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We investigate heat transfer characteristics of a turbulent swept flow in a channel with a wire placed over
one of its walls using direct numerical simulation. This geometry is a model of the flow through the wire-
wrapped fuel pins, the heat exchanger, typical of many civil nuclear reactor designs. The swept flow con-
figuration generates a recirculation bubble with net mean axial flow. A constant inward heat flux from
the walls of the channel is applied. A key aspect of this flow is the presence of a high temperature region
at the contact line between the wire and the channel wall, due to thermal confinement (stagnation). We
analyze the variation of the temperature in the recirculation bubble at Reynolds number based on the
bulk velocity along the wire-axis direction and the channel half height of 5400. Four cases are simulated
with different flowrates transverse to the wire-axis direction. This configuration is topologically similar
to backward-facing steps or slots with swept flow, except that the dominant flow is along the obstacle
axis in the present study and the crossflow is smaller than the axial flow, i.e., the sweep angle is large.
The temperature field is simulated at three different Prandtl numbers: 10’2,#1 0~! and 1. The lower value
of Prandtl number is characteristic of experimental high-temperature reactors that use a molten salt as
coolant while the high value is typical of gas (or water vapor) heat exchangers. In addition, mean tem-
perature, turbulence statistics, instantaneous wall temperature distribution and Nusselt number varia-
tion are investigated. The peak Nusselt number occurs close to the reattachment location, on the lee
side of the wire, and is about 50-60% higher compared to the case without crossflow. The high temper-
ature region follows the growth of the recirculation bubble which increases by about 65% from the lowest
to highest amount of crossflow. Particular attention is devoted to the temperature distribution on the
walls of the channel and the surface of the wire. The behavior of the heat-flux across the mean dividing
streamline of the recirculation bubble is investigated to quantify the local heat transfer rates occurring in
this region.

© 2011 Published by Elsevier Ltd.

1. Introduction

reattachment zone. This particular variation of the heat transfer
coefficient in this flow has been reported in several other studies

Turbulent flows over complex geometries are routinely used to
enhance mass and heat transfer, as well as mixing, in many indus-
trial and chemical processes. Heat transfer enhancement caused by
flow separation and reattachment, the type considered in the pres-
ent study, has been studied extensively in many geometries [1].
Flow over a backward-facing step, forward-facing step, surface
mounted rib, blunt flat plate and separated turbulent boundary
layer are the most studied configurations in the literature. The
behavior of the thermal boundary layer differs significantly
between attached and separated flows [2]. Vogel and Eaton [3]
studied heat transfer characteristics of the flow over a backward-
facing step and found that a drop in the heat transfer coefficient
occurs near flow separation and a rise occurs upstream of the flow

* Corresponding author. Tel.: +1 217 244 1412; fax: +1 217 244 6534.
E-mail addresses: rranjan2@illinois.edu (R. Ranjan), cpantano@illinois.edu (C.
Pantano), fischer@mcs.anl.gov (P. Fischer).

0017-9310/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.ijheatmasstransfer.2011.06.013

[4-20]. Some other features of this configuration include correla-
tion of turbulence intensity with the heat transfer coefficient near
reattachment, recovery of Stanton number profile after reattach-
ment towards equilibrium turbulent boundary layer value, correla-
tion of r.m.s. of skin friction with the Stanton number and a
persistent large disturbance in the outer part of thermal boundary
layer after reattachment. Nassab et al. [21] studied heat transfer in
flow over an inclined forward-facing step and reported that the
Nusselt number reaches a maximum value near the reattachment
location and decreases in the downstream direction after reattach-
ment. Augmentation of heat transfer rate in flow over a blunt flat
plate has been investigated in earlier studies [4,22-25] and it
was found that vertical stirring of the flow caused by the vortical
structures strongly enhance heat transfer. Similar to the flow over
a backward-facing step, the heat transfer coefficient increases
upstream of the reattachment zone. Placing a rib on a smooth sur-
face to augment heat transfer has also been reported in numerous

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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studies [17,26-32]. It has been found that the surface-averaged
Nusselt number at the wall with the ribs, becomes large compared
to that at the smooth wall. Rivir et al. [33] and Spalart and Strelets
[34] studied the mechanism of heat transfer in a separated bubble
and reported that the Reynolds analogy between wall heat transfer
and momentum transfer in the separated region does not hold. In
this region, the heat transfer coefficient is suppressed below the
values observed in the attached region while it is much larger near
reattachment when compared with the values in the attached
boundary layer zone. A channel with an undulating wall or a
two-dimensional hill has also been used for heat transfer enhance-
ment and for studying complex convective and diffusive processes
associated with the thermal field [35-37]. In this case, the average
Nusselt number increases due to increased intensity and elonga-
tion of the near-wall streamwise vortices, which causes larger tur-
bulence production and thus favors convection transport.

Far less is understood about temperature extrema in confined
turbulent flows, both instantaneously and on the mean. This state
of affairs arises because local extrema can only be investigated
accurately using direct numerical simulation (DNS), which are
not commonly employed in flows around complex geometries,
due to the high computational cost. In simulations of these flows,
the Reynolds averaged Navier-Stokes (RANS) approach is often
employed [38,39]; for example in flow around a heat exchange
assembly [40-42]. Nevertheless, even finely tuned turbulence
models can only predict accurately mean and some times r.m.s.
levels but not localized features of the profiles [43].

The flow configuration considered in this study is a simplifica-
tion of the more complex arrangement encountered in a wire-
wrapped nuclear fuel pin heat exchanger shown in Fig. 1, depicting
results from a large-eddy simulation (LES) [44]. The mean flow
goes from the bottom left corner to the upper right corner of the
figure, in the direction along the fuel pins (large cylinders). A thin
wire is stretched helically along the fuel pins to provide with a
mechanism to maintain a turbulent flow and therefore ensure as
high heat transfer rates as possible. The wrapped wires around
the fuel pins can be seen clearly in Fig. 1, in the right-top corner
of the fuel pins assembly. The flow over real wire-wrapped assem-
blies, which usually consists of hundreds of nuclear fuel pins with
associated wires wrapped helically around them, is too complex to
be accessible using DNS. Instead, the configuration studied here

Fig. 1. Visualization of flow around a wire-wrapped nuclear fuel pin bundle at one
instant from a simulation [44]. The contours are isosurfaces of velocity magnitude
U = (U), the range of U is 0-2.68 (U) (peak), over 19 fuel pins. Pressure is plotted on
the isosurfaces.

corresponds to an average situation in the real assembly. The sim-
plified geometry is shown in Fig. 2 (further details will be provided
below) and corresponds to the flow in a channel with a wire over
one of its walls. Since the radius of curvature of the fuel pin is
much larger than that of the thin wire, the local flow can be
approximated to the flow over a flat surface with a wire resting
on one of the surfaces. In this average situation, the bottom wall
shown in Fig. 2 corresponds to the surface of the fuel pin on which
the wire is wrapped and the top wall corresponds to the surface of
the fuel pin above the wire on the opposite side. This simplified
configuration is topologically similar to the class of swept back-
ward facing step flows. Up-to-date, the only detailed simulations
of these flows that have been performed at large sweep angles,
which could be considered on their own right also as turbulent
crossflow, are reported in [45]. Heat transfer in such cross-flow
scenarios has not been exhaustively investigated in the past using
DNS, although it represents a first order geometrical simplification
of turbulent flows along complex wire-wrapped assemblies uti-
lized in many civil nuclear reactors (the application that motivated
this study). One noticeable difference between these flows and
other backward facing step flows is that the flow within the recir-
culation region behind the wire is always fully turbulent, owing to
the presence of a large axial flow. Note that the flow results re-
ported in [45] and results for the heat-transfer reported in this
study are based on same set of simulations, here temperature is
considered as a passive scalar field.

The mean temperature of the coolant will increase in the down-
stream direction when a constant heat flux is applied through the
fuel pin surface in the wire-wrapped bundle. This will happen until
the flow exits the heat exchanger, at which point the temperature
will start to homogenize to a constant (high) value since no addi-
tional heat flux is introduced. Understanding the evolution of the
temperature field in this ‘spatial’ configuration requires very large
domains (in wire diameter units) and extreme resolution require-
ments at the Reynolds numbers of interest. Therefore, we have
transformed the problem into a ‘periodic’ cell arrangement by
extracting all the heat flux introduced at the walls by a volumetric
sink (and therefore forcing the temperature field to remain peri-
odic in the computational domain). We show that this configura-
tion corresponds to the ‘spatial’ arrangement in an asymptotic
limit, after a suitable transformation (described below). The objec-
tive of the present study is to perform a set of first principle DNS of
moderately high Reynolds number in the relevant complex geom-
etry and analyze the results to understand the nature of the mean
temperature field, turbulence statistics, the variation of the Nusselt
number, the distribution of instantaneous and mean wall temper-
ature around the region of recirculation and to derive estimates of
peak temperature as a function of Reynolds and Prandtl numbers.
Heat transfer is investigated as the bulk irossﬂow velocity varies
between 0% and approximately 32%, of the bulk axial velocity; or
between ZZ" and gO" in terms of the sweep angle. Three different
Prandtl numbers and four cross-flow rates are investigated. The
Prandtl number is considered as low as 1072 to include the regime
encountered in experimental high-temperature reactors where the
coolant is typically a molten salt, e.g., liquid lithium. The tempera-
ture field is assumed to be a passive scalar, since buoyancy effects
are expected to be small at the scales of interest here. Finally, in
addition to the results analyzed below, the databases can be used
for comparisons and validation of LES and RANS Todels, e.g.,
[46-49].

2. Problem description

The problem considered in this study corresponds to a channel
with a wire placed on the bottom wall of the channel. A schematic

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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Bottom wall

Fig. 2. Schematic of the geometry considered in the present study.

of the problem is shown in Fig. 2. The domain size is
Ly x Ly, x L,=4mh x 2h x 8nh in the x, y and z directions, respec-
tively. The x coordinate denotes the cross-flow direction, y is the
vertical direction and z is the streamwise or axial direction. The
cross-flow and axial directions are considered to be periodic. For
convenience, the center of the cylindrical wire of radius R =0.5h
is placed at the boundary of the periodic domain. Detailed justifi-
cations and resolution requirements for this flow, as well as turbu-
lence statistics, are reported in Ranjan et al. [45].

In practical wire-wrapped assemblies, the wire is wrapped un-
der tension around a nuclear fuel pin and there is a slight deforma-
tion of the wire at the contact location. To approximately model
this detail we have chosen a finite contact angle between the wire
and the wall of 2y = 15° see right-bottom inset in Fig. 2. The flow in
the channel is driven by the pressure gradient resulting from the
imposed constant flowrates along the axial and cross-flow direc-
tions. In this study, the flowrate specified in the axial direction is
higher than that imposed in the cross-flow direction. The resulting
crossflow over the wire produces a large recirculation region or
bubble with mean axial flow, in the lee side of the wire.

The boundary conditions for temperature consist of a constant
and equal heat flux, gy, at both walls of the channel and an adiabatic
condition at the wire surface. These conditions approximate the sit-
uation encountered in the reactor passages. Presently, the channel
walls would approximate the nuclear fuel pin surface, with a radius
of curvature much larger than that of the wrapped wire, that radi-
ates an approximately constant heat flux towards the cooling fluid.
The wire is made of a non-nuclearly active material and therefore,
to first approximation, there is no heat flux towards the channel.
In reality, the wire thermal inertia may also play a role since some
neutron radiation from the fuel pins affects the thermal behavior of
the wire and heat transfer from the fluid and vice versa. These high-
order effects are presently neglected because the heat transfer of
nuclear origin from the fuel pins is usually large and the surface
of the wire is much smaller than that of the fuel pin (the channel
walls in the present case). The constant heat flux boundary condi-
tion is the limit of the conjugate heat transfer problem when the
thermal activity approaches infinity [50,51]. In practice, the ther-
mal activity is not extremely large for flow of molten coolant over
a nuclear fuel pin surface. Hence, the equal flux boundary condition
used in this study is an approximation of the real problem. The
important aspect of this flow is that the presence of a recirculating
zone enables the formation of a high-temperature region in the
vicinity of the wire-wall contact line.

The presence of crossflow leads to the formation of a primary
recirculation bubbleé in the lee side of the wire and two additional
secondary bubbles in the lee and wind sides of the wire. Fig. 3(a)

shows contours of the mean crossflow velocity normalized by bulk
axial velocity and a projection of the mean streamlines in the x — y
plane for case C (see below). The primary and secondary bubbles
are clearly evident close to the wire. After the flow detaches from
the top surface of the wire, forming the shear layer over the
primary bubble, it reattaches some distance downwind over the
channel wall. After the flow reattaches, it starts to recover to equi-
librium boundary layer flow, till it reaches the wind side of the
wire where the flow separates again. The primary bubble is not
closed in the mean sense, and it is in a fully turbulent state com-
pared to a near laminar state of the separated region in canonical
separating/reattaching flows. This is a consequence of the domi-
nant turbulent axial flow. The flow to the center of the channel is
similar to the flow in a canonical turbulent channel without
obstructions. The effect of the wire is felt up to approximately
two wire diameters, measured from the side boundaries. This
causes a reduction in the vertical velocity gradient in those regions.

Fig. 3(b) and (c) show instantaneous vortical structures ob-
tained using the /,-vortex criterion of [52], in the near-wall and
recirculating regions in the cases without and with crossflow,
respectively. Without crossflow, in the near-wall regions, elon-
gated quasi-streamwise vortices are observed. In the shear layer
region, intense vortical structures are observed with no preferen-
tial orientation. Near the reattachment region, the worm-like vor-
tices get distorted because of the mean flow straining [53]. This is
followed by recovery to boundary layer behavior, with vortical
structures oriented along the quasi-streamwise direction [54,55].

A three-dimensional rendering of selected mean flow stream-
lines for a crossflow case near the wire is shown in Fig. 4. The spiral
nature of the streamlines inside the separated bubble is apparent,
showing the interaction of the crossflow with the axial flow. The
streamlines emanating from above the bubble, s; and s,, skip the
bubble region. The streamlines within the bubble region; namely
S3, S4, S5 and sg; show the mean rotational character of the flow.
In the attached zone, the spiral nature is not observed as the veloc-
ity vector in the x — y plane does not reverse direction. This type of
spiral or helical path within the recirculating region is a character-
istic of swept flows [56,57].

3. Mathematical formulation, approach and parameters

The motion of an incompressible fluid with constant density, p,
and viscosity, u, governed by the Navier-Stokes equations, is
solved together with the continuity equation in the computational
domain Q. Periodic boundary conditions are employed along the
axial and cross-flow directions and the no-slip boundary condition

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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(b)

()

Fig. 3. Iso-contours of mean crossflow velocity normalized by bulk axial velocity and two-dimensional projection of the mean streamlines for case C (a) and instantaneous
vortical structures in the near-wall and recirculation regions without, case A, (b) and with, case C, (c) crossflow.

15 F Front View

Fig. 4. Three-dimensional rendering of selected mean streamlines for case C with crossflow [45].

is used at the walls and at the surface of the wire. The mean flow,
with axial and cross-flow components, is maintained by a constant
pressure-gradient forcing imposed along these directions [45].

The velocity and temperature fields are advanced in time simul-
taneously, according to their governing equations for momentum
and energy conservation. The equations are solved using a spectral
element method implemented in Prism [58]. The equations are dis-
cretized using two-dimensional spectral elements in the x — y plane
and Fourier modes in the axial direction. Henderson and Karniadakis
[59] provides more details of the method and the solution strategy.

All statistical quantities in the flow depend on the x and y
coordinates. These ensemble mean quantities, denoted by (. ), are
obtained by averaging in time and in the simulations, where the
flow is also homogeneous in the axial direction, means are ob-
tained by averaging in the z direction as well. These running aver-
ages are determined only after the simulations reach a statistically
steady state, as discussed in [45]. The flowrates are defined in the
customary manner, according to:

Q.- [ [ wixyxy. 1)
where 2 denotes the x — y cross section of the domain and
Q=L [ Uxy)dy, 2)

with (u)=U and (w)=W denoting the average cross-flow and
streamwise velocity component, respectively. The flowrates are

not a function of z because the flow is homogeneous in this direc-
tion. The mean pressure-gradient forcing along the axial and
cross-flow directions is denoted by p, and py, respectively. The flow
is characterized by the bulk axial velocity, W, = Q,/S(X), where S(X)
denotes the area of the x — y cross-section of the dSmain, and the
channel half height, h, as the characteristic velocity and length
scales, respectively. These characteristic scales define the Reynolds
number in the axial direction, given by

Wyh
Re, = pr’ 3)
and the Reynolds number in the cross-flow direction, defined by
Uyh
Re, = pr’ 4)

where Uy = Qy/(2hL;) is the bulk velocity in the cross-flow direction,
p denotes densﬁy and u denotes dynamic viscosity. The overall
Reynolds number is defined as:

Rey, = \/Re? + Re?, (5)

and the local friction Reynolds number is given by

m:%? (6)

where u, denotes the average, in the statistically homogeneous
directions, friction velocity, c.f., [45]. Note that Re; is a function of

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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position along the walls of the channel and wire in the x — y plane
(quantities are averaged in z).

In the present problem, mean flow occurs in both axial as well
as cross-flow directions and it is similar to three-dimensional tur-
bulent boundary layers with cross-flow inhomogeneity. The
Appendix describes the relationship between ‘spatial’ and ‘peri-
odic’ arrangements of the temperature field and justifies the usage
of periodic boundary condition in the present study through an
asymptotic analysis. The dimensional, T, and non-dimensional, ¢,
temperatures are related by

qul

T—Ty =", (7)
where T}, is the average bulk temperature and L = L, denotes the ax-
ial length of the heat exchanger over which q, acts. We can absorb
T, into T since the temperature obeys a linear partial differential
equation. The Prandtl number is defined as Pr = uC,/x, where C, de-
notes the specific heat capacity and x denotes the thermal conduc-
tivity of the fluid. The relevant temperature statistical quantity is
the local non-dimensional Nusselt number, Nu, given by

_1
by’
where ¢, denotes the average value of ¢ at the wall. A wall temper-

ature heat-flux based scale, ¢, akin to the friction velocity defined
for velocity, is given by

1
o8 = Re.Pr’ 9)

Nu (8)

where Re; is the local friction Reynolds number at a particular loca-
tion of the wall. The non-dimensional wall temperature heat-flux
scale can be used to define an inner-scaled non-dimensional tem-
perature, ¢*, given by

¢+ :¢W_ <¢> (-10)
b:

Four simulations, labeled A through D, are investigated in this
study with identical flowrate in the axial direction and varying
flowrates in the cross-flow direction. In each of these cases the pas-
sive temperature field is simulated at two Prandtl numbers: 1072
and 1. One additional simulation was carried out at Prandtl num-
ber of 10! for case C, totaling 9 simulations. The first case, A,
has no Erossﬂow?)ver the wire and is considered as a reference sce-
nario to compare with the other cases with Erossflow, where recir-
culation bubbles are present. The Erossﬂowrate increases, from
cases B to D, to investigate the effect of the wire and overall flow
and heat transfer behavior. Table 1 lists some of the parameters
of these simulations, including all the Reynolds numbers defined
above and the normalized mean pressure-gradient forcing along
the axial and cross-flow directions. The low value of Prandtl num-
ber, i.e., Pr=1072, is considered to include the regime encountered
in experimental high-temperature reactors where typically a liquid
coolant is used. The flow field is initialized as described in [45] and
turbulence statistics were gathered after the initial transients had
subsided. These simulations were carried out using a mesh con-
taining a total of 936 macro elements in the x — y plane. Each of

Table 1

Simulation parameters for all cases.
Case Re, Re, Re, (Rer) Q Q 2hp,/pW?  2hpy/pW3
A 5400 0 5400 305 21.94 0 77x1073 0
B 5400 417 5416 307 21.94 349 79x102 15x1073
C 5400 842 5465 312 21.94 7.05 8x103 4.6 %1073
D 5400 1709 5664 335 2194 1432 9x1073 1.6 x 1072

these elements are further resolved by a 15 order polynomial. A
total of 512 Fourier modes are used in the homogeneous z direc-
tion, resulting in an overall 107, 827, 200 collocation points. Fur-
ther details of the initialization and grid choice are described in
[45], including the adequacy of the grid spacing at the present Rey-
nolds numbers. Moreover, this grid is sufficient for the study of the
heat transfer problem discussed here since the Prandtl numbers
are less or equal to one. The temperature lengthscales are equal
or larger than the Kolmogorov scale [60].

4. Surface temperature distribution

The temperature distribution on the walls of the channel and
wire surface, in particular the peak values can play an important
role in the material integrity of the heat exchanger. These quanti-
ties are investigated in this section. The instantaneous surface tem-
perature distribution is studied qualitatively to investigate the
effect of crossflow and Prandtl number.

4.1. Instantaneous fields

Iso-contours of ¢ on the bottom wall including the wire surface
at Pr=1 are shown in Fig. 5. In general, the temperature is higher in
the vicinity of the contact line between the wire and the channel
wall. This is due to flow confinement which restricts outward heat
transport. The mechanism of heat transfer is therefore dominated
by thermal conduction, since advection is not effective in the cor-
ner regions of the wire. The extent of this high-temperature region
increases in the x direction with increasing crossflow; increase in
the extent of the primary separated region. Moreover, with all
other parameters fixed, the high-temperature region should dimin-
ish with increasing Reynolds number, as higher intensity turbulent
fluctuations are able to penetrate deeper in the wall layer. Towards
the center of the channel, the surface temperature adopts a regular
and classical distribution similar to that observed in turbulent
flows with heat transfer [61-63]. This includes a qualitatively
streaky pattern, with regions of higher value of temperature
embedded in low value regions, aligned in the mean with the flow
direction. In case A, the regions of low and high temperature
streaks appear elongated in the axial direction with spacing in
the crossflow direction. As mentioned in several studies
[61,64,65], the temperature field in the near-wall regions corre-
lates well with the streamwise velocity. In particular, high temper-
ature is correlated with high speed fluid and che versa. In the cases
with crossflow, away from the wire, the streaky structures are
elongated along the net mean flow direction which is inclined
along the axial direction. Such streaky structures in the tempera-
ture field are also observed downstream of the reattachment in
other separating/reattaching flows [13,16,66]. In the lee-ward side
of the wire, under the primary recirculation bubble, the streaky
structures are not as marked as those observed towards the center
of the channel. This can be attributed to the thermal confinement
effect mentioned earlier which leads to a relatively lower level of
temperature fluctuations in this region. This is in contrast with
the wind-ward side of the wire, where the streaky pattern of ¢ is
still observed. Compared to canonical separating/reattaching flows,
the temperature field in the present simulations still shows a strea-
Ky pattern under the recirculating bubble. In the canonical cases,
the temperature distribution is smeared due to laminarization,
however in the present flow configuration this is not the case
due to presence of a turbulent axial flow. This is a major difference
with canonical backward-facing step.

Surface temperature isocontours at the bottom wall and on the
wire for Pr=10"2 are shown in Fig. 6 for all cases. At this low Pra-
ndtl number, and moderate Reynolds number, one does not ob-
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(b)

(¢)

serve a wall-layer with a streaky structure as the smallest scale of
temperature fluctuation increases with decreasing Prandtl number
[60,67,68]. This is apparent in case A where a spot-like pattern is
observed in the central part of the channel. The spot-like pattern
shows regions of higher temperature values lying between large
regions of smaller temperature values. As before, one still observes
relatively high temperature around the wire contact line, which are
confined around the recirculation regions. When recirculation is
present, no preferential alignment of the spots along the net mean
flow direction is observed. Note also that the extent of the high-
temperature region in the lee-ward side of the wire remains
approximately of the same size while it decreases in size in the
wind-ward side with increasing crossflow. For completeness, one
simulation was carried out at Pr= 10" with the conditions of case
C, shown in Fig. 7. In this case, the patterns resemble those ob-
served in the cases at Pr=1 discussed before. One notable differ-
ence is the disappearance of characteristic elongated structures
in the recirculation zones where the temperature is high. The sur-
face distribution of ¢ for this Prandtl number indicates a transition
from the spot-like pattern observed at Pr = 102 to the streaky pat-
tern observed for Pr=1. Overall, the distribution of ¢ on the bot-
tom wall for the lower Prandtl number cases looks significantly
different from that at the higher Prandtl numbers. This occurs be-
cause at lower Prandtl number, the thickness of the inner thermal

(d)

Fig. 5. Iso-contours of ¢ at Pr=1, on the bottom wall including the wire surface. Subfigures denote cases A (a), B (b), C (c) and D (d).

layer is much larger than that of the velocity and the temperature
field does not correlate very well with the streamwise velocity
fluctuations near the wall [61,69].

4.2. Mean and root-mean-square wall temperature

The variation of (¢) along the wire surface at the two Prandtl
numbers is shown in Fig. 8, for all cases in polar coordinates. At
Pr=1, a sharp increase in (¢ ) is observed towards the contact line
of the wire with the channel wall. This sharp increase occurs be-
cause of thermal confinement. In this region, the mechanism of
heat flux is dominated by thermal diffusion as discussed before,
since advection is not as effective in the corner regions of the wire.
The temperature increase is observed for all cases. However, the
increase occurs gradually at the low Prandtl number cases and is
not as sharp as that observed in the high Prandtl number cases.
Away from the contact line of the wire with the channel wall,
the profile of mean temperature remains nearly uniform at both
Prandtl numbers. At Pr=1, in case A, the mean temperature is
slightly negative over the wire re*gion for p approximately lying be-
tween 20° and 160°. However at Pr=10"2, the mean temperature
is negaﬁve over the wire for lying between 30° and 150° in all
the cases. The positive temperature over the wire surface in the
cases with cross-flow at Pr=1 can be attributed to a relatively

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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(a) )

(c) (d)

Fig. 6. Iso-contours of ¢ at Pr=10"2, on the bottom wall including the wire surface. Subfigures denote cases A (a), B (b), C (c) and D (d).

higher level of mixing of the hotter fluid near the top wall with the
colder fluid near top of the wire. The profiles appear insensitive to
the level of crossflow (for the values considered in this study) but
much more sensitive to the Prandtl number. The variation of (¢)
along the bottom wall of the channel is equivalent to the variation
of Nu, since the Nusselt number is related to the mean temperature
on the bottom wall through Eq. (8). The variation of Nu on the bot-
tom wall is discussed in the next section.

The variation of the root-mean-square temperature value, de-
noted by ¢.ms, along the crossflow direction on the bottom wall
of the channel is shown in Fig. 9, for the two Prandtl numbers
and all cases. High values of ¢,,s are observed in the vicinity of
the wire for Pr=1 in all cases. Such increase in the level of temper-
ature fluctuations is closely associated with an accelerating and
decelerating flow in the vicinity of the wire which results in a lar-
ger level of velocity fluctuations. In the cases with crossflow, the
peak value towards the wind-ward side of the wire is higher than
that in the lee-ward side. This is because higher level of fluctua-
tions are tied to an accelerating flow than a decelerating flow
[70]. The difference between these peaks increases as crossflow in-
creases. A sharp decrease in ¢,y is observed towards the center of
the channel; which is approximately constant in case A. In the

. . A
Fig. 7. Iso-contours of ¢ at Pr=10"", on the bottom wall including the wire surface cases with crossflow, a local peak is observed under the separated

for case C.

flow region. These local peaks broadens with increasing crossflow.
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(a) Pr=1
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(b) Pr=10"2

Fig. 8. Variation of (¢) on the wire-surface. Cases A, B, C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid curves, respectively.

(a) Pr=1

0.064

0.016
0

(b) Pr=10"2

Fig. 9. Variation of ¢;ms on the bottom wall of channel. Cases A, B, C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid curves, respectively.

Their presence can be attributed to the growth of the secondary
bubble in the lee-ward side of the wire and increased level of tur-
bulence inside the recirculation bubble, which is in a turbulent
state due to presence of the large axial flow. After this local peak,
¢rms decreases until it reaches a minimum before reattachment,
with a gradual increase towards the center of the channel. The de-
crease near reattachment and subsequent increase to equilibrium
levels indicates the recovery of the thermal boundary layer. The
rate of increase is higher in the case with the highest crossflow. To-
wards the wind-ward side of the wire, a small decrease is observed
before increasing sharply to a large value at the corner of the wire.
At lower Prandtl number, a qualitatively similar behavior is ob-
served in all the crossflow cases. Local peaks are observed in both
the lee- and wind-ward sides of the wire with peak values on the
wind-ward side higher than on the lee-ward side. The wind-ward
side peak value increases with increasing crossflow. The overall
magnitude of ¢.ys increases, as expected, in the central part of
the channel with increasing crossflow. Thus the variation of ¢
is closely tied to the behavior of the flow, i.e., the magnitude of
the temperature fluctuations is affected siglﬁﬁcantly by the sepa-
rating/reattaching and recovering flow and increasing strength of
the crossflow.

The variation of ¢.ms along the wire surface for the two Prandtl
numbers is shown in Fig. 10, for all cases in polar coordinates. In
case A, a symmetric variation is observed at both Prandtl numbers.
In the cases with crossflow, the value of ¢rms iNcreases from a

lower value at the wire top and it reaches a peak close to, but
not at, the wire contact line at both Prandtl numbers. The variation
of ¢ms On the wire has an asymmetrical shape with larger values
on the wind-ward side of the wire. As mentioned earlier, the in-
creased temperature fluctuation is tied to accelerating and deceler-
ating flow on the lee-ward and wind-ward side of the wire. The
temperature fluctuation increases over the wire surface with
increasing crossflow, due to increased mixing by the turbulent
flow. This increase is clearly evident at the lower Prandtl number.
The variation of ¢ is qualitatively similar to the variation of the
r.m.s. of 7, [45] on the wire surface which again implies that the
temperature fluctuations are well correlated with the velocity
fluctuations.

4.3. Peak mean temperature scaling

The maximum temperature occurs in the immediate vicinity of
the wire contact line and it is important from a practical point of
view; the design of the reactor subassembly mandates material
integrity of the heat exchanger. The difference between the maxi-
mum instantaneous temperature and the maximum mean temper-
ature is very small in these simulations. This is likely caused by the
reduced level of turbulence fluctuations around the corner. The
maximum value of the mean non-dimensional temperature, (¢
Ymax» Occurs at the wire-wall contact point in the lee-ward side in
all the simulations and it is a function of the Reynolds and Prandtl

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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Fig. 10. Variation of ¢s on the wire-surface. Cases A, B, C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid curves, respectively.

numbers. Since the range of Reynolds numbers of these simula-
tions is very narrow (for our range of sweep angles), we can not
ascertain the dependence of the maximum temperature on Re,.
We observe primarily the effect of Prandtl number. A scaling is
proposed to parametrize the maximum temperature, (¢)max, in
terms of the molecular Prandtl number, using the simulation data.
This simple scaling relation is given by

(@) max = €PI", (11)

where % is a function of Reynolds number and in our case it is
approximately 1.22 while # = —0.13. The value of the constants 4
and 7 are obtained by performing a best fit to the simulation data
at the three Prandtl numbers: 107% 10"" and 1. The variation of
the maximum temperature, (¢)max, with Prandtl number is shown
in Fig. 11 on a log-log scale which also shows the scaling relation
given by Eq. (11). It is observed that as Pr increases, (¢ )max de-
creases linearly on the logarithmic scale. The relation given by Eq.
(11) can be used to predict the value of maximum temperature at
Prandtl numbers ranging from 1072 to 1. Note that the scaling rela-
tion proposed here considers lower values of Prandtl number to in-
clude the regime encountered in experimental high-temperature
reactors.

5. Temperature statistics

In this section, mean temperature profiles are investigated first,
both in the original coordinates and in the inner-scaled coordinate

max

<¢>

0.9 bl
107 10" 10°
Pr
Fig. 11. Variation of maximum mean temperature, ($)max, With Prandtl number.

Symbols indicate simulation data and the solid curve denotes the scaling relation
given by Eq. (11).

frame. In addition, the behavior of the Nusselt number is discussed.
All velocity statistics are discussed in [45]. This is followed by a dis-
cussion of the behavior of the temperature intensity and mean ax-
ial and vertical heat fluxes at particular planes across the flow. The
detailed discussion of first- and second-order statistics of the tem-
perature field in this section, illustrates the role of crossflow and
Prandtl number for this turbulent swept flow configuration.

5.1. Mean temperature field and Nusselt number

Iso-contours of the mean non-dimensional temperature, (¢ ),
for Pr=1 and 1072 are shown in Figs. 12 and 13, respectively, for
all cases. Case A in Fig. 12 shows symmetry about the mid-plane
due to the symmetry of the geometry and boundary conditions.
Even in this case, high temperature regions are observed in the cor-
ner region where the wire contacts the bottom wall of the channel.
This is a consequence of the nearly stagnant flow, very low veloc-
ities, in these regions; advection of the temperature field by the
flow field, out of this region is quite ineffective due to confinement.
The effect of the wire is felt up to approximately two wire diame-
ters measured from its center. In this region, there is a decrease in
the temperature gradient in the wall-normal direction near the
walls. Away from the wire and towards the center of the channel,
the temperature contours are similar to those observed in earlier
studies of passive scalars in a turbulent channel flow. In the cases
with crossflow, a primary recirculation zone forms in the lee-ward
side of the wire and two secondary recirculating zones form both
on lee- and wind-ward side of the wire. The turbulence statistics
of these separated-flow regions are discussed in detail in [45]. Sim-
ilar to case A, regions of high temperature are observed in the cor-
ner of the wire with the wall and in the separated flow regions. In
the primary recirculation region, there is less efficient distribution
of heat flux coming from the wall with the rest of the flow in the
channel and this results in a net rise in the temperature values in
the bubble. This is similar to the temperature rise observed in
the separated region in the flow over a backward-facing step
[8,10] and in the lee-ward side of a two dimensional hill [37].
The size of the primary recirculation bubble grows with increasing
crossflow and this leads to an increase in the size of the region hav-
ing higher temperatures. The growth of the high temperature re-
gion follows the growth of the recirculation bubble in terms of
the reattachment length, which increases by about 65% from the
lowest to highest crossflow. Moreover, away from the recirculation
zones, the thickness of the thermal boundary layer near the walls
changes with increasing crossflow, in particular the bottom-wall
thickness seems to decrease while the top-wall thickness seems

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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Fig. 12. Iso-contours of mean non-dimensional temperature, (¢) at Pr=1, for cases A (a), B (b), C (c) and D (d).

to increase. The results for Pr=10"2 are qualitatively similar ex-
cept that the thickness of the thermal layer is much larger, as ex-
pected. One difference with the higher Pr case is that the mean
temperature in the primary recirculation zone barely changes with
increasing crossflow; thermal diffusion dominates over advection.

Mean temperature profiles scaled with the wall temperature
flux, inner coordinates, along the wall normal direction, y, at differ-
ent crossflow locations is investigated next. The profiles are ex-
tracted at the locations denoted by x;, x., x, and x,, corresponding
to the top of the wire, center of the channel, center of the primary
recirculation zone and reattachment point, respectively. Only the
locations x; and x. are considered for case A, since it has no recircu-
lation zone. The crossflow locations for all simulations are summa-
rized in Table 2. The profiles of the normalized temperature, ¢*, are
shown in Figs. 14 and 15 as a function of the inner coordinate y*
measured from the bottom and top walls, respectively. These pro-
files have been extracted at each of the locations indicated previ-
ously. The profiles measured from the bottom wall do not
include the location x;, as the wall temperature flux, ¢, is zero
on the surface of the wire; adiabatic boundary condition. The val-
ues of the non-dimensional temperature flux, ¢, at the bottom and
top walls at different crossflow locations are shown in Table 3 at
two Prandtl numbers. Figs. 14 and 15 also show the recommended
formula provided by Kader [71]. The suggested formula is a func-
tion of Prandtl number and Reynolds number and is based on a sur-
vey of several experimental results. The recommended formula has

a logarithmic region away from the wall where the normalized
mean temperature varies linearly with respect to y*, on the loga-
rithmic scale.

As indicated in [45], one does not expect that universal scaling
laws will be applicable in the present flow over a complex bound-
ary. This is a consequence of the moderately high Reynolds number
and the anisotropies and inhomogeneities induced by the presence
of the wire. Nevertheless, the reference or ideal profiles gives a
baseline comparison with the present results. Fig. 14(a) and (b)
show the inner-scaled temperature profiles at location x., center
of the channel, from the bottom wall, at Pr=1 and 1072, As ex-
pected, all the cases show a collapse with the recommended for-
mula in the inner conductive sublayer region at both low and
high Prandtl numbers. Case A approximately collapses to the rec-
ommended formula in the logarithmic region at Pr = 1. At the lower
Prandtl number, only a conductive sublayer is observed for higher
y* values and the profile shows a deviation for y* > 50 from the
ideal profile. The thickness of the inner conductive sublayer in-
creases as Prandtl number decreases [68,72]. In all the cases with
crossflow, deviation from the ideal profile is observed for
y* = 30 at both Prandtl numbers. Fig. 14(c) and (d) show profiles
at location x, for Pr=1 and 102, respectively. All the profiles at
this location collapse with the recommended formula in the inner
conductive sublayer region but not in the region away from the in-
ner sublayer. The deviation in the latter region increases with
crossflow. This feature is common at both Prandtl numbers. This

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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Fig. 13. Iso-contours of mean non-dimensional temperature, (¢) at Pr=1072, for cases A (a), B (b), C (c) and D (d).

Table 2

Particular locations of interest along the cross-flow direction.
Case Spanwise locations

x:/h xc/h Xplh x:/h

A 0 27 - -
B 0 27 1.39 3.32
C 0 2n 2.01 4.67
D 0 27 2.46 5.55

behavior is different from the study of heat transfer in flow over a
backward-facing step, where even the thermal “Law of the Wall” is
not followed under the separated region [8]. This difference can be
attributed to a fully turbulent state of the recirculating bubble,
which is a unique feature of the present flow. The profiles at loca-
tion x,, are shown in Fig. 14(e) and (f) for Pr=1 and 102, respec-
tively. These profiles are similar to those at x..

Overall, as expected, the normalized temperature profiles agree
reasonably well with the recommended formula in the inner con-
ductive sublayer region. Outside the inner sublayer, deviations are
observed which tend to be more pronounced with increasing
crossflow. The value of ¢* in this region is lower than the value pre-
dicted by the recommended formula. These deviations are ob-
served at all the crossflow locations for the lower Prandtl
number cases. The deviation at the reattachment location can be
attributed to the strong non-equilibrium and anisotropy of the

thermal boundary layer due to presence of large scale coherent
structures impinging from the shear layer. This deviation persists
at x. in case D, given the slow recovery of the thermal boundary
layer after reattachment.

Fig. 15(a) and (b) show the profiles of ¢* at x., measured from
the top wall for Pr=1 and 1072, respectively. As expected, all the
profiles collapse with the recommended formula in the inner con-
ductive sublayer for both Prandtl numbers. The logarithmic region
of the recommended formula is evident for Pr=1 and all profiles
agree well with the recommended formula. But this is no longer
the case for the lower Prandtl number case where only the conduc-
tive sublayer is present, discrepancies are clearly observed.
Fig. 15(c) and (d) show the profiles at x, where the profiles with
zero crossflow is close to the recommended formula but they start
to depart as the crossflow increases. The deviation for Pr=1 is
mostly an increase in the value of the slope intercept in the loga-
rithmic region, ¢* increases with crossflow. Similar to the velocity
profile [45], this deviation can be attributed to effect of curvature
of wire. The profiles at location x,, shown in Fig. 15(e) and (f), again
collapse in the inner conductive sublayer region for both Prandtl
numbers. In the logarithmic region, for Pr= 1, the value of ¢* in-
creases with increasing crossflow. However at Pr=10"2, ¢* de-
creases with increasing crossflow in the outer part of the
conductive sublayer. This causes a deviation from the recom-
mended formula, which is more significant at lower Prandtl num-
ber. The profiles at location x,, shown in Fig. 15(g) and (h), collapse

Transfer (2011), doi:10.1016/j.ijheatmasstransfer.2011.06.013
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Fig. 14. Profiles of mean temperature normalized with the wall surface temper-
ature flux at different cross-flow locations measured from the bottom wall. Cases A,
B, C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid
curves, respectively. Symbol (v) denote the recommended formula provided by
Kader [71].

in the inner conductive sublayer, similar to that observed at other
locations. At Pr=1, cases B and C show reasonable collapse with
the recommended formula in the logarithmic region, whereas case
D has lower values of ¢ in this region.This can be attributed to a
larger cross-flow in case D which results into larger non-equilib-
rium effects at this location. At Pr= 1072, all the crossflow profiles
collapse in the outer part of the conductive suBTayer region, but
deviate from the recommended formula.

In conclusion, the normalized mean temperature profiles agree
well with the recommended formula of Kader [71] in the inner
conductive sublayer region as well as the logarithmic region when
the flow is attached and in particular for Pr = 1, which is expected.
When the crossflow increases and detached regions form and for
the low Prandtl number case, the deviation in the outer conductive
sublayer region become apparent. The effect of crossflow is signif-
icant in the case with the largest crossflow due to increased level of
fluctuations in the separated regﬁ)n which persists in the crossflow
direction in the outer part of the thermal boundary layer leading to
a slower recovery. Note that this recovery of thermal boundary

(h) zr (Pr=10"2)

Fig. 15. Profiles of mean temperature normalized with the wall surface temper-
ature flux at different cross-flow locations measured from the top wall. Cases A, B, C
and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid
curves, respectively. Symbol (v) denote the recommended formula provided by
Kader [71].

layer is still faster in the present cases compared to the canonical
separating/reattaching flows due to presence of a dominant turbu-
lent axial flow.

The Nusselt number, Nu, represents the ratio of convective to
conductive heat flux and is an useful physical quantity for the
understanding of the effectiveness of the heat transfer process.
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Table 3
Non-dimensional temperature flux, ¢, at different cross-flow locations. Subscripts b and t denote values at bottom and top wall, respectively.
Case Temperature flux x 10° Pr=1 Pr=10"?
Spanwise locations Spanwise locations
Xe/h Xc/h Xp/h Pl Xe/h Xc/h Xp/h x[h
A br, - 3.02 - - - 302.2 - -
¢z, 3.41 3.02 - - 3414 302.2 - -
B ¢z, - 3.02 3.23 2.97 - 302.2 3234 2973
[ 2.88 3.18 293 3.18 288.0 317.8 292.6 317.8
C ¢z, - 2.93 3.07 2.88 - 292.6 307.2 288.0
[ 2.84 3.18 2.88 3.07 283.6 317.8 288.0 307.2
D ¢z, - 2.67 2.75 2.63 - 267.2 2751 263.3
¢z, 2.33 2.88 2.88 2.84 2333 288.0 288.0 283.6

Fig. 16 shows the variation of the Nusselt number in the cross-flow
direction on the bottom wall for all cases and Prandtl numbers. In
case A, a nearly symmetric variation is observed for Nu at both Pra-
ndtl numbers. In the corner of the wire, low values of Nu are ob-
served, increasing towards the center of the channel. At Pr=1,
the rate of increase of Nu is very sharp and occurs within two wire
diameters while at Pr = 1072 the rate of increase is lower and it oc-
curs within four wire diameters. Towards the central part of the
channel Nu attains a nearly constant value. The maximum value
of Nu is higher at the higher value of Prandtl number, signifying
that conductive/diffusive heat flux plays a more dominant role at
the lower Prandtl numbers in this turbulent flow. In the cases with
crossflow, low values of Nu are observed in the lee- and wind-ward
corners of the wire for both Prandtl numbers. The value of Nu in-
creases under the separated flow region and reaches a peak in
the vicinity of the reattachment point. Note that such a rise in
the heat transfer near the reattachment zone is a characteristic
of separating/reattaching flows [3,7-11,19,22,25-27,31,73]. This
peak value is about 50-60% higher compared to that in the case
without crossflow. As the amount of crossflow increases, the peak
of Nu becomes sharper and distinct. The peak value of Nu shows an
abrupt increase inEase D, in the high Prandtl number case. This can
be attributed to an increase in the strength of the turbulence inten-
sity and the increase in the effect of advection through the mean
flow in case D. Within the separated flow region at Pr=1, a kink
is observed in the cases with crossflow, where Nu first increases,
then decreases slightly and finally increases to the maximum value
in the vicinity of reattachment point. This variation under the
separated region occurs owing to the presence of the secondary

AN
(£~ "*'\'5\-:9\,—:\.._

Nu

recirculation bubble adjacent to the primary recirculation bubble
in the corner of the wire. Such distribution of Nu on the bottom
wall has also been observed in flow over a backward-facing step
[12]. This variation under the separated flow region is not observed
at the lower Prandtl number. The variation of Nu is monotonic un-
der the separated flow region until it reaches a peak in the vicinity
of reattachment. After reaching the peak, Nu shows an approxi-
mately linear decrease followed by a rapid decrease to a very small
value in the lee-ward side of the wire. As mentioned in earlier
studies of heat transfer in separated/reattaching flow [3,9,13-
15,25,30,35,74], such a rise in the value of Nu can be attributed
to impingement of large-scale eddies on the wall in the near-reat-
tachment region which causes an event of downwash and brings
colder fluid towards the wall. The rise of Nu near the reattachment
region occurs due to a rise in heat transfer. The kink observed un-
der the separated region at Pr =1, has a similar origin as the flow
under the separated bubble is still turbulent due to the presence
of large axial flow and the impingement of large scale eddies oc-
curs near the reattachment of the secondary bubble as well. How-
ever, at the lower Prandtl number, the effect of conduction is far
more important near the secondary bubble compared to turbulent
mixing and thus no abrupt variation in Nu is observed. Previous
studies showed that wall shear stress fluctuations appears to be
correlated with the heat transfer in the reattachment region
[3,13,15,23], which is also evident in this study (see [45] for wall
shear stress fluctuation variation). In the wind-ward side, the rapid
decrease in Nu is similar to the decrease observed in the study of
heat transfer under the region of turbulent separation [33], and
this occurs owing to lifting of the separation streamline.

(a) Pr=1

1
0 2 4 6 8 10 12

(b) Pr=10"2

Fig. 16. Variation of Nusselt number, Nu, at two Prandtl numbers, along the cross-flow direction on the bottom wall. Cases A, B, C and D are denoted by thin solid, thin dashed,

thin dashed-dotted and thick solid curves, respectively.
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5.2. Temperature root-mean-square distribution

Profiles of root-mean-square, r.m.s., temperature fluctuation
normalized by wall temperature heat-flux, ¢, at different cross-
flow locations for the two Prandtl numbers are shown in Fig. 17 for
all cases. Similar to wall bounded flows [61,67], peaks in ¢y at x¢
arise close to the walls for both Prandtl number cases. Obviously,
there is a large change in the thickness of the thermal boundary
layer with Prandtl number, the peaks are closer to the walls for
Pr=1 than for Pr=1072 In addition, the peak ¢, for Pr=1, is
an order of magnitude larger than that observed for Pr = 1072, This
occurs because at lower Pr the stronger diffusion prevents turbu-
lent stirring from folding the scalar field, to increase the tempera-
ture fluctuation level. The strength of the crossflow also affects the
location of the peaks and the minimum of ¢, in particular for the
low Prandtl number cases. This indicates persistence of higher lev-
els of temperature fluctuations in the outer part of the thermal
boundary layer and a slower recovery towards equilibrium levels
after reattachment. At location xp,, the temperature fluctuation
peak is observed near the bottom and top walls and a minimum
value of ¢.ns is observed towards the lower half of the channel.

0.2r

Prons

o
Prens

O

(f) zr (Pr=10"2)

Fig. 17. R.m.s. temperature fluctuations normalized by surface temperature heat-
flux at different cross-flow locations. Cases A, B, C and D are denoted by thin solid,
thin dashed, thin dashed-dotted and thick solid curves, respectively.

Qualitatively, the trends for x;, and x, are similar to those observed
at x.. Overall, the Prandtl number affects the temperature fluctua-
tions, which is an order of magnitude higher for Pr=1, and it af-
fects the thickness of the thermal boundary layer. The crossflow
introduces a shift of the location of the minimum of ¢.,s towards
the lower half of the channel and an increase in the magnitude of
temperature fluctuations, for fixed Prandtl number, as crossflow
increases. The shift of minimum occurs toward the lower wall
due to an increased level of temperature fluctuations in the sepa-
rated shear layer with increasing crossflow. Such a rise in the
intensity of temperature fluctuation at the outer edge of the sepa-
rated bubble has also been observed in flow over a two-dimen-
sional hill [37]. After reattachment the near-wall regime recovers
quickly towards equilibrium level whereas the outer part of the
thermal boundary layer recovers slowly, thus even at location x.,
¢rms Shows an asymmetric variation.

5.3. Inner-scaled turbulent heat flux

The profiles of non-dimensional mean axial heat flux, defined

as:
e

wT)
(ue)(T)”

are investigated at different crossflow locations in Fig. 18 for all
cases. In Eq. (12), (u,) and (T;) denote averaged values of friction
velocity and surface temperature flux over all the wetted surfaces,
respectively. Overall, there are two pronounced peaks close to the
walls at the three locations investigated: x., X, and x,. The location
of the peaks is affected by the Prandtl number, being closer to the
wall for Pr=1 and further away for Pr=10"2 due to the variation
of the thermal boundary layer thickness, as noted earlier. The mag-
nitude of the peaks is correlated with the level of temperature
intensity, since the turbulent flow is unaffected by the passive sca-
lar. As crossflow increases, a secondary peak of growing magnitude
develops towards the center of the domain for Pr =1 at all locations
and for Pr = 1072 at x,,. This secondary peak is tied to the presence of
the shear layer over the recirculation bubble, which entrains cold
fluid towards the wall and thus, promotes mixing [13]. Note that,
compared to other canonical separating/reattaching flows, in the
present case the recirculation bubble is not closed in the mean
sense due to presence of a net axial flow. This leads to increased
velocity fluctuations in the shear layer [75], which in turn leads to
enhanced mixing.

The profiles of non-dimensional mean wall-normal heat flux,
defined as:

~w¢)" =~ (12)

/Nt <I/TI>

WO gy e
are investigated at different crossflow locations in Fig. 19 for all
cases. At location x., case A shows the expected profile [61,67]
which flattens towards the center of the channel, where the turbu-
lent heat flux dominates the molecular heat flux, and near the wall
—(v'¢)" reduces sharply to zero due to the no-slip boundary condi-
tion. Furthermore, the profiles are qualitatively similar at both Pra-
ndtl numbers. However, molecular transport is dominant for
Pr=1072 and it penetrates deeper into the core of the channel. Note
that these fluxes are an order of magnitude lower than those for the
unity Prandtl number case. In the cases with crossflow, there is a
strong deviation from the flattened profile in the center of the chan-
nel; the deviation increases with increasing crossflow. At location
Xp, the behavior of the mean wall-normal flux for Pr=1 is signifi-
cantly different from that observed at other locations. Along with
the peaks observed in the near-wall region, peaks are also observed
above and below the center of the shear layer. Such a peak in the
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(c) zp (Pr=1)

(e) zp (Pr=1) (f) xr (Pr=10"2)

Fig. 18. Mean axial heat flux, —(w'¢ )*, at different cross-flow locations. Cases A, B,
C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick solid
curves, respectively.

profile of wall-normal turbulent heat flux have also been observed
in flow over a backward-facing step [13], which is driven by positive
wall-normal velocity fluctuations [75]. However at the lower Pra-
ndtl number, no peaks are observed in the shear layer region in
cases B and C, where an approximately flatten profile is observed.
In case D, the behavior of the wall-normal flux is different from
cases B and C which can be attributed to an increase in the level
of mi)?ing in the shear layer region due to the increased strength
of the crossflow. At location x,, the profile shows the recovery pro-
cess of the flow and the temperature field approaches equilibrium,
peaks start to develop in the near-wall region and flattens out to-
wards the center of the channel. Similar to ¢,ms, the outer part of
the thermal boundary recovers slowly compared to the near-wall
regions, as the crossflow increases. This is due to the persistence
of large fluctuations in velocity and temperature fields originating
in the separated shear layer.

5.4. Fluxes over the mean dividing streamline

The total heat flux through the mean dividing streamline is bal-
anced by the heat flux occurring at the bottom wall and the volu-

1.5

<
< —F

(e) @ (Pr=1) (f) z (Pr=10"2)

Fig. 19. Mean wall-normal heat flux, (v'¢’ )", at different cross-flow locations. Cases
A, B, C and D are denoted by thin solid, thin dashed, thin dashed-dotted and thick
solid curves, respectively.

metric sink term, obviously. The integrated mean diffusive heat
flux, Dr and the integrated mean turbulent heat flux, Ry, which
are given by

.
Dr = / V() -dI, (14)
and

Rr = / W) dl, (15)

while the overall heat flux through the channel wall into the recir-
culation bubble is given by

1 1 Xr—Rsin(y/2)
Q= popy [ Vi) =" g1

with x, denoting the reattachment length; see the appendix for the
notation of the geometry of the recirculation bubble.

Table 4 details the values of the integrated heat flux normalized
by Q, for all cases. The resultant heat flux along with the diffusive
and turbulent heat flux occurs outward from the recirculation bub-
ble in all cases at both Prandtl numbers, except at Pr=1 in case D.

(16)
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Table 4
Integrated heat fluxes over the recirculation bubble.
Case Rey Pr=1 Pr=102
(Rr+Dr)/Qw  D1/Qw Rr/Qw (Rr+D1)/Qw Dr/Qw  Rr/Qw
B 417 025 002 023 032 030 002
C 842 0.11 0.01 0.10 0.23 0.21 0.02
D 1709 -0.03 000 —0.03 021 018 003
2r I
1.5F 0.8 T
1F 0.6F
qW Xr
0.5k 04F £
R \ Fig. 21. Sketch of the primary and secondary recirculation bubble in the x — y plane
OfLrnn 0.2 Ns showing heat fluxes across its boundaries.
05 . . . . ) 0 h L L L ) ndtl number, the turbulent heat flux across the mean dividing
02 04 06 08 1 02 04 06 08 1 . .
W VA streamline is the dominant component of the resultant heat flux,
(2) Case B (Pr = 1) (b) Gase B (Pr = 10-2) whefeas at lower Prandt! n.umber- the d1ffuswe heat flux is the
dominant component. This is consistent with the larger levels of
. - turbulent heat fluxes observed in Section 5.3 in case of larger Pra-
ndtl number.
1.5k 0.8F The variation of the mean pointwise heat flux components
occurring through the mean dividing streamline is shown in
1F 0.61 Fig. 20. The mean dividing streamline curve is parametrized by 1
odk 7 and /. denotes the total length of the mean dividing streamline
0.5p N in the x — y plane. At Pr =1, the mean turbulent heat flux is larger
/\ 0.2f than the mean diffusive heat flux in all cases. Near the beginning
Ohs of the recirculation bubble the total heat flux, gs, is inward and
0 NS the magnitude increases with increasing crossflow. This occurs ow-
O30 704 06 o8 1 0204 06 08 1 ing to a relatively lower temperature near the wire top, compared
My W to the region above the recirculation bubble, which promotes tur-
(c) Case C (Pr=1) (d) Case C (Pr =10-2) bulent mixing. The lower temperature is also compounded by the
imposed adiabatic condition on the wire surface. Away from the
Ir wire, in cases B and C, gs is outward, reverses towards the middle
HF of the recirculation bubble and then turns outward again towards
08r the second half of the recirculation bubble. Near the reattachment
1.5F 06k line, there is a sharp rise in the outward heat flux which is consis-
N tent with the rise in Nu there. Towards the center of the recircula-
04f [ tion bubble, the variation of g5 is different in case D, it changes
0.5F sign three times. There is a sharp rise in the outward mean diffusive
| 02r heat flux and a sharp decrease in the mean turbulent heat flux near
O~ ‘ 0 the reattachment zone in all cases. At Pr=10"2, as mentioned ear-
05 lier, the role of molecular heat conduction is dominant compared to

02 04 06 08
MA,

‘max

(e) Case D (Pr=1) (f) Case D (Pr =10"2)

Fig. 20. Variation of the mean heat flux along the mean dividing streamline. Total
heat flux [(w'¢') — (Re,Pr)~'V(¢)] - n, diffusive heat flux —(Re,Pr)~'V(¢)-n and
turbulent heat flux (u'¢’) - n normalized by the imposed inward heat flux (Re,Pr)~!,
are denoted by thick solid, thin dashed and thin solid curves, respectively. The
dashed-dotted curve indicates zero heat flux.

At both Prandtl numbers, increasing crossflow strength decreases
the resultant heat flux outwards of the recirculation bubble. This
can be attributed to the effect of increased turbulence intensity
with increasing crossflow. Note that the length of the dividing
streamline increases with increasing crossflow, increasing the area
over which heat transfer occurs but afso the volume of the recircu-
lation bubble, enhancing the effect of the volumetric heat sink. Cer-
tainly, all these effects must balance and the resulting turbulent
heat flux must satisfy energy balance. As expected, at higher Pra-

the turbulent heat flux. Higher levels of outward heat flux are ob-
served near the top of the wire as well as near the reattachment line
in all cases. With increasing crossflow, the turbulent heat flux in-
creases near the wire top. Towards the middle of the recirculation
bubble, the outward heat flux decreases. The decrease is more pro-
nounced with increasing crossflow. This indicates that the recircu-
lation bubble has a relatively higher temperature near the top of the
wire and the reattachment regions compared to the region above it
which promotes outward heat flux in these regions through molec-
ular conduction. This further demonstrates the dominant role of the
molecular conduction at lower Prandtl number, in communicating
the applied heat flux at the wall towards the core of the channel, in
the regions where velocity has a lower magnitude.

6. Conclusions

Results of direct numerical simulations of heat transfer in a tur-
bulent swept flow over a wire resting on a wall of a channel are
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analyzed. The spectral element method-Fourier decomposition is
used to solve the governing equations. Axial and cross-flow Rey-
nolds numbers are 5400 and 0-1709, respectively. The present
study is concerned with crossflow velocities up to 32% of the axial
velocity. Temperature is modeled as a passive scalar at two Prandtl
numbers, namely 1 and 1072, for four different crossflow rates.

We show, using asymptotic analysis that the temperature in the
heat exchanger can be decomposed into a mean axial and planar
components. The former is solved analytically in the limit of large
Reynolds numbers while the latter is simulated using DNS for dif-
ferent levels of crossflow. Increasing crossflow, and Reynolds num-
ber, for a fixed axial flowrate increases the size of the recirculation
bubble. Moreover, the presence of the wire allows for a local peak
temperature region to develop along the contact line of the wire
with the channel wall. In the cases at Pr=1, the size of the high
temperature region grows in size with increasing crossflow,
whereas at Pr=10"2 crossflow does not have much effect due to
the relative importance of diffusion over advection. This increase
in the size of the high temperature region at Pr=1 follows the in-
crease in the reattachment length, which increases by about 65%
from the case with the lowest to the case with the highest
crossflow.

The instantaneous surface temperature shows intermittent
streaks of high value embedded in low temperature regions, at
Pr=1 in the case without crossflow. These streaks are aligned in
the axial direction. In the cases with crossflow, away from the reat-
tachment zone, the streaky pattern of temperature is observed
with streaks aligning along the net mean flow direction. Near the
reattachment zone and under the primary recirculation bubble,
the intermittent pattern is not evident and high temperature re-
gions are observed. At lower Prandtl number, the streaky pattern
disappears in the attached regions, as the smallest scale of temper-
ature fluctuation increase with a decrease in Prandtl number and
the temperature fluctuations does not correlate very well with
the velocity fluctuations. The variation of the Nusselt number indi-
cates higher heat transfer around reattachment which is about 50-
60% higher than that observed in the case without crossflow. The
maximum temperature occurs at the wire-wall contact point and
it appears independent of the amount of the cross-flow and de-
pends solely on the Prandtl number. A scaling is proposed to para-
metrize the maximum value of mean temperature at the corner of
the wire in terms of the molecular Prandtl number.

Mean and temperature intensity as well as mean axial and nor-
mal temperature flux are investigated and their behavior in the
recirculation bubbles is discussed. Inner scaled profiles of the mean
temperature show deviation in the logarithmic region of the rec-
ommended formula at both Prandtl numbers. The other turbulence
statistics loose symmetrical behavior as crossflow increases,
implying slower recovery of thermal boundary layer after flow
reattachment.
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Appendix A. Temperature in the recirculation bubble

An important aspect of the present flow is to understand the
behavior of the, relatively, high temperature in the recirculation
zone induce by hydrodynamic confinement. Fig. 21 shows a sketch
of the primary and secondary recirculation bubbles on the lee ward

side of the wire. The secondary bubble is smaller and is located
very close to the contact line between the wire and channel wall.
In both the ‘spatial’ and ‘periodic’ arrangements discussed in the
introduction, the mean ¢rossflow section of the bubble, X, is inde-
pendent of z since the mean cross-flowrate is fixed for each partic-
ular flow condition. The bubble location and size is determined
only by the flow, independent of temperature. In other terms, there
is no distinction between the ‘spatial’ and ‘periodic’ arrangements
for the flow, the distinction is only meaningful for the temperature.
The arc and segments corresponding to the wire and channel wall
in contact with the recirculation bubble shown in Fig. 21 are de-
noted by I'\ire and I'yy, respectively. The curve defined by the mean
dividing streamline is denoted by I's. The constant heat flux, g, is
applied over I'y, while there is zero heat flux over I'y;.. and there is
a yet unknown heat flux through I's denoted by gs. Note that the
direction of the arrows indicates a qualitative direction of the total
heat flux through the mean dividing streamline, it varies in the dif-
ferent cases studied here, and it is discussed in detail in Section 5.4.
The variation of turbulent and diffusive heat fluxes across the
mean dividing streamline is related to the mixing of fluid across
the separating shear layer [13].

The dimensional, T, and non-dimensional, ¢, temperatures in
the ‘spatial’ configuration are related by Eq. (7). We will assume
that ¢ approaches zero faraway upstream of the heat exchanger.
The governing equation for the non-dimensional temperature is:

o 1

VW)= Re,Pr

2
N v, 17)

where u = (u, v,w) represents the velocity field and the boundary
condition V¢-n=e€ and 0, on the channel walls and wire surface,
respectively, are used. The ratio € = h/L is generally a small quantity
(e < 1), but its overall effect accumulates over the axial direction
from z=0 to L/h =€ ! (note that all quantities are dimensionless
at this stage but the original lengthscales L and h have dimensions).

It is not straightforward to determine the peak temperature at
the wire-channel contact line or within the recirculation bubble
but it is possible to decouple the problem into a purely axial part
and a purely cross-sectional part by exploiting the fact that € < 1
and that the Reynolds number, Re, > 1. A result of the analysis,
which is common to other slender turbulent flow analysis [76], is
to start by considering:

d) = 6[¢1 (Z) + (f>*(X,y7Z, t)] + 62¢2(X7.Y727 t) + @(63) (18)

The full solution is decomposed into a mean component that de-
pends only on z, ¢¢(z), a cross-sectional component of the same or-
der depending x, y and z but with zero mean, and higher order
terms, ¢-,. Introducing this expansion into Eq. (17) and arranging
it in the following particular manner, results LP

dg, 1 d’¢,

dz ~ Re,Pr (7 a4 (19)
09" RO

a +V-(ug") _RezPrv ¢ —q, (20)
0, 1 (w—1) dé,

ot + V- (ugy) _RezPrv $o— " qr (21)

with boundary condition V¢*-n=1 on the channel surface and
zero normal gradient over the wire for ¢* and zero everywhere
for ¢,. Note that adding the three equations after multiplication
by the appropriate power of € results in the original equation, Eq.
(17), and boundary conditions. The coefficient of the left-hand side
term, affecting the first derivative of ¢, with respect to z, in Eq. (19)
is a consequence of the normalization chosen, since the average
non-dimensional axial velocity in the channel is one. One may won-
der why this term is retained in the left-hand side of Eq. (19) and
why it was not dropped all together. The reason is that the solution
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to such a differential equation can not be made uniformly valid over
the domain of integration, 0 < z < €}, and therefore one is forced to
retain this term in the equation. The scalar constant g is introduced
to ensure that the statistical steady state solution of ¢* is realizable.
Its determination is explained below. Finally, the segregation of the
equations in the form shown above is only meaningful if the last
term in Eq. (21) is of order one or less. Otherwise the series expan-
sion in Eq. (18) becomes disordered. We will show also below that
in the large Reynolds number limit, our case, this term is at least of
order one or even smaller.

The value of q is determined by requiring that the temperature
field ¢* that is obtained from Eq. (20) has a statistically steady
solution with zero mean and remains ‘periodic’ in the z direction.
Obviously, this can not be accomplished without a sink term if
we require, simultaneously, that mean statistics are stationary be-
cause the constant influx through the boundary must result in an
increase in the temperature with time. The only way to achieve a
statistically stationary state for the temperature in this ‘periodic’
configuration is to have a sink in Eq. (20). The magnitude of the
sink can be calculated by ensemble averaging this equation and
integrating over the cross sectional plane, X, using control volume
analysis. In the stationary state, the mean scalar transport equa-
tion, obtained by ensemble averaging Eq. (20), reduces to:

1

" Re,Pr
where primes denote fluctuations with respect to the ensemble
averages. The derivative operators for this equation only have com-

ponents on the x — y plane, axial terms are zero by periodicity. The
integral of Eq. (22) over X reduces to:

o ey — L [ v
LV i)+ oy = ot [ Vg jdy —as. (23)

Ve (u)(e7) + We™)) V(") —q, (22)

Using the divergence theorem and the boundary conditions u = 0 at
walls and the heat flux condition at the channel walls V¢*-n=1,
we obtain:

“ 1 (2L, 2Rsin(y/2))
" Re,Pr h

where S ~ (2h L, — mR?)/h? (a small correction originating in the fi-
nite contact angle of the wire is neglected). Note that all length-
scales are expressed using dimensional quantities, which are
therefore normalized by h. In the simulations presented in the pa-
per, the calculation of the sink is carried out exactly, accounting
for all the details of the geometry, but here we will simplify Eq.
(24) by observing that y <« 1. Therefore, the resulting sink is given
by

1 2hL, 1
1= Re,Pr (2th _ nRZ) ~ Re,Pr’ (25)

where the last approximation is obtained by neglecting the area of
the wire with respect to the cross section of the channel (which is
appropriate in the present simulations).

Eq. (19) can now be written with the source term explicitly ob-
tained above, resulting in

0

-5, (24)

Coy dpy o

e focE+l_0, (26)
where

o = Re,Pr. (27)

The domain of integration spans z=0 to z= €. The boundary con-
ditions require matching ¢, and its derivative at these two points
with the solution of:

A

¢, dg, _
A

; (28)

on z < 0 and €' < z, respectively, enforcing that both solutions are
bounded at infinity. The general solution of Eq. (26) is given by

$r = e+ b, (29)

where a and b are constants. These constants can be obtained by
applying the boundary conditions ¢y — 0 as z - —oo and matching
to the two solutions (left and right) of Eq. (28), giving the final
solution:

1 1 A,e—“U/f—ﬁ
b= (z+7). (30)

o

The general features of this solution are as follows: ¢, is not zero at
z=0, due to leakage of temperature to the unheated size z<0
through conduction while the temperature achieves its maximum
value at z=¢" . Note also that for large a(>> € !) the solution ap-
proaches ¢, = z/o, which is the expected result where the tempera-
ture grows linearly with z.

Finally, we can evaluate the last term in Eq. (21). Since w obeys
the no-slip boundary condition (is zero at the walls and surface of
the wire) (w — 1) is a quantity of order unity. Therefore:

(w-1)d¢; _(w-1) 1

- _ p—(1/e-2) ~
€ dz oe (1-e ) oe’ (31)

and the term is small provided o€ = Re,Pre > 1, which we can as-
sume it is always satisfied in our case since the Péclet number, de-
fined by

Pe = Re,Pr, (32)

is large in the turbulent regime we consider, even at our lower Pra-
ndtl number. Furthermore, the present development is a generaliza-
tion of the periodic treatment, introduced in [77]. The present
analysis is also valid around the transition regions where the heat
flux transitions from zero to a finite value (the ends of the heat
exchanger).

In conclusion, within the regime considered here, it is justifiable
to consider only the dynamics of ¢* since they denote the deviation
with respect to the axial mean ¢;(z), which can be obtained analyt-
ically. All other spatial variations of the statistics in the cross sec-
tional plane, x — y, are reproduced by the ‘periodic’ ¢*. Therefore,
in the paper we have discussed the statistics of ¢* and for ease of
notation we have dropped the superscript since we have not made
reference to ¢, at any other location.
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