existing data in the literature [1,4,17]. The behavior of
Nu with increasing heat flux is in general similar to that
of the skin friction shown in Fig. 3(a). However, it is
notable that at Bo ~ 0.5, the skin friction is larger than
that for forced convection, while the heat transfer rate is
smaller than that for forced convection, indicating that
the similarity between the velocity and temperature is
not valid when the buoyancy effect becomes signifi-
cant. In downward heated turbulent flow, Nu increases
monotonically with increasing heat flux unlike the
skin friction, again showing a dissimilarity between the
velocity and temperature. The experimental data of
Easby [7] and Parlatan et al. [1] also showed similar
behaviors.

4.4. Temperature fluctuations and turbulent heat fluxes

Fig. 7(a) shows the rms temperature fluctuations
plotted in global coordinates. In upward heated flow,
the temperature fluctuations first decrease and then re-
cover with increasing heat flux in the near-wall region.
In downward heated flow, the temperature fluctuations
monotonically increase with increasing heat flux in the
near-wall region. By comparing Figs. 7(a) and 4(a), it is
noted that the variation of 0, with increasing heat flux
is not the same as that of u, ., which again shows a
dissimilarity between the velocity and temperature in the
presence of buoyancy.

The streamwise and wall-normal turbulent heat
fluxes in upward and downward heated flows are shown
in Fig. 7(b)—(c). In upward heated flow, the magnitude
of the streamwise heat flux first decreases and then re-
covers near the wall with increasing heat flux. At
Gr,/Re* = 0.087 and 0.241, the streamwise turbulent
heat flux becomes negative away from the wall, which is
also related to the M-shape of the mean-velocity profile.
The wall-normal turbulent heat flux also decreases and
then recovers with increasing heat flux, but it is positive
throughout the tube at all the heat fluxes considered. In
downward heated flow, the streamwise heat flux in-
creases in the near-wall region but changes little away
from the wall. The wall-normal component also in-
creases with increasing heat flux.

The changes in the Reynolds stresses in the presence
of buoyancy may be described by the Reynolds stress
equations,

D Gr, —

D W) = F ZR—eZu;w', (6)
D —— Gry——

E(uiui) = IFR—eguiff)C (7)

where the negative and positive signs are for upward and
downward heated flows, respectively, u ¢’ = u.0//Nu
and ¢’ = u.0'/Nu. Among six Reynolds stress com-
ponents, only the streamwise velocity intensity and the
Reynolds shear stress have direct interactions with
buoyancy. It is shown in Egs. (6) and (7) that the
streamwise velocity intensity is associated with the
streamwise turbulent heat flux (x,¢’), and the Reynolds
shear stress is related to the wall-normal turbulent heat
flux (u.¢’). In the case of downward heated flow, u/ ¢’
and u/ ¢’ are positive and thus they are considered as
gains to u,,, and «/u/ (see Fig. 4). On the other hand, in
the case of upward heated flow, due to the negative sign
in the buoyancy terms of Eq. (6), they become losses to
Uy, and u'u/ at low heat fluxes. However, at high heat
fluxes u/ ¢’ is negative away from the wall (Fig. 7b) and
thus it acts as a gain to u,__ (see Fig. 4a), but v/ ¢’ is still
positive (Fig. 7c) and thus is again a gain to v/« because
wu/ < 0 at high heat fluxes.

4.5. Turbulent kinetic energy budget

The transport equation for the turbulent kinetic en-
ergy, k = 5(u? 4+ u? +uj}), is expressed as:

2wt ()L o

L L Ld kN G (8)
Re | r dr rdr €¢Rezu)‘(p7

where € is the dissipation, and the negative and positive
signs are for upward and downward heated flows,
respectively. Terms on the right-hand side of Eq. (8)
represent the shear production, turbulent diffusion,
velocity—pressure gradient, viscous diffusion, dissipation
and buoyancy production. The magnitude of the buoy-
ancy production is of special interest in this study.

Fig. 8 shows each term in Eq. (8) for upward and
downward heated flows at Gr,/Re* = 0.241. Without
buoyancy (Gr,/Re* =0) the turbulent Kinetic energy
budget is largely dominated by the shear production and
dissipation except in the near-wall region. Very near the
wall the dissipation is balanced with the viscous diffusion
and has its maximum at the wall. In upward heated flow,
the dissipation has its maximum away from the wall and
is nearly uniform in the core region unlike the case of
forced convection. Near the wall, the buoyancy pro-
duction is much smaller than the shear production and
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Fig. 7. Temperature fluctuations and turbulent heat fluxes plotted in global coordinates: () Oums; (b) #.0'; (¢) u.0'. Upward heated flow
(lines without O): (——) Gr,/Re* =0; (----) 0.063; (----) 0.087; (------ ) 0.241. Downward heated flow (lines with O): (----)

Gr, /R = 0.063; (~--) 0.241; (-+---) 0.434.

acts as a loss, but it is comparable to the shear pro- flow (Fig. 7b). The buoyancy production is balanced
duction and acts as a gain away from the wall because with the dissipation in the region where the shear pro-
u, @' changes its sign across the tube in upward heated duction becomes small due to the M-shape of the mean




1624 J. You et al. | International Journal of Heat and Mass Transfer 46 (2003) 1613-1627

0.02 T T T T T T T T y

0.01

-0.01

ﬁ
|
|
NI SEI RSP S

-002 [ " ] L 1 A 1 L 1 L

@ y/R

o
o
o
o
-y
=)
o
=)
@

0.001 . r . T . ' ‘ ' .

0.01F

Lo

T

-0.01

T
~~

U R S S N S

T

_002 " 1 n 1 L 1 L 1 L

0 0.2 0.4 0.6 0.8 1
(©) y/R
Fig. 8. Turbulent kinetic energy budget: (a) Gr,/Re* = 0; (b) 0.241 (upward heated flow); (c) 0.241 (downward heated flow). (——)
Shear production; (—-) turbulent diffusion; (------) velocity—pressure gradient; (------ ) viscous diffusion; (----) dissipation; (------)

buoyancy production. Note that the ordinate scale in (b) is different from those in (a) and (c).

velocity. In downward heated flow, all terms in Eq. (8) convection (Fig. 8c). For example, the maximum dissi-
increase monotonically with increasing heat flux. The pation still occurs at the wall. The buoyancy production
shape of each term is very similar to that for forced is very small compared to other terms and acts as a gain
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across the tube cross-section because u, ¢’ is positive in
downward heated flow (Fig. 7b).

4.6. Turbulence structure

Fig. 9 shows contours of the instantaneous stream-
wise vorticity (w,) and correlation coefficient of the

streamwise velocity and temperature (u.0'/u,,, Oms)-
Without buoyancy (Fig. 9a), strong vortical structures
are observed in the near-wall region and the velocity and
temperature fluctuations are positively correlated. The
statistically averaged value of u0/ /u,,, 0Oums becomes very
close to unity near the wall, which indicates that the
thermal streaky structure has the strong similarity to the

Fig. 9. Contours of the instantaneous streamwise vorticity (w,, left) and correlation coefficient (u.0'/u,, Oms, right) at
Gr,/Re* = 0.241: (a) forced convection, (b) upward heated flow, (c) downward heated flow. Contour levels are from -3 to 3 by
increments of 0.24 for w, and from -3 to 8 by increments of 0.37 for .0’ /uy,, Orms. Dashed contours denote negative values.
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momentum one in the near-wall region. Actually, the
mean momentum streak spacing obtained from the two-
point correlation of the streamwise velocity is nearly the
same as the thermal streak spacing. For upward heated
flow (Fig. 9b), near-wall vortical structures become
weakened in strength and larger in size. The streamwise
velocity and temperature fluctuations are negatively
correlated except in the near-wall region, which was
confirmed with the streamwise turbulent heat flux (Fig.
7b). Also, the value of u'0'/u,, 0ms becomes about 0.5
near the wall, indicating that the similarity between the
streamwise velocity and temperature is reduced signifi-
cantly. The momentum streak spacing near the wall in-
creases by 27%, whereas the thermal one increases by
82%. For downward heated flow (Fig. 9c), near-wall
vortical structures become stronger and the streamwise
velocity and temperature fluctuations have stronger
correlations than for forced convection.

As expected from the results in this section, the two-
point correlation decays slowly with increasing heat flux
for upward heated flow at Gr,/Re® <0.087, indicating
that the integral scale and Taylor micro-scale increase
with increasing heat flux. At Gr,/Re* = 0.241, due to
enhanced turbulence, the two-point correlation decays
much faster than that at Gr,/Re® = 0.087. On the other
hand, the two-point correlation for downward heated
flow shows faster decay than for forced convection (not
shown in this paper).

4.7. Buoyancy effect on turbulent mixed convection

In laminar mixed convection (Section 3), the velocity
near the wall monotonically increases and decreases, re-
spectively, in upward and downward heated flows due to
buoyancy. However, in turbulent mixed convection,
changes in the velocity are quite different. With increasing
heat flux, the velocity near the wall first decreases and
then increases in upward flow, while little changes occur
in downward flow. Clearly, this difference between lam-
inar and turbulent mixed convection is due to the buoy-
ancy effect on the velocity fluctuations.

Petukhov and Polyakov [16] presented a mathemat-
ical expression for upward and downward heated flows
and concluded that the influence of buoyancy on tur-
bulent transport is determined by two distinct effects.
The first is that buoyancy directly affects the mean ve-
locity, and the second is that it affects the velocity fluc-
tuations. They called the former as an ‘external’ effect
and the latter as a ‘structural’ effect.

Depending on the amount of heat flux and flow di-
rection, both effects may be commensurable, or one of
them may be predominant. From the present result we
can give a more detailed account of the external and
structural effects. In the case of upward heated flow at
low heat fluxes, the mean velocity very near the wall

decreases, indicating that the structural effect is domi-
nant there because the external effect causes the mean
velocity to increase as in laminar mixed convection. On
the other hand, the external effect is dominant in the
region away from the wall, so that the mean velocity
increases and decreases, respectively, at » ~ 0.2 and near
the tube center. Above some level of heat flux, where the
profiles of the mean velocity, turbulence intensities and
Reynolds shear stress are similar to those of turbulent
free convection, the external effect is dominant all over
the tube cross-section. In the case of downward heated
flow, both effects are of the same order.

5. Summary and conclusion

Direct numerical simulations of heated vertical air
flows in fully developed turbulent mixed convection
have been carried out in the present study. In upward
heated flow, the velocity near the wall first decreased and
then increased with increasing heat flux. However, in
downward heated flow, it changed little from that of the
forced convection. The mean-velocity profiles plotted in
wall coordinates indicated that the log law used in two-
equation turbulence models is valid for downward he-
ated flow but is not for upward heated flow.

Both the skin-friction coefficient C; and the heat
transfer coefficient Nu first decreased and then increased
with increasing heat flux in upward heated flow, but at a
certain heat flux (e.g., at Gr,/Re*> = 0.241) C; > C;, and
Nu < Nuy. In the case of downward heated flow, C, was
nearly unchanged but Nu increased with increasing heat
flux. These results clearly showed a dissimilarity between
the velocity and temperature due to buoyancy.

The influence of buoyancy on turbulent transport
was characterized by the external and structural effects.
It was shown that the structural effect is dominant near
the wall at low heat fluxes in upward heated flow.
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