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Direct numerical simulation of turbulent forced convection
in a pipe
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SUMMARY

Direct numerical simulations (DNS) are carried out to study fully developed turbulent pipe flow and heat
transfer at Reynolds number Re,, ~ 5300 based on bulk velocity and pipe diameter. This paper provides
detailed information on the mean properties and turbulence statistics up to fourth order, the budget and
the wavenumber spectra of the temperature fluctuations, for three different wall boundary conditions.
To investigate the differences between fully developed turbulent heat transfer in axisymmetric pipe and
plane channel geometry, the present DNS results are compared to those obtained from channel flow
simulations. The differences between channel and pipe flow statistics are modest and reveal that the
temperature fluctuations in the pipe are slightly more intense. The present results show that the mean
temperature profile does not conform to the accepted law of the wall. The boundary conditions affect
the turbulence statistics both in the near-wall and core regions; this observation complements previous
studies concerning different flow and heat transfer configurations. Copyright © 2005 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

Direct numerical simulations (DNS) are carried out to study fully developed turbulent pipe
flow and heat transfer at Reynolds number Re,, ~5300 based on bulk velocity and pipe
diameter. Ideal isothermal, ideal isoflux and mixed boundary conditions are considered; they
are referred to as IWT, IWHF and MT, respectively. The flow is driven by a constant pressure
gradient and the friction Reynolds number, based on the pipe diameter, is Re* =360; the
Prandtl number of the fluid is 0.71. Buoyancy effects are neglected. The present study provides
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584 M. PILLER

detailed information on the mean properties and turbulence statistics up to fourth order, the
budget and the wavenumber spectra of the temperature fluctuations.

Several DNS studies have been focusing on the passive thermal field in a plane channel
flow, covering a relatively wide range of Reynolds and Prandtl numbers and a variety of
temperature wall boundary conditions. Kim et al. [1] simulated a turbulent channel flow at
Re; =180 and Pr=0.71, assuming that a passive scalar is uniformly generated within the fluid
and removed from the isothermal walls. A DNS of fully developed thermal field in a channel
flow with the MT condition, at Re; =150, Pr=0.7, was carried out by Kasagi et al. [2].
Tiselj et al. [3] presented a DNS investigation of the turbulent heat transfer in a flume, with
both an isoflux condition, similar to the IWHF used in this study, and the MT condition. Their
results show that the mean temperature profile is not sensibly affected by the type of boundary
condition, while significant differences exist in the near-wall instantaneous temperature fields.
In addition, they show that the influence of the different boundary conditions weakens as the
Prandtl number increases, since most of the change in temperature occurs in the progressively
thinner thermal boundary layer. The results by Kong et al. [4] for a turbulent thermal boundary
layer, with both isoflux and isothermal boundary conditions, agree with the observations by
Tiselj et al. [3], in that the influence of the temperature boundary conditions is confined to
the range y* < 10. Piller et al. [5] carried out several DNS for the channel flow with the
two walls kept at constant, different temperatures, for Re; = 150 at Pr = 0.025,0.05,0.1,0.3
and 1.0. More recently, Seki et al [6] compared the turbulence temperature statistics for
channel flows at two Reynolds numbers, with two different boundary conditions: constant
temperature difference between top and bottom surfaces and MT conditions. They evidence
relevant differences between the results for the two cases in the near-wall and core regions.

A major contribution of the present study consists in a better characterization of three types
of wall thermal conditions. The similarity of the resulting temperature fields is synthetically
quantified by the mutual correlation coefficient. The influence of the wall thermal conditions is
shown to extend to the entire temperature field; the damping of the temperature fluctuations at
the wall, characteristic of isothermal conditions, affects the temperature statistics in the inner
layer, while most of the dissimilarities, observed in the core region, can be ascribed to the
different axial distribution of the wall heat flux. The studies by Tiselj et al [3] and by Kong
et al. [4] do not take into account ideal isothermal conditions, IWT; accordingly, their results
reveal only near-wall effects of the different boundary conditions.

To investigate the differences between fully developed turbulent heat transfer in axisym-
metric pipe and plane channel geometry, the present DNS results are compared to those
obtained from channel flow simulations. The differences between channel and pipe flow results
are modest and reveal that the temperature fluctuations in the pipe are slightly more intense.

2. GOVERNING EQUATIONS

Incompressible flow in pipes can be described by the Navier—Stokes equations in cylindrical
coordinates. By assuming constant fluid properties, negligible viscous energy dissipation and
absence of internal heat generation and using the following dimensionless quantities:

u P tu* _u'D
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Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:583-602



DNS OF TURBULENT FORCED CONVECTION IN A PIPE 585

the dimensionless continuity and momentum equations result in:

Vaut =0 (1)

Du:” =-—Vpt + L Viut + de, (2)
Dt Re*

Uiy =0 (3)

ut (x4 L7 @) =ut(£,7 ) (4)

where no-slip boundary conditions have been enforced on the pipe wall. The velocity field
is periodic along the streamwise direction e; and the flow is driven by a constant pressure
gradient. The instantaneous pressure gradient is split into a mean value —Vp, which balances
the viscous friction at the wall and equals 4 when scaled with D and u*.

2.1. Wall thermal conditions

Three boundary conditions for the temperature field are formalized and discussed in some
detail. Specific issues, concerning their implementation in a finite volume algorithm, are also
addressed.

2.1.1. Ideal isoflux boundary conditions. The ideal isoflux conditions, IWHF hereafter,
assume that the instantaneous wall heat flux is both uniform in space and constant in time.
This implies that the time-averaged temperature varies linearly with x [7]. By introducing the
following dimensionless temperature:

_ T(x) - T(xr,e,t) 09t

19+ 5 A~ — 0 5
T+ 0x )
where 7™ is the friction temperature, the instantaneous energy equation can be cast as
ot~ 1 = uf
= S(uIT )= — VT 4= 6
5 +V-(udh) Por VT +4— (6)

m

where u, is the bulk velocity

1
f—— [ @fd4
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with A, the normal cross-flow area of the pipe. The friction Péclet number is defined as
Pe* =u*D/a, being o the thermal diffusivity of the fluid. Periodic boundary conditions can
be applied to the instantaneous quantity 97 (%,7, ¢@,7). The dimensionless IWHF wall thermal
condition is defined by

ot

w

Sommer et al. [8] point out that the energy equation with IWHF conditions is ill-posed. The
non-uniqueness of the solution can be removed by the following integral energy-conservation
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constraint:

00" o o [
=-=0. © _;/1/19 dv (8)

where V' denotes the computational domain. A consistent finite-volume method enforces
automatically constraint (8), since it is based on local integral balance equations.

2.1.2. Ideal isothermal conditions. General isothermal conditions assume that the
time-averaged wall temperature is uniform, resulting in an exponential variation of the
time-averaged temperature difference [7],

v
ox
where a is an unknown parameter. The ideal isothermal conditions, IWT hereafter, assume
that the wall temperature is both uniform and constant, which implies ©¥* =0 at the wall. The

conservation equation for the dimensionless temperature ¥+, complemented with appropriate
boundary conditions, reads

T, — T=(T — T)eeoe™™, 0 (9)

ov* Y 9ty — L ®2g+ o ot + 1 N A
W—FV (u19)—P—e*V19 + av"u Por 24 P av (10)
9t =0 atFf=1/2 (11)
G (& + L7, @,8) = 97 (3,7, 9, 1) (12)

At each instant in time, Equations (10)—(12) can be interpreted as a quadratic eigenvalue
problem. The unique eigenvalue, corresponding to the physical solution, can be determined
by solving the following quadratic algebraic equation, resulting from the integration of (10)
on the computational domain:

o Ni Uup

(O7St})a” + (Pe*ii))a — 4Nup =0, St} = Por (13)

where the Nusselt number Nup is defined in the usual way, with respect to the local tempera-
ture difference T, — 7,,(x). It can be shown [7] that Nup is constant along x, thus eliminating
any ambiguity in its use as a global parameter. Since the time-averaged wall heat flux is not
known, moving averages can be used in order to approximate the terms ©F, St;, and Nup. With
reference to steady flows, a similar method was originally proposed by Patankar et al. [9].

An alternative solution method can be devised by defining a different dimensionless tem-
perature:

A w_T()eaf,(pnf) a\ij

(7, @,1) = » spxe A0 (14)

which is related to 9 as

ﬁ+(£’f’(p’f):5t*\i/7(x‘) (15)
D m
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The following proportionality condition can be derived for the dimensionless temperature:
U(&=L,7, ¢,0)=yU(E=0,7, ¢, (16)
where

y= \T_Im(jf:i‘) _ \T/m_(O) —1 :e*d/: (17)
U, (x=0) v,(0)

The unknown parameter y is computed directly from its definition (17), using a running
average for approximating the time-averaged, dimensionless inlet bulk temperature ¥, (0).
The dimensionless energy equation reads, in this case:

5\11 s + _ 1 =2

S TV ) = oV (18)
=0 ati=1/2 (19)

UE + L7, @,0) = yU(, 7, @, 7) (20)

The main advantage of formulation (10)—(12) consists in that the periodic boundary conditions
can be enforced in their standard form, allowing for an efficient solution process along the
streamwise direction. The results, reported in this paper, have been obtained by the second
approach.

2.1.3. Mixed-type boundary conditions. With the mixed-type boundary conditions, MT here-
after, the time-averaged wall heat flux is uniform in space, while the instantancous wall
temperature is constant with time. An energy balance shows that the wall temperature varies
linearly along the streamwise direction. By using the dimensionless temperature 9" the result-
ing energy equation is identical to (6), but the boundary condition (7) is replaced by (11).

2.2. Numerical methodology

The continuity, momentum and energy equations in cylindrical coordinates are solved using
a symmetric second-order finite-volume method. The axis singularity is circumvented by com-
puting the cartesian velocity components on the pipe axis by a least-square approximation,
based on the nearest cylindrical velocity components [10]. The time-integration is based on
a fully implicit, three-step predictor—corrector algorithm [11]. The alternate direction implicit
(ADI) method [12] is used to decouple the coordinate directions, for the solution of the
momentum and energy equations. The momentum and continuity equations are decoupled
by the Projection 2 method proposed by Gresho [13]. The computational grid consists of
111 x 180 x 324 control volumes along the radial, azimuthal and axial directions, respectively;
the streamwise domain length is L,/D =6.328. The appropriate grid resolution was selected
by conforming to the criteria proposed by Grotzbach [14] and was tested by comparison with
previous simulations for the flow field [15, 16].
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3. TURBULENCE STATISTICS

3.1. Mean flow properties

Some mean flow properties are reported in Table I. The Reynolds number and the friction
factor are in good agreement with DNS results reported by Eggels ef al. [16] and by Fukagata
et al. [15] and with Colebrook’s empirical formula [17]. The calculated Nusselt number
depends weakly on the wall thermal conditions, with a relative 6% difference of the average
Nusselt number, between the maximum MT value and the minimum IWT result. The Nusselt
number obtained from the Gnielinski’s correlation [17] is in excellent agreement with the
IWT result. Twice the ratio between the Stanton number and the friction factor is close to
unity for the three temperature fields, denoting substantial Reynolds’ similarity between the
velocity and temperature fields, in particular for the IWT case.

The considered boundary conditions affect the mean temperature distribution, reported in
Figure 1; the IWHF and MT profiles are very close to each other, as already found by Tiselj
et al. [3] for a turbulent flume flow and Kong et al. [4] for a turbulent boundary layer. The
IWT profile is sensibly higher than the others in the core region. Compared to the channel
flow with MT conditions, the axisymmetric flow configuration leads to a larger wall-normal
turbulent heat flux and, consequently, to a larger temperature difference, with all the three
considered boundary conditions. The circumstance that the IWHF and MT mean temperature
profiles are almost coincident, while sensibly different from the IWT case, can be ascribed
to the different source terms, appearing in the corresponding energy equations. These source
terms express the mean and turbulent axial advection and the mean axial diffusion of heat,
caused by the mean-temperature variation along the streamwise direction. The elimination
of the wall temperature fluctuations, on the other hand, does not seem to affect the mean
temperature profile sensibly, as can be inferred by the substantial coincidence of the MT
and IWHF profiles. A mean energy balance can be derived by time-averaging equations (6)
and (10):

e R ~
Pe* 7 dr dr 13

9+ -
L 1d ("dﬂ )—{(;if(fuj’ﬂ*'/)—i—b’; 1)
where

—4 = IWHF and MT
SH= " (22)

A

—a {aﬁf +ut 0+ Pie* {9+] IWT

The various terms in Equation (22) can be interpreted as follows:

(a) 4i] /uj,;: mean advection term, for the IWHF and MT conditions.

(b) dui'9+': turbulent axial advective heat flux. The (dimensional) turbulent temperature
fluctuations tend to weaken moving along the streamwise direction, since the temper-
ature difference between the wall and the fluid becomes smaller. This causes a net
positive turbulent advective flux in the streamwise direction.
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Table 1. Mean flow properties.

Case Rey, Crx10° Nup Stp x 10° Ky By
IWHF 5273 9.32 18.32 4.89 0.33 2.0
IWT 5273 9.32 17.44 4.66 0.28 0.4
MT 5273 9.32 18.54 4.95 0.34 2.0
Reference [16] 5300 9.22

Reference [15] 5310 9.19

Correlations 9.21 17.51 4.68 0.48 3.9

The last row reports the friction factor and the Nusselt number obtained from empirical
correlations. The friction factor was derived by the Colebrook’s equation; the Nusselt
number was obtained from the Gnielinski’s correlation.

20

15

@10

Figure 1. Mean temperature profiles: —: IWHF; — — —: MT; — - ——: IWT; —e—: channel at
Re; =180, Pr=0.71 with MT wall temperature conditions.

(c) dﬁjz_9+: mean advective heat flux for the IWT case, corresponding to the term (a) for
the other cases.

(d) (&*/Pe* )19+: mean streamwise thermal diffusion, due to the axial curvature of the mean
temperature profile.

By integrating Equation (21)

12

Ot (F)=—Pe* /

7

12 7
w97 dF' — Pe* / % / PISy (P dP" dF (23)
P 0

By inspection of the various contributions in (23), not reported here, it was recognized that
the turbulent axial advective flux (b) and the mean streamwise thermal diffusion (d) are orders
of magnitude smaller than the other contributions, for the IWT case. The larger values of the
mean temperature for the IWT case, compared to the other types of boundary conditions, are
due to a larger positive difference between the mean axial advective and the radial turbulent
heat fluxes.
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Best fit logarithmic profiles are obtained, corresponding to the coefficients reported in the
last two columns of Table I. The thermal boundary condition has a strong effect on the value
of the Kader’s constant ky, which is sensibly lower than the values of 0.48 obtained by
Subramanian et al. [18] for a turbulent boundary layer and 0.45 from measurements in an
electrically heated pipe obtained by Johnk ef al [19]. Na et al. [20], in their simulations of a
turbulent channel flow at Re; =150, with the two walls kept at constant, different temperatures,
report calculated values of ky as 0.22, 0.21 and 0.23 at Pr=1.0, 3.0 and 10.0, respectively.
Kawamura et al. [21], based on DNS data for turbulent channel flow with MT wall thermal
conditions at Rej =180 and 395, show that the value of k;y increases with increasing Reynolds
number, and propose a best-fit value of 0.43 for the highest considered Reynolds number.

3.2. Turbulence intensity

The rms temperature fluctuations are shown in Figure 2; the statistics for a plane channel
flow at Rej =180, with MT conditions, are reported for comparison [22]. The IWHF temper-
ature fluctuations present a plateau in the conduction sublayer, where the fluctuation intensity
accounts to approximately 83% of the peak value. The IWT and MT temperature fluctuations
vanish at the wall. As a consequence, in the near-wall region, y* <15, the IWHF temperature
fluctuations are sensibly more intense than the IWT and MT ones. For y™ > 15 the tempera-
ture fluctuations for the IWT case are the most intense, while the intensity of the IWHF and
MT temperature fluctuations is comparable for y*>30, in agreement with findings by both
Kong et al. [4] and Tiselj et al. [3], who do not report any significant effect of the thermal
wall boundary conditions on the temperature fluctuations for y* > 10. This behaviour is con-
sistent with the larger production term for the IWT temperature fluctuations, compared to the
other cases, as evident in Figure 8(a). The decrease of the turbulent temperature fluctuations
towards the centreline is due to the symmetry of the imposed thermal boundary conditions,
which cause the vanishing of the production term, approaching the centreline. The results for
the channel flow by Abe et al [22,23], with imposed MT conditions, agree with the MT
results for the pipe flow for y™ <20, while at larger distance from the wall the temperature
fluctuations for the pipe flow are slightly more intense.

3

25
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Figure 2. The rms temperature profiles: —: IWHF; — — —: MT; — - ——: IWT; —e—: channel at
Re; =180, Pr=0.71 with MT wall temperature conditions.
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3.3. Visualization of instantaneous near-wall coherent structures

The effect of the different thermal boundary conditions on the instantaneous temperature field
is investigated by comparing contours of instantaneous temperature and streamwise velocity
on cross-flow planes, reported in Figures 3. By comparing Figures 3(a), 3(c) and 3(d) it can
be observed that there is a remarkable similarity between the MT and IWT temperature fields
with the streamwise velocity component, in the viscous wall region. The no-slip condition for
the velocity field and the isothermal condition for the temperature field cause large velocity
and temperature gradients at the edge of the viscous and conductive sublayers, respectively,
as evident also in Figure 2. This feature has already been observed, among others, by Chen
et al. [24] in their study of turbulent structures in a turbulent boundary layer and by Tiselj
et al. [3] in a DNS of turbulent flow in a flume. In the present study, the comparison is
extended to the IWT temperature field. From Figure 3(b) it can be seen that the near-wall
similarity between u; and 9" is lost when the IWHF condition is enforced and a well definite
temperature front [3] cannot be recognized. The difference between the near-wall profiles of

45 45

(b)

45
40
35
30
25
20
15
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Figure 3. Instantaneous contours of: (a) streamwise velocity and (b)—(d) temperature,
on a r — ¢ plane; (b) IWHF; (¢c) MT; and (d) IWT.
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uf and 97, for the IWHF case, reflects in the lower u,— correlation coefficient inside the
inner layer, reported in Figure 5.

3.4. Turbulent heat fluxes

The radial turbulent heat flux is reported in Figure 4(a). For y* <10 all the profiles are close
to each other, but in the conduction sublayer the IWHF profile decays slower, since more
intense turbulent thermal fluctuations can reach the wall. In the outer layer the turbulent heat
flux for the IWT case is sensibly higher than for the other boundary conditions. The IWHF
and MT heat fluxes are quite similar and slightly more intense than for the channel flow by
Abe et al [22,23], with MT conditions. This feature suggests that, out of the inner layer,
the damping of the temperature fluctuations at the wall is less relevant than the streamwise
distribution of the wall heat flux, resulting in different source terms in the energy equation.
Tiselj et al. [3] report that, in a turbulent flume flow, there is almost no difference in the
wall-normal turbulent heat flux when using either MT or IWHF conditions, both at Pr=1
and 5.4, for y*>10, while for y* <10 they find larger values of the turbulent heat flux for
the IWHF condition.

The axial turbulent heat flux is reported in Figure 4(b). In the conductive sublayer the
relative magnitude of the profiles is IWHF >IWT >MT, while farther from the wall IWT >
IWHF >MT, as for the radial turbulent heat flux. Out of the inner layer the IWHF and MT
profiles are very close to each other and sensibly lower than the IWT result, confirming that,
in this region, the damping of the near-wall temperature fluctuations is less effective than
the different wall heat flux distribution. The axial turbulent heat flux is not affected by the
flow configuration, as can be inferred by the coincidence of the MT results for the pipe and
channel flows.

The correlation coefficients R,y and R,y are shown in Figure 5. Tiselj et al [3] report
that the MT and IWHF thermal boundary conditions lead to very similar results for these
coefficients, except for y* <10. The same features can be recognized for the pipe flow. In the
inner layer, the IWT and MT coeflicients are almost coincident, while the IWHF coefficients
decay faster towards the wall, due to the difference in the wall boundary conditions imposed
on the temperature and velocity fields. The flow configuration has a weak effect, resulting in
slightly larger correlation coefficients for the channel flow. The correlation coefficients can
be used to interpret the relative intensity of the turbulent heat fluxes, with different boundary
conditions. Out of the inner layer there are no significant differences in the radial correlation
coefficients, so that the different distributions of the radial turbulent heat flux are mainly
due to the different intensity of the temperature fluctuations. In the inner layer, the MT and
IWT temperature fluctuations are strongly damped due to the presence of the isothermal wall,
while the intensity of the IWHF temperature fluctuations is not reduced; on the contrary, the
reduction of the R,y correlation coefficient is stronger for the IWHF case; these opposite
trends result in quite similar radial turbulent heat fluxes for the three considered temperature
fields, in the inner layer. The corresponding axial quantities behave similarly to the radial
ones; however, the reduction of the IWHF axial correlation coefficient in the inner layer is
relatively modest; as a consequence, the large intensity of the IWHF temperature fluctuations
in the inner layer leads to a larger axial turbulent heat flux in this region, compared to the
other cases. Figure 6 shows the turbulent Prandtl number; Pr, for the IWHF profile tends to
zero towards the wall, while it tends to a finite value around unity for the other boundary
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Figure 4. (a) Radial; and (b) axial turbulent heat flux. —: IWHF; — — —: MT; — - —: IWT; —o—:

channel at Re; =180, Pr=0.71 by Abe et al. [22,23].
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Figure 5. Correlation coefficient between the temperature fluctuations and the fluctuations of the radial
(thin lines) and the axial (thick lines) velocity components. —: IWHF; — — —: MT; — - —: IWT;
—e—: channel at Re; =180, Pr=0.71 by Abe et al. [22,23].

conditions. The turbulent Prandtl number remains close to unity for y* <50, while it decreases
to Pr; ~0.65 at the centreline. Na et al. [20] show that Pr,~ 1 for y™ <28, in a channel flow
with two walls kept at constant, different temperature, with Re; =150 and Pr=1,3,10. In
addition, they obtain Pr;=0.87 in the central region of the channel for Pr=1, which is
larger than the present results.

3.5. Skewness and kurtosis

Figure 7(a) reports the skewness of the velocity components and of the three temperature
fields, considered in the present study. For comparison, the experimental data for a turbulent
pipe flow of air are reported [25]. The skewness factors of the three temperature fields are
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Figure 6. Turbulent Prandtl number. Turbulent diffusivity. —: IWHF; — — —: MT; — - —: IWT;
—e—: channel at Re; =180, Pr=0.71 by Abe et al. [22,23].

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
(a) y' (b) y"
Figure 7. (a) Skewness; and (b) kurtosis of velocity components and temperature. —: Sy, Fy for
IWHF; — — —: Sy, Fy for MT; — - —: Sy, Fy for IWT;, —=—: S,,, Fu,; —&—: Su,, Fu,; —: Su,,

F,; e e e: Sy, Fy by Elena [25]; VV¥V: S, , F, by Elena [25].

strongly affected by the boundary conditions, both in the near wall and in the core regions.
The results by Tiselj et al. [3] for the MT and IWHF conditions are close to each other
for y* >40. The present MT profile shows some similarity with the corresponding results by
Tiselj et al. [3], in that Sy is negative in the inner layer, while beyond y* =20 it tends to
become constant and positive. The skewness of the IWHF temperature field is positive and
almost constant for y*™>20, as for the IWHF results by Tiselj et a/. However, the near-
wall behaviour is different, since the present DNS data do not present a positive plateau for
¥yt <10, but reach a minimum negative value at y™ ~9.0 and then increase approaching the
wall. The skewness of the IWT temperature field agrees with the MT results for y* <10;
beyond this distance, the quantitative agreement is lost and the IWT profile attains smaller
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positive values. The experimental data by Elena [25] are in excellent quantitative agreement
with the present IWT results. The large negative values of Sy for the MT and IWT temperature
fields, for y*™ <20, are consistent with the large positive values of S, and S, , which denote
the presence of intense sweep events. The lower correlation between u, and u, with 1, for
the IWHF case, accounts for the different near-wall behaviour of Sy, in this case. In the
outer region, y*>40, the most intense radial velocity fluctuations are predominantly directed
towards the centreline; consistently, the three temperature skewness factors become positive.

Figure 7(b) shows the kurtosis of the velocity components and of the three temperature
fields. The experimental data by Elena [25] for Fy are in relatively good agreement with the
IWT result in the near-wall region. The kurtosis of all velocity components and of the MT and
IWT temperature fields increases sharply approaching the wall, due to the wall-blocking effect;
due to the low correlation between the radial velocity and the IWHF temperature fluctuations,
the IWHF flatness does not present relevant variations approaching the wall and attains an
approximately constant value of 3 in the viscous wall region, corresponding to the normal
distribution. The flatness of all temperature fields exceeds the value of 3 at the centreline.
As already found by Elena [25], the flatness of both u, and ¢, for the MT and IWT cases,
presents a minimum value around 2.0, near the location where the corresponding skewness
factor crosses the zero. Elena relates this feature to the presence of harmonic fluctuations,
corresponding to S=0 and F =1.5, related to the hydrodynamic instability evidenced by
Blackwelder et al. [26] in this region. The IWHF temperature also attains a minimum in the
flatness factor, in the region of minimum skewness.

3.6. Budget of temperature fluctuations
The conservation equation for the dimensionless temperature variance k; reads:

Dk’
1');9 =Py, + Ty, + Dy, + &k, + Sk, (24)

where Py, Ty,, Dy, and €, denote the production, turbulent transport, diffusive transport and
dissipation terms, respectively. The source term Sj, results from the non-dimensionalization
of the energy equation and contains contributions from the other terms. In this context it was
decided to gather these contributions in a single term, since it represents the direct effect of
the mean temperature axial variation.

A -7+ 9 ,,+7.9+7 +7.94+7 29+ 2 6k:9r 2 A7+
a|2ujky +duf0 +Fuf 99t — e o T Per aky | IWT
Su=4 (25)
ut' o+
- IWHE, MT

m

The terms in the budget of k; are reported in Figures 8(a)—8(d). The present results are
compared with statistics for the channel flow at Rej =180, Pr=0.71 by Abe et al. [22,23],
with imposed MT conditions. The wall thermal conditions have a non-negligible effect on all
terms. The direct effect of the mean temperature axial variation is small compared to the other
terms and is not shown. While S;, for the MT and IWHF conditions is almost coincident and
acts as a source term, decreasing monotonically from a near-wall peak value towards the
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Figure 8. Budget of k;: (a) production; (b) turbulent transport; (c¢) molecular diffusion; (d)

dissipation; (e) gradient-diffusion model for the turbulent transport. —: ITWHF; — — —: MT;

—— + —: IWT; —e= channel at Rej =180, Pr=0.71 by Abe et al. [22,23]. In (e) thin lines
correspond to DNS data, thick lines to the gradient-diffusion model.
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centreline, the IWT result is characterized by a non-monotonic behaviour, due to the negative

contribution of the axial turbulent transport term u;t'9+'9+'. Production and dissipation are the
dominant contributions across the pipe. The turbulent transport and molecular diffusion terms
have a relevant effect for y* <30 and, limited to the turbulent transport, in the core region,
where it balances the dissipation term. The production term for the IWT case is more intense
than for the other cases; noteworthy, the MT production is the smallest, giving additional
evidence to the observation that the MT conditions cannot be used to represent ideal isothermal
conditions. The production for the channel flow with MT conditions is slightly smaller than
the corresponding pipe flow result.

The turbulent transport term has a positive peak at y*+=5.5,6.1,6.1 and a negative peak
at yt~16.9,17.7,18.6, for the IWHF, MT and IWT cases, respectively. It drains temperature
fluctuations from the region where production is most intense and conveys them both towards
the wall and the core region. For y™ >50 the turbulent transport term shows a positive plateau
and balances production and dissipation. The MT and IWT results are very close to each other
and to the MT channel flow profile for y*>10, while in the near-wall region the IWHF
turbulent transport is sensibly smaller, due to the lower correlation between radial velocity
and temperature. The gradient transport model has been widely used to calculate the turbulent
transport term:

2 adky

! / !
w9t ot = v
" Re* v dr

From the present DNS data, Figure 8(e), it is evident that the model leads to a quite accurate
representation of ;' 9+ 9+ and the extrema of k;, located at y* ~16.1,21.1,19.3 for the

IWHF, IWT and MT cases, are in good agreement with the zeroes of uf'9+'9+, located
at yt=~16.0,19.7,18.5, respectively. This rough agreement has been evidenced also by Na
et al. [20] in their simulation of a turbulent channel flow with two walls at constant, different
temperatures.

The molecular diffusion term has the same qualitative behaviour as the turbulent transport
term, in that it carries turbulent thermal fluctuations towards the wall and the core region,
from the region of maximum Py,. However, Dy, does not vanish at the wall, where it balances
dissipation. In the near-wall region, the molecular diffusion term for the IWHF case is sen-
sibly less intense than for the other boundary conditions, due to the lack of the temperature
front.

The dissipation term is strongly affected by the boundary conditions. The IWT case shows
the most intense dissipation. In the near-wall region the IWHF dissipation decreases sig-
nificantly, since its major contribution, the term containing the radial derivative, is damped
according to the imposed isoflux condition. The dissipation for the pipe flow with MT wall
thermal conditions is slightly more intense than for the channel flow. It is usual practice to
define a modified dissipation £y, which does not include the effect of the oscillations in time
of the instantaneous temperature profile in the near-wall region:

2
U ) KV

Pr oyt
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Figure 9. Taylor microscale 4. —: IWHF; — — —: MT; — - —: IWT.

A Taylor microscale 4 for the dissipation of k; can be defined as

s LR (1Y

VT Pr 2 Ay
Values of 1) are presented in Figure 9, where a weak dependence on the wall thermal
boundary conditions can be observed for y* >20, while in the conduction sublayer the IWHF

Taylor microscale is much larger, since turbulent thermal fluctuations generated in the buffer
region can reach the wall without relevant damping.

3.7. Two-point correlations and spectra

Figure 10(a) shows the autocorrelation function with streamwise separation for the fluctuating
velocity components at y™ ~40. The corresponding data by Fukagata et al. [15] are reported
for comparison. Despite a generally good agreement for Ax* < 400, the present autocorre-
lations for u fall off more rapidly at larger separations and essentially vanish within half
domain length, suggesting that the adopted pipe length is (marginally) sufficient to capture
the largest scale structures of the flow field. Figure 10(b) shows the autocorrelation function
with streamwise separation for the temperature fluctuations at y* ~10,40. Non-zero corre-
lations are obtained at half pipe length at both y™~40 and y* ~ 10, particularly with the
IWHF condition, showing that the computational domain is only marginally adequate for the
simulation of the temperature field. The minimum in the azimuthal autocorrelation function for
the temperature fluctuations at y* = 11 reveals that the spacing between the thermal streaks
equals 106 wall units for the MT and IWT cases, while a slightly larger separation of 118 is
obtained for the IWHF case.

Figures 11(a) and 11(b) present the streamwise energy spectra, scaled by the corresponding
r.m.s. values, at y* =5 and y*=~23. At y"~5 the spectrum for the IWHF temperature
fluctuations decays faster than the others. This feature is consistent with the larger values of
/5 at the wall, for the IWHF case. For y™~23 the energy spectra for the three cases are
coincident, showing that, in the outer region, the intensity of the three temperature fluctuations
is different but similarly distributed among wavenumbers. This is particularly evident for the
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Figure 10. Autocorrelation functions with streamwise separation for: (a) the fluctuating velocity
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MT and IWT cases, whose energy spectra are almost coincident at all distances from the wall.
The spanwise spectra, not reported here, reveal a similar behaviour. The normalized spectrum
of u is almost coincident with the spectra of ¥' for the MT and IWT cases in a range of low

wavenumbers, containing about 85% of the total 19’2; at larger wavenumbers, the streamwise

velocity spectrum decays faster than the temperature spectrum for the MT and IWT cases. As
for the IWHF spectrum, in a wide range of low wavenumbers, containing most of the total

97, the spectral temperature modes are weaker than the corresponding streamwise velocity
modes; at the largest wavenumbers the spectra of u) and the TWHF ¢ tend to collapse.
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3.8. Correlation coefficients between different temperature fields

The similarity between the three considered temperature fields can be quantified by the one-
point mutual correlation coefficients, shown in Figure 12. The IWT-MT correlation coefficient
is close to unity in the inner layer, while a rapid decay can be observed for the IWHF—
MT and IWHF-IWT correlation coefficients approaching the wall. It confirms that, in this
region, the dominant distinctive characteristic of the thermal boundary conditions consists
in allowing or avoiding the wall temperature fluctuations. The correlation coefficients behave
differently in the outer layer, where the correlation between the IWHF and the MT temperature
fluctuations increases towards the centreline, while the correlation of the IWT with the other
temperature fluctuations decreases. These observations support the thesis that, in the outer
layer, the differences between the three turbulent thermal fields are mainly dictated by the
different axial variation of the mean temperature or, ultimately, by the different distribution of
the heat flux, released from the wall. Although in the outer layer all the correlation coefficients
are no smaller than 0.95, the observation that the IWT-IWHF correlation decays towards the
centreline confirms that the differences between isothermal and isoflux wall thermal conditions
are not confined to the inner layer. The physical intuition that the MT conditions are somehow
intermediate between ideal isothermal and ideal isoflux conditions is confirmed by the present
results: while the MT and IWT temperature fluctuations are highly correlated in the inner
layer, a very large correlation is attained between the IWHF and MT fluctuations in the outer
layer.

4. CONCLUDING REMARKS

Direct numerical simulations for turbulent flow and heat transfer are performed for three
different wall thermal conditions and their effect on the turbulence quantities is investigated.
Results from previous studies [3,4] suggest that the influence of MT or IWHF boundary
conditions is confined to the conduction sublayer and that even more general wall thermal
conditions have only a weak effect on the distribution of relevant heat transfer parameters like
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the turbulent Prandtl number [20]. An original outcome of this research is the observation that
the damping of the temperature fluctuations at the wall is effective in the inner layer, while the
axial distribution of the wall heat flux is more influent in the core region. According to findings
by Kong et al. [4] and Tiselj et al. [3], the present results show that the imposition of either
MT or IWHF conditions affects the temperature statistics only within the conduction sublayer,
while the IWT conditions, not considered in References [3, 4], cause differences with respect
to the other conditions up to the core region. In order to synthetically quantify the similarity
between the three considered temperature fields, a mutual correlation coefficient is introduced;
its distribution suggests that the MT condition, commonly used in DNS studies of fully
developed turbulent heat transfer with isothermal walls, acts as ideal isothermal conditions in
the inner layer and as ideal isoflux conditions in the outer layer. The spectral distribution of the
temperature fluctuations reveals that, out of the inner layer, the temperature fluctuations for the
three considered boundary conditions are almost identically distributed among wavenumbers,
while in the inner layer the ideal isoflux temperature fluctuations decay faster at the largest
wavenumbers. To investigate the differences between fully developed turbulent heat transfer
in axisymmetric pipe and plane channel geometry, the present DNS results are compared to
those obtained from channel flow simulations. The differences between channel and pipe flow
statistics with MT boundary conditions are modest and reveal that the temperature fluctuations
in the pipe are slightly more intense.
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