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Abstract—This paper deals with the effect of coarse particles on heat transfer in a turbulent boundary

layer. The temperature of the wall, in the presence of coarse particles in the near-wall flow, is studied by

using infrared thermography. Experimental data on the heat transfer coefficient are obtained. A possible

mechanism of heat transfer in the presence of coarse particles in the near-wall region of a turbulent
boundary layer is discussed. © 1997 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

The interaction of a near-wall flow with submerged
bodies such as coarse particles, elements of roughness,
etc. is of great importance for understanding momen-
tum and heat transfer in particle-laden flows and tur-
bulent boundary layers developing over rough
surfaces. Such an interaction is accompanied by chan-
ges in the flow field and modification of its hyd-
rodynamic and thermal characteristics, including heat
transfer.

It is well known that the near-wall region possesses
a rather complicated structure [1-3], which results
from a strong interaction of large-scale vortices, in the
core of the turbulent boundary layer, with low-speed
streaks which exist in its sublayer [4-6]. Such an inter-
action leads to drastic changes of the flow field: the
low-speed streaks migrate away from the wall, oscil-
late and break-up, resulting in burst formation. This
process is accompanied by penetration of high-vel-
ocity fluid into the near-wall region and ejection of
low-velocity fluid from the wall [4, 7-9].

As a result of the bursting process, an intensive
motion of fluid normal to the wall occurs. This motion
is the major contribution to the turbulence production
process in the turbulent core. It is also responsible for
the energy transport from the time-averaged velocity
to the fluctuational one and heat transfer from the
wall [10].

At present, there are a number of publications deal-
ing with coarse particle-turbulence interaction [11-
12]. Measurements [13-18] showed that turbulent
intensity in particle-laden flows with coarse particles
is larger than that in particle-free flows. Hetsroni [12]
suggested that this effect could be explained by a vor-
tex shedding phenomenon. The latter results from tur-
bulent wake formation behind coarse particles. This
idea was used later by Yarin and Hetsroni [19] to

describe turbulent modulation in various types of par-
ticle-laden flows.

The experiments of Rashidi er al. [20] and Kaftori
[21] showed that particle-turbulence interaction
manifests itself not only in a change of turbulent fluc-
tuations but also in a change of coherent structures of
the flow and bursting. An effect of wall roughness on
vortical structures and coherent motion in a turbulent
flow has been studied by Grass ef al. [22].

An effect of coarse particles on the thermal structure
of a near-wall region of the turbulent boundary layer
has been investigated by Hetsroni and Rozenblit [23].
Their experiments showed that coarse particles, pre-
sent close to the wall, lead to a rearrangement of the
temperature field on the wall. The latter manifests
itself in a change of temperature fluctuations on the
wall, and spanwise temperature streak-spacing, as well
as in variation of the heat transfer coefficient.

Detailed data on the effect of coarse particles,
located on the wall, on the heat transfer in a turbulent
boundary-layer, have been obtained by Hetsroni et al.
[24]. It was shown that near a coarse particle the
heat transfer coefficient increases 1.5-3 times. It was
hypothesized that the increase in the heat transfer rate
was due to the relative velocity between the particles
and the fluid near the wall, which caused an inrush
of cold fluid into the wall region. This effect can be
maximized by making the particles stationary.

The effect of roughness on the heat transfer in a
turbulent boundary layer was a subject of a number
of other publications, e.g. Owen and Thomson [25],
Yaglom and Kader [26], Hirota et al. [27], Zukauskas
[28], etc. Numerous works are devoted to the effect of
coarse roughness, of various types and geometries, on
the flow field e.g. ref. [29]. The results show that coarse
roughness has a strong effect on the flow charac-
teristics. A number of theoretical and experimental
investigations on the effect of coarse roughness of
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and the wall
h,h™ non-dimensional distance from the
particle center to the wall, & = A/d,

h* = hu*|v
H the depth of the fluid layer
3 distance between particles in a string

Nu,  the Nusselt number, Nu, = o,d/A

Nu, the Nusselt number at the location of
particle center

Nu, dimensionless value of the Nusselt
number, Nu; = Nu;/Nu,

Pr the Prandtl number, Pr = uc,/A

Rey  the Reynolds number Rey = UH]y

Re*  the Reynolds number, Re* = u*d/v

r radial coordinate in a cylindrical
coordinate system

t temperature

u* shear velocity

Uy, free stream velocity

U mean flow velocity

v, v, radial and azimuthal components of
the velocity vector

v velocity vector

radial and azimuthal components of

the velocity fluctuations

x,y  longitudinal and vertical Cartesian
coordinates

Xo distance from the leading edge of plate
to the center of the particle

bl non-dimensional distance from the
wall, y* = yu*/v.

Greek symbols
o local heat transfer coeflicient
%o heat transfer coefficient in undisturbed
flow
o excess heat transfer coefficient,
Og = 00— 0L,

%y maximum heat transfer coefficient

T dimensionless maximum heat transfer
coefficient, &, = o,/

%m  maximum of the excess heat transfer
coefficient, oy, = ot — 0ty

NOMENCLATURE
< specific heat of the fluid at constant & dimensionless heat transfer coefficient
pressure & = oo,
d the particle diameter &m  dimensionless excess heat transfer
D the distance between strings of coarse coefficient, &;,, = 0to/%om
particles o boundary layer thickness
h the distance between a particle center € level of temperature fluctuations on

the wall (RMYS)
3 level of temperature fluctuations on
the wall in undisturbed flow

£ level of excess temperature
fluctuations on the wall, g, = e —e,,
&m level of maximum temperatures

fluctuation on the wall
&min  level of minimum temperature
fluctuations on the wall
Eom level of maximum excess temperature
fluctuations on the wall,
Eom = €m — Ex
level of dimensionless temperature
fluctuation on the wall,
= ¢le,
level of maximum dimensionless
temperature fluctuations on the
wall, &, = en/es
Zmin  level of minimum dimensionless
temperature fluctuations on the
wall, 2 = &nin/60
Eom level of dimenionless excess
temperature fluctuations on the
wall, &y, = &y/6om
A the thermal conductivity of the fluid
i dynamic viscosity
v
¢

ol

™l
3

kinematic viscosity
longitudinal coordinate from the
particle

I3 non-dimensional longitudinal
coordinate normalized to the
particle diameter, Z = ¢/d

¢ non-dimensional longitudinal
coordinate normalized to the
distance from the particle center to the
wall, & = &/h

énm non-dimensional longitudinal
coordinate corresponding to the
maximum of &

11 non-dimensional group
p fluid density
Q@ angular coordinate in a cylindrical

coordinate system.

various types (particles, ribs, etc.) on heat transfer are
available [30-32]. Also, a number of effective heat
exchangers in which the heat transfer is enhanced by
using coarse roughness were reviewed by Webb [33].
The aim of the present study is to evaluate the

effect of coarse particles on the heat transfer rate in a
turbulent boundary layer. First, we determine the heat
transfer coefficient in a turbulent boundary layer in
the presence of a single stationary particle. Then we
study the interaction of a number of coarse particles
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Fig. 1. Test section for the I.R. visualization. 1 flume; 2

frame ; 3 power cables; 4 constantan foil ; 5 I.R. scanner; 6

research object (single coarse particle, array of coarse

particles, cylinder) ; 7 location of the first array of the coarse

particles; 8 location of the second array of the coarse par-
ticles (in experiments with two arrays).

(arranged in an array) and their effect on heat transfer.
We also consider a possible mechanism for enhance-
ment of heat transfer in the presence of coarse
particles.

2. EXPERIMENTAL SET-UP

The experimental set-up and measurement tech-
nique were described in detail elsewhere [23]. There-
fore, we present here only the main parameters see
Fig. 1. The flow loop is a stainless steel open flume 4.3
m long, 0.32 m wide and 0.1 m deep. Water of constant
temperature is recirculated in it, with the flow rate
being measured by means of a flowmeter. The heater
is located at the bottom of the test section. It is a
strained constantan foil on an insulated frame (0.33
m long, 0.2 m wide and 50 um thick). The internal
dimensions of the frame are 0.3 x 0.15 m (Fig. 1). The
foil is attached to the window by means of contact
adhesive and is coated on the air side with black matt
paint of about 20 um thickness. Heat flux (g = 1.01
W cm ~?) was achieved by supplying d.c. power to the
foil of up to 300 A.

The actual temperature distribution on the heater
surface is measured by an I.R. imaging radiometer.
The temperature range of the radiometer is from —20
to 1500°C, with a minimum detectable temperature
difference of 0.1°C' at 30°C. Through calibration, the
thermal imaging was made very accurate in a narrow
temperature range, giving a typical noise equivalent
to temperature difference (NETD) of less than 0.2°C
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(with image average less than 0.05°C). A typical hori-
zontal resolution was 1.8 mrad or 256 pixels/line.

Fully developed flow was established in the region
beyond 2.5 m downstream from the entrance of the
flume, which was confirmed by measurements of the
velocity distribution. The flow parameters: mean
velocity U [m s~!], mean temperature ¢ [°C], flow
depth H [m], and shear velocity «* [m s™!], varied
within the limits 0.078 < U <0.226, 20 << 23,
0.037 < H<0.07 and 0.0042 < u* <0.0121. The
measurements show that the temperature gradient
along the foil did not exceed 6 K m~'. Accordingly,
the conductive to convective heat flux ratio has an
order of 107%. Thus, the effect of conductivity of the
foil material is negligible.

A hot film anemometer with a standard single-
sensor boundary-probe was used for the mean profile
measurement. The probe was connected to a trav-
ersing mechanism having a spatial resolution of 10
um. The signal of the anemometer was transmitted
in digital code through an acquisitor to a PC. The
streamwise velocity profiles were then employed to
determine values of the shear velocity u*, by means of
Clauser-type fits.

The scanner of the I.LR. radiometer was located
under the heater foil at a distance of about 0.5 m. It
was shown [23] that the thermal field on the air side
of the heated foil is almost the same as the temperature
pattern on the bottom of the flume. A distortion in
the measured values of the temperature fluctuations
begins at frequencies higher than 15-20 Hz, whereas
the characteristic frequency of the observed phenom-
ena are of the order of 1 Hz.

Two series of experiments were carried out. In the
first, heat removal from the wall, in the presence of a
single particle on its surface, was investigated. In the
second, we studied the effect on heat transfer of a
number of particles located on the foil surface, or at
various distances from it.

A single particle, as well as a string of particles,
were located (motionless) on the heated surface at a
distance of 0.18 m from the leading edge of the heater.
Steel, glass and polyethylene particles were used. The
particle diameter d [mm], thermal conductivity A [W
m~' K], specific heat ¢, [J g7' K~'] and density
y [g em™*] varied within the limits: 1.2 < d < 5.0,
042<21<392,049<¢,<067and1.25<y<79.
The heavy particles (steel, glass) were motionless on
the heated surface, due to gravity. The maximum flow
velocity was chosen so that the particles were motion-
less.

The temperature distribution upstream and down-
stream of the particle was measured along its center
line. For the quantitative analysis the ‘point mode’ of
the I.R. radiometer was used. The temperature at a
point was transmitted, in a digital code, to a PC.
During each run, a sequence of at least 200 s was
recorded. The sampling period of the temperature
data was 0.05 s. Both the time average temperature at
the point and the r.m.s. temperature fluctuations
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within each run were studied. Simultaneously, the
thermal pattern was recorded on a video. The video
was then used in playback mode to analyze the data,
i.e. to determine the influence of the particle on the
time-averaged temperature field and the turbulence
structure near the wall.

In the second series of experiments, a horizontal
wire was used, on which plastic particles of diameter
d = 5.0 mm were strung with a pitch of Az = 8.0 mm.
The string was located, in the spanwise direction, at a
distance of 0.22 m from the leading edge of the heater
and could be moved up and down between the bottom
of the flume and its interface. The uncertainty in the
vertical location of the string was dy* < 1.5 (§y™* is
the uncertainty of y*, y* = yu* /v is the dimensionless
distance from the wall, y is the distance from the
wall, u* is the shear velocity and v is the kinematic
viscosity). The diameter of the wire supporting the
spheres was d,, = 0.3 mm. The Reynolds number was
Re, = u*d,/v <2.5. At such Re,, micro-scale dis-
turbances generated by the wire damped very quickly
and have practically no effect on the flow field. At low
flow velocity no vibration of the string was observed.

In the presence of a number of particles on the foil
surface, the data on the average (over the surface)
heat transfer coefficient are important. Therefore, in
this case the ‘area mode’ of the L.LR. radiometer was
used. The elementary area was a strip 0.15 m long (in
the spanwise direction of the flume) and 6 mm wide.
The strip was moved along the flow direction
(upstream and downstream of the particles). The
time—area average temperature at each strip position
was studied and the thermal pattern was recorded on
a video.

3. DIMENSIONAL ANALYSIS

Heat transfer in a turbulent boundary layer depends
on the flow structure and the physical properties of
the fluid. When a single coarse particle (or cluster of
particles) is located on the wall surface, the rate of
heat transfer also depends on the particle shape and
location. There is no effect of the particle material on
the heat transfer.

The coarse particles affect heat transfer via their
influence on the near-wall flow, which plays an impor-
tant role in the transport processes occurring in the
turbulent boundary layer. As was mentioned above,
the near wall flow possesses a rather complicated
structure, which results from the interaction of large-
scale vortices with low-speed streaks in the sublayer.

The mechanism by which the particles affect the
heat transfer is outlined as follows. The particles
located in the turbulent boundary layer generate
strong disturbances which affect the near-wall flow,
i.e. they cause inrush of a cold fluid from the main-
stream into the boundary layer. This flow affects the
streamwise as well as the spanwise velocities, which,
in turn, may affect the bursting frequency and thus,
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have a profound effect on the heat transfer from the
wall [24].

In this section a qualitative analysis of the effect of
particles on the heat transfer in a turbulent boundary
layer is performed. We determine the functional
dependence of the heat transfer coefficient, near a
coarse particle, on the flow parameters. Discussion on
the mechanism of the effect of a coarse particle on the
heat transfer in a turbulent boundary layer is given
below in Section 5.

First consider the case in which a single coarse
particle is located on the wall (Fig. 2(a)). Suppose
that the coarse particle is a sphere of diameter 4.
Also, assume that the size of the particle exceeds the
thickness of the viscous sublayer. However, it is smal-
ler than the thickness of the turbulent boundary layer,
which means that the particle diameter changes with
the range 10 < d* < 500, where d* = du*/v = Re*.

As a velocity scale in the near-wall region, we use
the shear velocity u* and as a scale of length, we use
the particle diameter d. Thus, we have the following
set of governing parameters

o = alog, u*, p, i, 4, ¢, d, &) 1)

where oy =a—o, is the excess heat transfer
coefficient, « and «,, are the heat transfer coefficients
near the particle and in the undisturbed flow, respec-
tively: p, u, 4, ¢, are the density, viscosity, thermal
conductivity and specific heat of the fluid, respec-
tively: £ = x— x,, x is the longitudinal coordinate, x,
is the distance from the leading edge of the plate to
the center of the particle.

It is seen from equation (1) that the problem at
hand is governed by eight parameters, four of which
possess independent dimensions. Using the Buck-
ingham n-theorem the number of non-dimensional
parameters in this problem can be reduced to the
following four groups

IT, = &/d, 11, = ay/u*pey, Iy = u*dp/u, 1, = aod/i.
2

Since u*d/v = Re*, ayd/A = Nu,, pc,/i = Pr, we can
write the following functional dependence between the
non-dimensional groups of equation (2) in the form

Nu, = F, (€, Re*, Pr) 3)

where Nu, is the ‘effective’ Nusselt number charac-
terizing the excess heat transfer rate under the effect
of a coarse particle, compared to that in the undis-
turbed flow and & = ¢/d. Thus, the local Nusselt num-
ber is a function of the particle Reynolds number, the
properties of the fluid and the location.

Experimental data on the heat transfer in a tur-
bulent boundary layer near the location of a coarse
particle (see Section 4), show that equation (3) may
be presented as a product of two functions: one of
them depending only on Re*, and the second on &
and Pr. Accordingly, equation (3) is written in the
following form:
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Fig. 2. Coordinate system associated with the coarse particles near the wall. (a) Single coarse particle on
the wall; (b) single coarse particle elevated above the wall; (c) array of coarse particles above the wall.

Nu, = ©1(Re*) f; (f_, Pr). )

The Nusselt number depends only on the par-
ameters Re* and Pr as &—0; thus, Nu; - Nu,
= @,(Re*) fi(Pr). Hence, equation (4) can be
rearranged as follows :

Nu, =¥, (&, Pr) )

where Nu, = Nu,/Nu,, ¥, is a function which pos-
sesses the following features:

Y. EP)—>1at -0 ¥,(EPr)—0at Ex1
(6)

and is independent of the particle size and the location,
relative to the leading edge of the plate.

As is seen from equation (5), a distribution of the
heat transfer coefficient close to a coarse particle
depends on & only (when physical properties of the
fluid are fixed).

When a single coarse particle, or a string of coarse
particles, is located above the wall (Figs 2(b)—(c)), we
obtain the following functional dependences:

Nu; = ¥, (&, Pr) ¢
Nu, = (&, Pr, D) ®)

where & = E/A, i = h/d, h is the distance from the
center of the particle to the wall, 7 = //d, ¢ is the
distance between neighbouring particles in the string.

Thus, under given conditions, with Pr and Z fixed,
the distribution of the heat transfer coefficient near a
single coarse particle or an array of coarse particles
above the wall is determined by one variable, Z, only.

4. HEAT TRANSFER COEFFICIENT

4.1. A single coarse particle

The experimental data on the thermal field of the
heated foil, near the location of a single coarse
particle, are shown in Fig. 3}, where the regions of
higher and lower temperature can be seen. Variation
of the heat transfer coefficient & (the value of the local
heat transfer coefficient « [W m~* K '] is changed,
650 < a < 2000) and temperature fluctuations on the
wall £ as a function of non-dimensional variable  are
illustrated in Fig. 4(a)i. It is seen that the effect of a
single coarse particle on the heat transfer coefficient
is observed only close to the particle. A sharp increase
in & is observed in front of the particle (within the
limits —1 < & < —0.25) where the heat transfer
coefficient is three times larger than that in the undis-
turbed flow. A similar effect is also observed when a
macro-scale body (for example, square or circular
columns) is present in the turbulent boundary layer
[34]. Note also the maximum of the curve (%) is
shifted to the left from the particle center. The heat
transfer coefficient decreases at £ > &,, (Z,, is the non-
dimensional coordinate corresponding to the
maximum of &). It decreases so rapidly, that in some
region of a flow behind the particle, & becomes less

t1In Figs. 3, 7, 10 the color shades are indicative of the
temperatures. The data in Figs. 4-9 correspond to measure-
ment along an axis through the particle center.

1 In the study of heat transfer in a turbulent boundary
layer over a heated wall, we estimated the effect of natural
convection. It was shown that this effect is negligible when
the velocity is higher than 0.1 ms™'.
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than that in the unperturbed flow (& < 1). This
phenomenon was observed under different conditions
of heat transfer, particle sizes, flow velocity, etc.

The zone with a significant variation of temperature
fluctuations is larger than the zone with a noticeable
change of the heat transfer coefficient (—4 < Z < 8).
In a certain region (—4 < & < —1), in front of the
particle, the level of temperature fluctuations exceeds
that in the unperturbed flow. Within the limits
—1 < & < —0.25, a sharp drop in temperature fluc-
tuations takes place. The minimum in the dependence
5(&) corresponds approximately to = —0.25. At
> —0.25, an increase of the temperature fluc-
tuations to the value corresponding to the unper-
turbed flow, is observed.

The experimental data on the heat transfer
coefficient corresponding to various particle sizes plot-
ted in Fig. 4(b) in a form predicted by the dimensional
analysis. In this figure the data on the distribution of
the heat transfer coefficient a,,, near coarse particles
of various sizes, are presented. As can be seen from
the figure, the experimental data corresponding to
particles of different sizes group around a single curve
&Om = f (é)

The distribution of temperature fluctuations on the
heated foil near a single coarse particle is shown in
Fig. 4(b). In spite of the significant scatter of exper-
imental data for different particle sizes, these data
allow us to understand some specifics of the effect of
coarse particles on temperature fluctuations in the
near wall zone. The data show that there are two
regions near a single coarse particle in which tem-
perature fluctuations differ from those in the unper-
turbed flow. In front of the particle, an enhancement
of temperature fluctuations is observed. The
maximum of temperature fluctuations corresponds to
the non-dimensional distance from the center of the
particle equal approximately to & = —1.5. Behind the
particle, temperature fluctuations are suppressed. The
sharp drop in the temperature fluctuations occurs
within a narrow domain corresponding to
—0.6 < & < 40.2. Comparison of the data for the
heat transfer coefficient and temperature fluctuations
shows that the extent of enhancement and suppression
regions of temperature fluctuations is larger than the
corresponding region for the heat transfer coefficient.
This fact points out that temperature fluctuations are
more sensitive to hydrodynamic disturbances, gen-
erated by a coarse particle, than the heat transfer
coefficient.

The dependences of @, and %, for particles of
different sizes vs Re*, are plotted in Figs. 5(a)-5(b),
where the heat transfer coefficient is shown to depend
strongly on Re*. An increase in Re* leads to an
increase in a,,, whereas g, (Re*) and g, (Re*) depend
weakly on Re*.

4.2. String of coarse particles
The effect of a string of particles, located on the
surface of the heated foil or at some elevation above
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it, on the thermal field of the heated foil and the heat
transfer in a turbulent boundary layer, is illustrated
in Figs 6-8. Note that there exists a second maximum
in a(Z) and &,.(). The absolute values of these max-
ima are inversely proportional to the particle elevation
h above the foil. An increase in 4 is also accompanied
by a noticeable shift in the second maximum down-
stream, whereas the location of the first maximum is
practically independent of A.

The experimental data on the heat transfer in a
turbulent boundary layer in the presence of a string
of coarse particles is plotted in Fig. 8, in a form sug-
gested by the dimensional analysis. It is seen that
the data corresponding to different elevations of the
particle string group near a single curve &, = f(z) in
the &, & plane. This curve depicts the influence of a
string of coarse particles on the heat transfer. As can
be seen from Fig. 8, the effect of the string of the
coarse particles is negligible far in front of the particles
(for € < —8). In the range —8 < & < —0.5 a weak
decrease in the heat transfer coefficient is observed.
Near the string of the particles (within the limits
—0.5 < & < 0) a sharp increase followed by a drop
0 < & < 1) in the heat transfer coefficient takes place.
In a wide region behind the string of particles (within
the limits 2 < & <7) the heat transfer coefficient
increases once again. The second maximum of
Aom =f(z) is located at & = 7. At & > 7 the heat trans-
fer coefficient decreases monotonically to the value
corresponding to the unperturbed flow.

The measurements show that an increase of elev-
ation of the string of coarse particles &% = hu*/v is
accompanied by a decrease in the second maximum,
and an almost invariable first maximum. An increase
in 4 is also accompanied by a significant shift of the
second maximum and practically no change in the
location of the first one.

The data show that a change in the Reynolds num-
ber as well as in the depth of the fluid layer affects
the distribution of the heat transfer coefficient only
slightly : the data corresponding to different values of
Rey (or H) group near a single curve.

4.3. Two strings of coarse particles

The effect of two strings of coarse particles on the
heat transfer in a turbulent boundary layer is illus-
trated in Figs 9 and 10. In this case the dependences
of @, = f(€) also have two maxima corresponding to
the first and the second string of particles. There is a
noticeable difference in the distributions of the heat
transfer coefficient at small and high Reynolds
numbers. This difference manifests itself more clearly
in the region behind the second maximum. At high
Reynolds numbers, disturbance damping by the
coarse particles is weaker. An increase in the distance
between the strings of particles leads to a widening of
the region where the heat transfer coefficient is higher
than that in the unperturbed flow.
4.4, Cylindrical roughness

The effect of cylindrical roughness (a single cylinder
oriented in the spanwise direction) on the heat transfer
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Fig. 3. The thermal field of the heated foil near the location of the single coarse particle. Rey = 5150,
d = 4.75 mm. The flow direction is from the bottom to the top. The color play interval is 10°C. The particle
is located at ‘+°.
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(a)

(b)

©)

(d)

Fig. 6. The thermal field of the heated foil near the location of the string of particles at various values of
one elevations. Rey = 9000. The flow direction is from left to right. The color play interval is 10°C.
(a) y* =21; (b) y* =37; (c) y© = 45, (d) flow without string.
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Fig. 9. The thermal field of the heated foil near the location of two strings of particles. The color play
interval is 10°C. Rey = 5400, D = 8d. The flow direction is from bottom to top.
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Fig. 4. Distributions of the heat transfer coefficient and temperature fluctuations at the wall near a single
particle on the surface of the heated foil (Rey = 5150). (@) d=4.75mm, O a@; WE; (b) Fom: O, O, A
@ M. A A A—d=24mm; O, @—d=43mm; ], B—d=475mm.

in a turbulent boundary layer is depicted in Fig. 11.
The dependence of the heat transfer coefficient on the
location & has two maxima located at the cross-section
corresponding to the cylinder center and at some dis-
tance from it (Z & 5). The points corresponding to
different distances of the cylinder from the wall, group
near a single curve in the Zom—t plane, except for the
points corresponding to small values of 4.

An increased elevation of the cylinder above the
heater leads to a significant decrease in the maximum
values of the heat transfer coefficient. The location of
the second maxiraum a,, = f(Z) is proportional to A*.

5. MECHANISM OF HEAT REMOVAL FROM THE
WALL NEAR A COARSE PARTICLE

Consider a possible mechanism of the effect of a
single coarse particle on the rate of heat transfer in a

turbulent boundary layer. For this purpose we study
the developed turbulent flow without longitudinal
pressure gradient along a flat plate.

Suppose that the particle ( for example, a cylinder
oriented along the z-axis) is located at a distance L
from the leading edge of the heater at an elevation £
over its surface (Fig. 12(a)). From a physical point of
view, such a particle may affect the rate of heat transfer
in two ways: by changing the velocity in the cross-
section or as a result of a change in the velocity vector.
The first effect is determined by the ratio of the particle
characteristic scale d to the height of the fluid layer H.
At a small value of d/H this effect is negligible. The
change of flow geometry is accompanied by stream-
line bending. The latter leads to the emergence of a
heterogenous field of centrifugal forces which affects
the turbulent fluctuations.
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Fig. 5. Dependence of the heat transfer coefficient (the

maximum value corresponding to the center of the particle)

and maximum E,,, and minimum g_;, values of r.m.s. tem-

perature fluctuations at the wall on Re*. (a) The dependence

of &, (Re*) @—Rey = 5100 (steel), x —Rey = 5100 (glass),

O—Rey = 8650 (steel). (b) The dependence of g, (Re*).
O_Emax and x —Emin-

To estimate the effect of the change of the velocity
vector on the heat transfer coefficient near a particle,
consider the flow in the gap between the particle and
the bottom plate (Fig. 12a). In domain I (abco”) the
average velocity increases, from an initial value in the
cross-section ‘ab’ to a maximum value in the cross-
section ‘co”’, resulting in a negative longitudinal pres-
sure gradient. Under these conditions the rate of heat
transfer decreases [28]. The opposite effect is observed
for the flow in domain II where the pressure gradient
is positive at a constant Reynolds number.

Therefore, the heat transfer coefficient decreases in
domain I and increases in domain II. However, as the
measurements show (see Section 4), the real variation
of the heat transfer coefficient is qualitatively different
from the above explanation. The experiments show
that the dominant factor in the heat transfer is the
effect of centrifugal forces on the structure of the
turbulent flow. As the analysis of the dynamic equa-
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tions for the component of the tensor of turbulent
stresses shows, the effect of the centrifugal force leads
to an essential rearrangement of the field of turbulent
fluctuations: all the components of fluctuation
velocity, correlations v, v,,, etc. are changed [35].

It is well known that in a stationary curved flow,
the centrifugal forces acting on a fluid element are
balanced by a centripetal pressure gradient, which
causes modulation of turbulent fluctuations, which,
in turn, affect the heat transfer. These effects manifest
themselves clearly in flows in curved channels, where
the heat transfer coeflicient near the concave wall (the
domain of turbulent fluctuations enhancement) is
larger than that near the convex wall, where turbulent
fluctuations are suppressed.

When 8%p/0r* > 0, turbulent fluctuations are sup-
pressed. Indeed, if the fluid element is pushed out of
its equilibrium position by a random disturbance, it
will be forced to return to its initial position by the
pressure gradient, or centrifugal force. A different
scenario appears if 6°p/0r* < 0, when the centrifugal
force promotes growth of the radial component of
turbulent fluctuations. In this case motion of a fluid
element from its position is accompanied by fluc-
tuation growth, due to the excess centripetal pressure
gradient or centrifugal force, respectively.

Taking into account the above mentioned con-
siderations, let us estimate the pressure gradient dis-
tribution in the gap between a single particle and the
bottom wall. Note that such an analysis does not
require detailed knowledge of the fluid motion in the
gap between the particle and the plate. It is necessary
only to find regions where centrifugal force leads to
an enhancement of turbulent fluctuations, or their
suppression. For this purpose we use the Reynolds
equations ( for the radial velocity component) and the
continuity equation. In cylindrical coordinates these
equations are:

5 5 Am =2
_ 05, 7, o5,

Lo
T por

v,

or rg—q; r

0’6, 1 0%,
R s e +

or*  rPopr ror 2 0p r
v ovv, v vt
T or or r +T ©)
dos, 1doo, 0
or " rop r 0 (10)

where 7,, 7, and v}, v;, are the radial and azimuthal
components of the velocity vector (average and fluc-
tuations, respectively), r is the radial and ¢ is the
angular coordinate.

Consider the near-wall flow in the proximity of
point B in front of the particle (Fig. 12(a)). The
streamlines are inclined to the wall at less than the
tangent to a circle at the same point. Therefore, the
velocity vector is inclined to the wall at less than its
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Fig. 7. Distributions of the heat transfer coefficient near the string of particles elevated above the wall
(d = 5 mm, Rey = 9000). B—h* =21, +—h* =29, *—h* =37, [O0—h* =45, x—h" = 58.
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Fig. 8. The effect of a string of particles on the distribution of the heat transfer coefficient (d = 5.0 mm,
Rey = 9000). x—h=0.5, O—h =0.59, A—h =0.68, @—h =0.79, O—h = 0.88, B—Ah = 1.07.

tangential component. It is clear that the radial vel-
ocity component is directed towards the center of the
particle and is negative: 7, < 0. Since the radial vel-
ocity component equals zero at point B, the value of
7, increases, similar to #,r = f{r). Indeed, since the
product 7, = O at point Band at 5,r < Qatr < ry (rg
is the coordinate of point B), the value of 7,r = f(r)
also increases as that of ¢,. Therefore, the derivative
of the product &,» is positive. As a result, we find, from
the equation of continuity, that 95,/0¢ < 0. Within
the limits 0 < r < A/sin ¢ (@ < ©/2) the radial velocity
component varies in the range 0 < 7, < &,,,,, where 7,
is the value of &, corresponding to ¢ = 0. Therefore,

the derivative is 05,/0¢ < 0. Note also that v/> > 0,
57,,7 > 0, and their values in the proximity of point B
decrease, which results in the inequality dv,?/dr < 0.

We now estimate the contribution of the turbulent
fluctuations to the radial pressure gradient. For this
purpose, consider the terms of equation (9) which
contain fluctuation velocities and their correlations.
We begin with the equation of continuity of fluc-
tuating velocities,

Qo 100 2y,

or rdp r

()

Multiplying equation (11} by v, and averaging, we have
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Fig. 10. The distribution of the heat transfer coefficient near two strings of particles located on the heater
(D = 4d, Rey; = 9000). x—H = 0.037 m, A—H = 0.055, O—H = 0.07 m.
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Fig. 11. The distribution of the heat transfer coefficient on the wall near a cylinder oriented in the spanwise
direction in the turbulent boundary layer. O—h* = 28, O—h* = 41, x—h* = 56, A—h* = 68.

1607 1 ov, v? Using equation (13) we rearrange the fluctuation

’ [
2or T T T 0. (12) " terms in equation (9) :
Since AP 1w, P v
oo, am v, o r O¢ r r
v dp b Ve o

1602 v, 1 , év,

2o r rv“’a(p' (4

we can rewrite equation (12):

20 r “’(’}(p+7 r do

1ov? 1 ovy v  10vw, (13) Restricting ourselves only to the flow regimes where
turbulence is the dominant factor and the effect of
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Fig. 12. Schematical description of the flow near a coarse particle. (a) The flow in the gap between the

cylinder and the heater; (b) the flow behind a cylinder. 1 Unperturbed flow; 2 zone of fluctuations

modulation ; 3 zone of fluctuations stabilization ; 4 intermediate zone ; 5 zone of the interaction of the wake
and the near-wall flow ; 6 zone of damping of the turbulent fluctuations.

molecular viscosity is negligible, we obtain the fol-
lowing :

i _na
p or "or r Op
AR AR
* 2 or r —rv"’a(p (15)

The first five terras on the r.h.s. of equation (15) are
positive (see the estimations). To find the sign of the
last term on the r.h.s. of equation (15), we assume
that the turbulent fluctuations are isotropic, i.e.
v, & v;, and we get

’

o, 1d0?
U“’o«p—Z op

Accounting for the flow conditions in domain [
(accelerating flow with a longitudinal pressure
gradient), it is natural to assume that %
0v,,%/0¢ ~ v}, 0v/jép < 0. Accordingly, in region II
(decelerating flow with a positive longitudinal pres-
sure gradient) v;, dv;/0p > 0.

Thus the r.h.s. of equation (15) is positive. The
absolute values of the terms on the r.h.s. of equation
(15) decrease when the radial coordinate r increases.t

+ Except for the derivative dv,?/0r, which may be assumed
constant. The latter corresponds to a linear distribution of
the turbulent fluctuations near the wall.

Accordingly, the value of dp/0r = f(r) decreases when
r increases. For such a pressure gradient, the cen-
trifugal forces enhance turbulent fluctuations. The lat-
ter leads to strong disturbances of the near-wall flow
in the proximity of point B, disturbing of low-speed
streaks, and formation of zones with small thermal
resistance, which enhances the heat transfer rate.

Similarly, we can find the sign of the terms on the
r.h.s. of equation (15) at point B’

_ 05, ~ - op, oo

5, >0; 6r<0’ 7, > 0; 6q0>0’ ar <0;
o, , o,
2, <0 Y. > 0 (6

Estimations, equation (16), show that at point B’
the terms on the r.h.s. of equation (15) have different
signs. In this case, the gradient ép/0r = f(r) depends
more weakly on r than that of point B. Therefore,
the effect of centrifugal forces manifests itself more
weakly near B’. In the case when 8°p/0r? > 0, cen-
trifugal forces suppress the radial component of the
fluctuations. This effect probably determines the
change of heat transfer in domain II.

Similar effects manifest themselves near a spherical
particle located on a flat surface. In this case, cen-
trifugal forces affect the three-dimensional turbulent
flow developing in the gap between the coarse spheri-
cal particle and the flat surface. Depending on the
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distribution of the radial pressure gradient, this effect
enhances or suppresses turbulent fluctuations and,
accordingly, increases or decreases the heat transfer.
Note that the effect of centrifugal forces on the heat
transfer near a coarse particle manifests itself more
clearly in a turbulent flow. At small Reynolds numbers
this effect is smaller [24].

The above considerations are related to the flow in
the close proximity of coarse particles. When a cyl-
inder or a string of particles are placed on a flat
surface, or above it, their effect on the heat transfer is
also felt downstream. In this domain, the wake formed
behind cylindrical particles interacts with the near-
wall layert (Fig. 12b). As can be seen in Fig. 12(b),
six characteristic zones with different rates of heat
transfer can be distinguished in the flow field.

For a coarse particle (in the region upstream of an
unperturbed flow), the rate of heat transfer is deter-
mined by the local Reynolds number. In region 2, the
centrifugal forces influence the fluctuations and cause
sharp growth of the heat transfer coefficient. Zone 3
corresponds to the domain where the action of cen-
trifugal forces stabilize the flow. Turbulence sup-
pression in this region leads to a noticeable decrease
in the heat transfer coefficient. In the intermediate
zone 4 a turbulent wake behind the coarse particle
does not interact with the wall. The interaction of this
wake with the near-wall layer in zone 5 is accompanied
by a sharp increase in the heat transfer coefficient and
an appearance of the second maximum in &, = f(%).
In the sixth zone, the disturbances are damped and
the flow is stabilized. The heat transfer coefficient in
this zone is determined by the local value of the Rey-
nolds number. The present model corresponds to the
experimental data on the heat transfer coefficient dis-
tribution behind the string of coarse particles (Fig.
10) or cylinder (Fig. 11).

6. CONCLUSIONS

The effect of coarse particles on the heat transfer
from a wall in a turbulent boundary layer was studied
using infrared thermography. The heat transfer
coefficient was investigated for different types of
coarse particle arrangement (a single particle, a string
of particles, etc.). Non-dimensional groups of par-
ameters describing the heat transfer in a turbulent
boundary layer with particles were determined. The
experimental data on the heat transfer in a turbulent
boundary layer were analyzed. A model of heat trans-
fer in a turbulent boundary layer with coarse particles
was proposed. The following results were obtained :

(1) A distribution of the heat transfer coefficient
near a single coarse particle has two characteristic
extrema: a minimum in front of the particle and a
maximum near its center. The domain of minimum

+The flow behind a system of spheres located on a flat
surface has a number of peculiarities due to formation of
secondary flows [29].
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values of the heat transfer coefficient corresponds to
the domain of maximum temperature fluctuations at
the wall surface, whereas the maximum heat transfer
coefficient corresponds to the domain of sharp
decrease in temperature fluctuations on the wall.

(2) Anincrease in the gap between the particles and
the bottom wall reduces the heat transfer coefficient.

(3) A distribution of the heat transfer coefficient,
near a string of coarse particles or a cylinder oriented
in the spanwise direction, has two characteristic max-
ima: near the centerline of the string and at some
distance downstream. The absolute value of the heat
transfer coefficient corresponding to the second
maximum is larger than that for the first one.

(4) The effect of coarse particles on the heat trans-
fer in a turbulent boundary layer is due to the cen-
trifugal forces in the flow around curved particle sur-
faces. It is shown that such forces promote instability
of the flow and cause bursting and an inrush of the
cold fluid from the outer layer.
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