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Abstract—Infrared thermography was used to study the effect of a spherical particle on the local heat transfer
from a heated plate. The measurement of the temperature field with the particle and without it showed that
the heat transfer coefficient increased locally by a factor of 1.5-3, for a particle of the order d; = 10-25.
A general decrease in the wall temperature was observed in the region under and in front of the particle.
No effect of the particle material was noted. The temperature fluctuations at a point on the heated plate were
also studied. These fluctuations are related to the bursting process in the turbulent flow. The bursting period
increased by 60-70% for the flow near the particle, whereas the root mean square of the temperature
fluctuations decreased up to 2.5 times. This may mean that the heat transfer enhancement is governed by
a mechanism other than the change in the turbulence structure. Numerical computations of the flow field
near the spherical particle were performed. These clearly indicate that fluid from the mainstream is directed
towards the bottom of the flume, in front of the particle, thus cooling the heated surface. One can conclude
that the change in the velocity profile near the wall caused by the particle is the reason for the local heat
transfer enhancement.
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1. INTRODUCTION

In the studies by Hetsroni & Rozenblit (1994), using infrared thermography, it was established that
there exists an interaction between particle-laden turbulent flow and a heated plate. We noted also
that a change in the particle loading or the particle dimension, changed the value of the heat transfer
coefficient. Similar conclusions on the heat transfer coefficient were drawn by others. Plass & Molerus
(1974) found that for a given suspension liquid flow, the increase of heat transfer was strongly
dependent on the particle size. Later Zisselmar & Molerus (1979) showed that the solid particles
increased or damped the intensity of turbulence, depending on the concentration of solids as well
as on the distance from the wall. They noted that the strongest increase in turbulence was observed
in the same range of concentration of solids where the maximum heat transfer was achieved.

The effect of the addition of solid particles on the heat transfer in turbulent gaseous flows has been
studied by many investigators such as Jepson ef al. (1963), Wilkinson & Norman (1967) and, more
recently, Hasegawa ef al. (1983). The heat transfer from a tube or an array of tubes in suspension
cross flow has been studied, for example, by Murray & Fitzpatrick (1991) for a staggered array of
tubes. Investigations in gas flow showed (Murray 1994) that the modification of the heat transfer
coefficient is determined by the altered thermal capacity of the mixture, change in the boundary layer
velocity profile, an increase in turbulence intensity associated with wake formation by individual
particles or turbulence suppression as a result of eddy-particle interactions.

Changes in the boundary layer were observed by Fitzpatrick er al. (1992). This took the form of
boundary layer thinning over the sides of a tube in a suspension cross flow. Han et a/. (1991) noted
that at low mass loadings in a pipe flow the thickness of the viscous sub-layer is the most significant
parameter whereas at higher particle loadings the thermal capacity and conductivity of the mixture
are more important. However, heat transfer decreased at a very high particle concentration on the
bottom of a water flume (Hetsroni & Rozenblit 1994). This decrease in heat transfer was caused by
a build-up of particle dunes, and consequently an increase of the thermal resistance from the heated
wall to the water.

Rogers & Eaton (1989) measured the response of solid particles in a vertical boundary layer in
air, using a low concentration of 50 and 90 um glass particles. They found that the RMS velocity
fluctuations of both particle sizes nearly equalled the streamwise turbulence intensity of the flow, but
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the particle velocity fluctuations in the normal direction was strongly attenuated, i.e. they were much
lower than the fluid’s. The power spectra of particle velocities showed that for the normal fluctuations
the power spectrum shifted to higher frequencies relative to the streamwise fluctuations, therefore
indicating that the particles did not closely follow the fluid fluctuations in the normal direction.
Rogers & Eaton also used 70 gm copper particles to create a greater particle mass loading of 20%.
The presence of these particles tended to suppress turbulence, with the degree of turbulence
suppression being a function of the distance downstream in the boundary layer. They attributed the
turbulence suppression to an increase in the dissipation. However, they were unable to clarify their
results in the light of the observed dominant flow events near the wall. Hetsroni (1989) noted that
the presence of solid particles in flow may reduce the turbulence level as a result of eddy-particle
interactions. or may enhance turbulence due to wakes and vortex shedding.

In the flow-visualization studies by Kline et al. (1967) and later by Kim et al. (1971), it was
established that there are low and high-velocity streaks in the near-wall region of a bounded turbulent
flow and ejections of the low-velocity fluid to the bulk flow. The total ejection process was called
a *burst’ by Kim er a/. (1971). Hetsroni & Rozenblit (1994) noted that particles generally accumulate
in the warmer regions of the heated plate, i.e. in the low velocity streaks. A similar conclusion was
drawn, without heat transfer, by others such as Rashidi ef al. (1990), Kaftori er al. (1992), Eaton
& Fessler (1994) and computed by Pedinotti ef al. (1992).

Grass ef al. (1991) studied the effect of the bed roughness condition on the spanwise structure of
the near-wall turbulence. This was achieved by using a range of different diameters (d, = 1.15. 6 and
12 mm) of glass spheres, randomly packed in a single layer. resting on a glass bed plate. Preliminary
results showed that. just as in the case of viscous sublayer region of smooth wall flow. a dominant
spanwise wavelength occurs in the instantaneous crossflow distribution of streamwise velocity close
to the rough wall. The measurements indicated that for fully rough wall conditions, this wavelength
is directly proportional to the bed roughness size.

At present there 1s a disagreement about the value of the dimensionless time interval between bursts
At = Atwu'*/v (here At is the time interval between bursts, u* is the shear velocity and v is the fluid
viscosity), even in a clear fluid.

Several methods have been used to detect this interval from turbulent measurements. In studies by
Wallace er a/. (1972) the motions of the fluid were analyzed in the four quadrants of the (u«. r)-plane.
Lu & Willmarth (1973) later extended this method by employing a threshold level. However, the
variable interval time averaging (VITA) technique, developed by Blackwelder & Kaplan (1976), is
perhaps the most widely used detection method. These detection algorithms are very sensitive to the
values of the sampling criteria so that a given fractional change in the threshold may produce a
fractional change of the same order in some of the final statistics. Blackwelder & Haritonidis (1983)
suggested that in the VITA and other detection techniques, almost any value of short-time variance
could have been obtained by choosing various values of the threshold. However, the threshold K
and averaging time 7 significantly affect the bursting frequency as detected by the VITA technique,
and the choice of K and 7 is always controversial.

Blackwelder & Kaplan (1976) used the value T' = Tu'?/v = 10and K = 1.0-1.2 to deduce bursting
frequency in turbulent boundary-layer flow. Blackwelder & Haritonidis (1983) found that an average
interval between bursts of typically At = 300v/u™ is constant over the Reynolds number range
10° < Re, < 10* (here Re, = u, 8/v, where 0 is the momentum boundary layer thickness. u, is the
mean velocity and v is the fluid’s viscosity). Blackwelder & Eckelmann (1978) used the same detection
process and parameters in an oil channel. Their data yielded At* = 250 at y* = 15 and Re, = 400
(here y* = yu*/v. where ) is the distance from the wall, u* = /t/p is the shear velocity, t is the shear
stress at the wall and p is the fluid’s density). The data of Willmarth & Sharma (1984) have shown
that the burst period, scaled with the viscous timescale, was about At* = 350 independent of the
Reynolds number. The experiments were carried out in a wind-tunnel facility at Reynolds numbers
Re, = 6480 and Re, = 9840. Hatziavramidis & Hanratty (1979) summarized measurements of
spectra of the fluctuations of the wall velocity gradient in pipe flows. It was found that the median
bursting period was At* = 110. The visual measurements of the bursting frequency summarized by
Kim er al. (1971) gave a median bursting period of At* = 100 in close agreement with the median
frequency of the velocity fluctuations. In the study carried out by Luchik & Tiederman (1987)
burst-detection schemes were developed and it was shown that the bursting events were closely
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correlated with fluid moving both away from the wall and toward the wall. The average time between
bursts, normalized with inner variables and determined by using the various probe techniques, was
At* = 90. Kaftori er al. (1994) report that the average non-dimensional time between funnel vortices
was At* = 91.5 and was in agreement with Luchik & Tiederman (1987) and Rashidi & Banerjee
(1988) who reported a value of 85.

Our measurements of the thermal signals on the wall shed some additional light on this
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Figure 1. (a) The experimental set-up. (b) The cross section of the heater, with the spherical particle.
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Table 1. Flow conditions

Mean
Mean temperature Flow Reynolds Friction
velocity of water depth number velocity Particle
Uy (cm s ) (O N (cm) Re, = Unhify u* (cms ') motion
78 20+ 0.2 6.7 5150 0.45 no
13.0 20 6.7 8650 0.7 no
Table 2. Particle characteristics

Particle material Diameter (mm) Specific gravity (g cm~7) Particle geometry
Steel 2.40 7.9 spherical

4.75 7.9 spherical
Glass 4.3 2.52 spherical

1.2 2.52 spherical

phenomenon and allows us to estimate the effect of the particle on the turbulence structure, as shown
below. We also aim to clarify the mechanism which causes an increase in the heat transfer coefficient,
when the particle loading is light. We do so by studying the non-stationary thermal field of the heated
plate near a single, stationary, spherical particle. We have chosen a stationary particle since one
knows where the particle is in space, at any given time, and since the relative velocity between the
particle and the fluid is maximal.

2. EXPERIMENTAL

2.1. Experimental facility and measurement technique

The experimental facility and measurement technique were described in detail in Hetsroni &
Rozenblit (1994). Therefore, we present only the main properties here. The loop is a stainless steel
open flume, 4.3 m long, 0.32 m wide and 0.1 m deep. Water of constant temperature was recirculated
in it, with the flow rate being measured by means of a flowmeter. The constantan heater is located
at the bottom of the test section. It is a strained (on an insulated frame) foil, 0.33 m long, 0.2 m wide
and 50 gm thick. The window of the frame is 0.3 m long and 0.15 m wide (figure 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. A constant heat flux of ¢ = 1.01 W cm 7 is achieved by supplying d.c. power
up to 300 A.

The non-stationary temperature distribution at the heater surface is measured by using an L.R.
imaging radiometer. The temperature range of the radiometer is —20 to 1500°C, with a minimum
detectable temperature difference of 0.1°C at 30°C. Through calibration, the thermal imaging
radiometer is very accurate in a narrow temperature range, giving typical noise equivalent
temperature difference (NETD) only, which is less than 0.2°C (with image average less than 0.05°C).
A typical horizontal resolution is 1.8 mRad or 256 pixels/line.

2.2. Experimental conditions and procedures

A fully developed flow was established in the region beyond 2.5 m downstream from the entrance
to the flume, which was confirmed by measuring the velocity distribution. The studies of thermal field

Table 3. Typical uncertainty

estimates
Variable Uncertainty

n 0.05C
Tw 0.15C
fw 0.05 C
Un 2%

u* 5.5%
A 12.2%

d, 0.5%
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Figure 2. The thermal field of the heated foil near the spherical particle. Re, = 8650, the particle diameter
is(a)dy =024 cm; dy = 17.(b) d, = 0.475 cm: di = 33. Flow direction is from the bottom to the top. The
dimensionless width of the figure is Az~ = 250.
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of the heater plate were carried out at two values of Reynolds numbers Re, = 5150 and Re, = 8650
(here Re, = Unh/v, where U, is the mean velocity, / is the water level and v is the fluid viscosity).

A hot film anemometer, with a standard single-sensor boundary-layer probe, was used for
measurements of the mean velocity profile. The probe was connected to a traversing mechanism
having a spatial resolution of 10 pm. The anemometer signal was transmitted in digital code through
an acquisition system to a PC. The streamwise velocity profiles were then employed to determine
values of the friction velocity u*, by means of ‘Clayser-type’ fits.

During this investigation a single particle was placed (motionless) on the heated foil. The particle
was situated at a distance of 0.18 m from the leading edge of the heater, at the center-line of the flume.
In these experiments we used particles with high specific gravity and relatively large diameter. The
values of flow parameters used in this study are listed in table 1. Particle characteristics are listed
in table 2. _

The study of the local heat transfer coefficient around the motionless particle on the heated wall
was done in the following way. We placed the scanner of the I.R. radiometer under the heater plate,
at a distance of about 0.5 m, and measured the temperature at various points along the central line
of the heater. These measurements were carried out both with the particle and without it. This was
done in order to eliminate the influence of the heater temperature field on the results. For the
quantitative analysis we use the ‘Point mode’ of the [.R. radiometer, i.e. the temperature at each point
is digitized and transmitted to be stored on a PC. During each run, a sequence of at least 200 s was
recorded. The sampling time was 0.05 s. Both the average temperature at the point and the RMS
temperature fluctuations within each run were examined. Simultaneously, the thermal pattern was
recorded on a video cassette. The video was then used in a playback mode to analyze the data, i.e.
to determine the influence of the particle on the pattern of the thermal streaks.

The uncertainty caused by equipment inaccuracy and statistical variations was estimated and are
listed in table 3.

3. EXPERIMENTAL RESULTS

3.1. Local heat transfer coefficient near the motionless particle

We (Hetsroni & Rozenblit 1994) have shown previously 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 (i.e. on the
water side of the heated foil). A distortion in the measured values of the temperature fluctuations
begins at characteristic frequencies higher than 15 Hz. Below this frequency, the distortion is less than
1%. In this investigation we observed characteristic frequencies of about 0.1-0.2 Hz.

Figure 2 depicts the typical instantaneous thermal field of the heated foil near the location of the
particle. The color shades are proportional to the temperature, and thus reveal the colder region in
front and under the motionless particle. In the wake of the particle, a region of higher temperature
(i.e. the zone with the lower velocity) can be seen. At a distance of a few diameters after the particle,
we observe a region with lower temperature, that probably corresponds to the mixing zone.

For the definition of the local heat transfer coefficient, we used the time averaged temperature at
a measuring point. The relative average local heat transfer coefficient is defined at corresponding
points as:

B(L — (f\w_ IL)
Hwp (7 — 1)

(1]

here «, is the average local (at a point) heat transfer coefficient (wall to fluid) when the particle is
present, x,, is the average local heat transfer coefficient at the corresponding point without the
particle, 7, is the time-average temperature at a point on the wall when the particle is present, 7, is
the time-average temperature at the corresponding point without the particle and ¢ is the liquid bulk
temperature, which was kept constant during each run.

Figure 3 depicts the variation of the value /., versus the dimensionless streamwise distance v/ d,
(here x is the streamwise distance from the particle location and d, is the particle diameter) at
Reynolds number Re, = 5150. The curves display maxima, with the maximum value increasing with
increasing particle diameter. It can be seen that the maxima are shifted to the left with the increasing
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diameter of the particle. This tendency is demonstrated in figure 4, where the variation of the relative
local heat transfer coefficient o/, is shown versus the dimensionless streamwise coordinate
x* = xu*/v from the location of the particle.

We also observed an increase in the relative local heat transfer coefficient as the Reynolds number
increases (figure 5). In this figure, one can also observe some heat transfer enhancement at the wake
of the particle at Re, = 8650.

3.2. Temperature fluctuations at the wall

While flow-visualization studies have provided useful information about coherent structures in
turbulent flows, most of the quantitative information has been gained by the use of conditional
sampling and averaging techniques. The wide scatter in the results indicates that the number of bursts
detected per unit time varies significantly, depending on which detection algorithm is used. Here we
used the variable interval time averaging (VITA) technique, developed by Blackwelder & Kaplan
(1976). This technique is perhaps the most widely used detection method.
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Figure 3. Variation of the value of the local relative heat transfer coefficient x,/a., vs the dimensionless
streamwise distance x/d, at Re, = 5150.
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Figure 4. Variation of the relative local heat transfer coefficient x,/a2., vs the dimensionless streamwise
distance v~ = vu*/v from the particle. Re, = 5150.

The variable interval time average (VITA) of a fluctuating quantity 6(z) = #(t) — 7 is defined
as:

1

T+ T
<0(t.T)> = ;J © (t)dr 2]
cotr

where 1(1) 1s the instantaneous temperature at a point, 7is the conventional time average temperature,
T'1s the averaging time and 1 is time. This average < 6(7.7) > is effectively a low-pass filter, having
zero phase shift, applied to the original function.

In order to obtain a local average of some phenomenon, the averaging time 7 must be of the order
of the time scale of the phenomenon under study.

The localized VITA variance of 8(t,T) is defined as

var(t,T) = (6°) — {8)* [3]
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Figure 5. The increase of the relative local heat transfer coefficient for two Reynolds numbers, o, = 0.24 cm.
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Figure 6. Part of a thermal oscillogram, at a point, with Re, = 8650.

Using this variance, a detection function D(r) is defined as

1 if var > k-03
D(r):{ if var RMS ]

0 otherwise,

where k is the threshold level and Ogrwms is the conventional root mean square of the total record
of the signal 6(t). The number of intervals in which D(z) = 1 is assumed to give the number of
bursts.

The most fundamental question to be addressed by any detection algorithm is whether the signal
characteristics used for the detection are actually unique characteristics of an ejection or a burst. Lu
& Smith (1991) categorized the types of burst-patterns and compared them with the associated
visualization sequences. A detection criterion employing the VITA parameter was used to establish
averaged bursting periods, based on the threshold criteria of £ =1 and déu/dt > 0. Using this
approach, the averaged bursting periods for the locations y* = 15and y* = 30, at Re, = 1520, were
At* = 258 and 272, respectively, which is close to the bursting period suggested from the probe-rake
results of Blackwelder & Haritonidis (1983). Lu & Smith (1991) noted that, if the threshold criteria
of k = 0.4 and du/ét > 0 were applied, similar to the approach employed by Luchik & Tiederman
(1987), the averaging bursting time at detection points y* = 15 and y* = 30, for the same data set,
decreased to At* = 80, which is comparable to the At x 90 suggested by Luchik & Tiederman
(1987).

Komori er al. (1989) adapted a simple sine-wave model to search for an appropriate value of At.
The numerical calculations by the model showed that an averaging time comparable to the duration
of a bursting event should be recommended.

Subramanian et a/. (1982) found that the VITA scheme, applied to a temperature signal in a
slightly-heated boundary layer, corresponded well with the data observed by Chen & Blackwelder
(1978).

In figure 6 is shown a typical part of the oscillogram of temperature at the point. These oscillograms
were employed to determine the fluctuating and mean values at various points.
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The VITA analysis of the thermal signal shows:

(1) Itisimpossible to obtain the results by using the averaging time 7+ = 10 and the threshold

k = 1.0 that were used, for example, by Blackwelder & Kaplan (1976), Blackwelder &
Haritonidis (1983) and Blackwelder & Eckelmann (1978).

(2) Using an average time which is comparable with the duration of a bursting event

(approximately 1/2 of the time between the bursts, as was recommended by Komori et al.
1989) results in stable data. We used T+ = 150 as half a bursting period At* = 300 as in
the studies by Blackwelder & Haritonidis (1983) or by Willmarth & Sharma (1984) and the
value of the threshold k = 0.4, as did Lu & Smith (1991). We obtained the mean bursting
period At* = 290. These data were along the streamwise direction without a particle at
Reynolds numbers Re, = 5150 and Re, = 8650. They demonstrated high stability with
respect to the change of values of parameters in the range of 0.3 < k < 1.0.

(3) The presence of the particle on the wall changed the bursting period close to the particle.

In figure 7 it is seen that at a distance +2d, the bursting period increased by 60-70%.

Further analysis of the wall temperature is aimed at defining connections between the temperature
fluctuation level and the heat transfer coefficient value.
In figure 8 is shown the distribution of dimensionless RMS temperature RMS,,/Dt,, along
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Figure 8. The dimensionless RMS temperature RMS,,/Ds, in the streamwise direction x~ = xu*/v,
Re, = 5150.
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Figure 9. Change of the temperature fluctuation level RMS,/RMS.., vs the dimensionless distance x/d,,
Re, = 5150.

the streamwise direction x*. Here RMS,, is the root mean square of the wall temperature
fluctuations and Dv,, is the difference between the temperatures of the wall, at a given point,
and the bulk liquid temperature (without particle). It is clear from this figure that the value of
the dimensionless (RMS,,/Dt.,) generally has a value of ~9% at Reynolds number Re, = 5150.
In figure 9 is shown the change of the temperature fluctuation level (RMS,/RMS,,) along the
streamwise direction (here RMS, and RMS,,, are the root mean squares of the wall temperature
fluctuations with and without a particle, respectively.) It can be seen that the curves have minima,
the values of which increase with the increase in the particle diameter. The minima are shifted to
the left with the increase of particle diameter in a manner similar to the shift of curves of the heat
transfer coefficient.

These results can be presented as a function of the dimensionless relative RMS temperature
(RMS,/Dt,)/(RMS,,,/Dt,,) versus the dimensionless streamwise distance x/d, (figure 10). Here, we
observe the decisive similarity of this graph to the graph of the relative heat transfer enhancement
(figure 3).

Figure 11 shows the variation of the maxima of the local heat transfer coefficient as a function
of dimensionless particle diameter. This function is monotonous and increases in the range of
5<dy <28
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4. NUMERICAL SIMULATION

Numerical simulation is performed in order to better understand the mechanisms which give rise
to the specific heat transfer mechanism in the wall region, as revealed by the experimental
investigation.

4.1. Description of the problem

The flow geometry was the same as the experimental set-up. The Cartesian coordinate system was
used, with v. y and = denoting the streamwise, wall-normal and spanwise directions, respectively,
and the reference point was chosen at the center of the spherical particle.

Although the flows, as investigated experimentally, were turbulent, steady laminar flow was
assumed for the preliminary simulation studies. This was due to the fact that there are no models
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Figure 11. The variation of the maximal values of the local heat transfer coefficient /o, vs the dimensionless
particle diameter d; = dpu*/v.

available for turbulent flows which could properly represent this case, i.e. the flow field around a
particle on the bottom of a flume, in the viscous and buffer regions of the wall. A proper mathematical
description of such flows may be achieved by using direct numerical simulation, which is under
investigation. Hence the numerical investigation based on laminar flow assumption also serves as
the preliminaries of the DNS studies.

For a steady, incompressible, three-dimensional laminar flow in the Cartesian coordinates,
the governing equations are very standard, hence they are not given here. The boundary
conditions were the same as the experimental ones, except that the two side walls of the flume
were treated as two symmetry planes. The particle was thermally conducting, and the continuity
of heat flux was imposed on the surface of the particle as well as the no-slip conditions on all solid
surfaces.

4.2. The grids and the numerical methods

The simulation was carried out by using Harwell code CFDS FLOW-3D release 3.2.1. The code
provides a flexible framework of finite difference schemes and a body-fitted grid generation package
with a multi-block structuring facility.

4.2.1. The grids. Twenty five blocks were used to construct the flow geometry so that the finer
grids could be used where necessary in addition to a facility which may be used to generate grids
of varying density. The grids used are illustrated as in figure 12. Due to the proportion of the particle
in the whole set-up, only part of the grids surrounding the particle is shown. The particle was
resolved by 6 x 6 x 6 (x x ¥ x z) grid points, and the typical grid spacings surrounding the particle
ranged from 3.92 x 10~ *m to 7.83 x 10~ * m in both streamwise and spanwise directions and was
7 x 10 ~*m in the wall-normal direction. A total of 62 x 20 x 32 grid points were used for the whole
flow domain.

It should be mentioned that, due to the technical problem of FLOW-3D, some grids between the
base of the particle and the bottom wall could only be interpreted as solid instead of fluid. Hence
the geometry there was not exactly the same as the experimental one. This discrepancy was judged
minor for the present investigation.

4.2.2. Numerical methods. In the simulations, hybrid differencing was used; SIMPLEC was
chosen to solve the pressure—velocity coupling, which is a modified form of the SIMPLE algorithm;
the linearized momentum and energy equations were solved by using Stone’s method; while
the pressure correction equation was solved by using the preconditional conjugate gradients
method. The numerical methods were first tested on a grid system, without particles, of grid
spacings similar to the one described previously. The numerical solutions were found to be



976 G. HETSRONI o7 o/

AL

The meshes

Figure 12. The spanwise view of the grids surrounding the particle.



HEAT TRANSFER ENHANCEMENT 977

satisfactory in comparison with the exact solutions of steady two-dimensional open channel flows
(Lu & Hetsroni 1995).

4.3. Simulation results and discussion

Figure 13 illustrates the calculated wall temperature distribution around the particle. The flow is
from the left to the right. The black straight lines are the inter-block boundaries reflecting the
multi-block structure of the grids, while the circle is the projection of the particle onto the bottom
of the flume. Since the calculation was performed for steady, thermally developing, laminar flow there
is a general temperature gradient in the streamwise direction, except the areas that are under
considerable influence of the particle, while the instantaneous experimental results, as shown in figure
2(b), exhibit the typical streaky structures associated with turbulence outside the particle influencing
areas, and the temperature fluctuations overshadow the longitudinal temperature gradient, which
is much smaller than the laminar gradient.

Despite the above, the basic pattern, as obtained by calculation, bears striking similarities to that
of the experimental results, i.e. a cooler crescent area in front of the particle and a cooler tail in the
wake of the particle with a smaller warmer area between the particle and the tail. This might indicate
that the specific heat transfer pattern or the temperature pattern around the particle are, to a large
degree, the consequences of the flow field or the flow pattern caused by the particle regardiess of
turbulence.

Figure 14(a), (b) and (c) shows the velocity field projected on the various cross-sections. It is clear
from figure 14(a), which is an x—y plane, that the colder crescent area on the wall is a result of the
in-rush of cooler fluid from the outer layers into the immediate vicinity of the wall, while figure 14(b)
(a y— plane, 6 x d, downstream of the particle) demonstrates two counter-rotating streamwise
vortices in the wake of the particle, which give rise to the cooler tail area on the wall. Figure 14(c)
(an x—z plane) shows that the smaller warmer area right behind the particle is caused by two smaller
vortices rotating in a way which always entrains warmer fluid into this area.

In figure 15(a) and (b), both numerical and experimental values of the ratio of the heat transfer
coefficient with the particle to that without particles, along the streamwise center line on the bottom
wall, are presented. It is very interesting to see that the numerical results agree reasonably well with
the experimental ones, though the location of the maximum ratio calculated shifts slightly upstream
compared with the experimental one due to the technical problem regarding the interpretation of
some grids between the base of the particle and the bottom wall, as mentioned previously.

The close agreement between the numerical and the experimental results shown as in figure 15(a)
and (b) may indicate that the relative variation of heat transfer characteristics, due to a particle,
depends on the flow pattern regardless of the turbulence, though the turbulent components do
contribute to the absolute heat transfer process. Both numerical and experimental results also
indicate that the particle influencing regions are within about 1-2 particle diameters from the center
of the particle except the wake region which may drag to about 6-8 particle diameters downstream
of the center.

5. DISCUSSION AND SUMMARY

The I.R. technique was used to study the effect of a particle on the local heat transfer coefficient
from a heated wall to a fluid. The measurements of the temperature fields with the particle and
without it have shown that the local heat transfer coefficient increases by 1.5 to 3 times for a particle
of the order of dy = 10 to 25. A general decrease in the wall temperature was observed in the region
under and in front of the particle and in its wake. We did not note any effect of the particle material
(steel, glass, polystyrene), and the dimensionless diameter d; = d,u*/v and the geometry are probably
the only parameters of this phenomenon.

We also studied the temperature fluctuations of the heated foil at the bottom of a flume. We assume
that these fluctuations are related to the bursting process in the turbulent flow. The measurements
of the bursting period, by means of VITA technique, indicated a value of the dimensionless time
between the bursts of At =~ 290 which corresponds very well to the data of Blackwelder &
Haritonidis (1983), Willmarth & Sharma (1984) and Lu & Smith (1991).
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Wall temperature, Re=8650
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Figure 13. The wall temperature, Re = 8650 and d, = 4.75 mm.
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Figure 15. The relative variation of heat transfer coefficient-—comparison between numerical and
experimental results (a) Re = 5150, 4, = 4.75 mm and (b) Re = 8650, d, = 2.4 mm.

It is possible that increasing the bursting period means decreasing the turbulence level in the flow
near the particle. Together with the decrease in RMS level, this most likely indicates that the heat
transfer enhancement is governed by some other mechanism, such as a change in the velocity profile
near the wall. The similarity between the curves op/ow, = f{x/d,) and (RMS,/D¢,)/(RMS,,/
Dt.,) = f(x/dy) also may indicate that the heat transfer coefficient is linked with the temperature
change near the particle. Indeed, the considerable heat transfer enhancement in this case may be
explained by the considerable decrease in the value of the temperature difference D1, between the
wall temperature and the bulk temperature of the liquid, since the value of (D¢,,/RMS,, ). RMS, does
not increase (figures 8 and 9). This decrease in the value Dy, is related to an in-rush of cold fluid from
the mainstream. The numerical computations of the velocity profiles near the particle indicate clearly
that thereis an in-rush of cold fluid from the mainstream to the wall region. This in-rush occurs mainly
in front of the particle and some in its wake.
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