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Abstract

An investigation on the heat transfer within a radiatively heated
laminar particle-laden flow was performed using the spatially
and temporally-resolved laser-induced phosphorescence (LIP)
technique. It was found that particle concentration is higher
near the edge of the jet (r/D =~ 0.5) as compared to the jet axis.
This non-uniform particle concentration distribution was found
to have a direct impact on particle temperatures, Tp, likely due
to the effects of inter-particle re-radiation. Additionally, it was
found that the radiative heating of the particles induces complex
phenomenon such as buoyancy, re-radiation, and clustering,
even for this simple laminar flow field. These results are
internally consistent and extremely repeatable, justifying the
need for further investigation.

Introduction

Heat transfer within particle-laden jet flows is poorly-
understood, field that has been the subject of many
investigations due to complexity of simultaneously-occurring
mechanisms such as fluid-particle interactions, inter-particle
collisions, buoyancy, scattering and shadowing within the flow
[9-11]. This lack of detailed understanding limits the ability to
improve current process efficiencies involving particle-laden
flows and hinders development of new technologies. As an
example, particle receivers have been identified as having
strong potential among emerging concentrated solar thermal
(CST) technologies to achieve much higher temepratures than
the commercially available 580°C due to their lower overall
costs and highly efficient heat transfer from direct concentrated
solar irradiation [7]. However, one limitation on the rate of
development is sub-optimal heat transfer within the receiver.
Hence, it is important to have a more comprehensive
understanding of fundamental processes that occur within these
systems, including the effect of flow dynamics on heat transfer.

Previously, investigations of the heat transfer within particle-
laden flows has been performed mostly on pre-heated jets
[5,8,12-13]. In each of the cases reported, a hot “core” was
observed, in which tracer particles in the centre of the jet flow
were hotter than those on the outside. However, little is known
about the heat transfer process of radiatively-heated particles
downstream from the pipe exit. This is relevant for the
understanding in non-isothermal systems such as the heating of
falling particles through an aperture in solar particle receivers.

The present investigation utilises a well-characterised radiative
heat source in the form of the Solid-state Solar Thermal
Simulator (SSSTS), capable of delivering a flux of up to
36.6MW/m? [1]. The SSSTS operates at a peak wavelength of
910nm wavelength, which is absorbed by particles but not by
air.

The radiative heat absorption of single stationary and spherical
particles has been extensively modelled and measured for a
range of particle sizes, ranging from d,, = 2um to 800um [4,6-
7,15,17-18]. These measurements have consistently shown that
particle temperature is heavily dependent on the heating
intensity, particle absorptivity, particle diameter, and ambient
gas thermal conductivity [14]. However, the significance of
these parameters on particle temperatures within a turbulent
flow of multiple, interacting particles has not been
experimentally investigated in flows with poly-dispersed
particles. This is because in-situ, non-intrusive temperature
measurement of micron-sized particles within a flow is
challenging. Most previous thermometry methods measured
gas temperature using thermocouples, with the solid particles
within the flow either assumed to be small enough to be
modelled as gas, or the temperature inferred from fundamental
heat transfer equations [2-3]. These methods are highly
idealised and do not represent realistic heat transfer within a
particle-laden flow field. Additionally, large errors (>50K) in
thermocouple measurements of particle temperatures have been
reported [8]. In contrast, the laser-induced phosphorescence
(LIP) technique enables spatially and temporally-resolved
particle measurements to be collected [9].

This paper aims to provide new insight into the heat transfer
within a particle-laden laminar jet flow under well-
characterised heating with high flux radiation downstream of
the pipe exit through first-of-a-kind spatially and temporally
resolved measurements.

Experimental Arrangement

The particles were made from ZnO:Zn thermophosphors (TPs),
which were introduced from a fluidised-bed feeder through a
500mm long, 12.8mm diameter round pipe (L/d = 39.66) into a
300mm x 300mm wind tunnel, as shown in Figure 1. This TP
was selected due to its high phosphorescent emission and
sensitivity to temperatures < 625°C. The pipe was placed in the
centre of a small wind tunnel to generate nominally uniform co-
flow with negligible boundary effects within the imaging
section. Air flow in the fluidised bed feeder was controlled with
a mass flow controller (Alicat Scientific, MC 20 SLPM) to
maintain a volumetric flow rate of 13 L/min (equivalent to 1.7
m/s at the pipe exit). The ZnO:Zn particles were between
100pm and 250pum in diameter.

An Nd:YAG laser beam operated at 6.24 + 0.41 mJ was used to
excite ZnO:Zn particles seeded within the flow at pipe exit. The
excitation laser was manipulated by a three-lens system to form
a 03mm x 18 mmlaser sheet at the test section.
Phosphorescent emission from the thermophosphors were then
recorded with an ICCD camera (PI-Max/P1-Max2, Princeton
Instruments) through a 40mm spacer and an /2.8 Tamron lens.
A beam splitter was used to divide the imaging region into two



equal 18.2mm (H) x 9.6mm (W) images, starting at the pipe
exit. This minimizes time-delay and angular distortion errors
typical of using traditional two-camera systems. The camera
gain, gate width and gate delay were set to 5, 26ns and 51ns
respectively, to maximize the phosphorescence signal
collection. To heat the particles, the Solid-state Solar Thermal
Simulator (SSSTS) which consists of multi fibre-coupled laser
diode modules, each producing 80W of power was used. A
unique feature of the SSSTS is that the output is collimated by
an adjustable three-lens system, which allows for controllable
output with a maximum flux of 36.6MW/m? [1]. The heating
beam has a diameter of 10.5mm, spanned 0.2 < x/D < 0.8
and was placed 2mm below the pipe exit. Its beam path was
located such that it was offset by 7° from that of the excitation
laser. A water-cooled power meter (Gentec model HP100A-
4KW- HE) acted as the SSSTS beam dump, while also
providing in-situ laser power measurements at a sample
frequency of 10 Hz. Thirteen different heat fluxes between
2.1MW/m? and 35.3 MW/m? were investigated. And for each
case, 2000 single-shot images were collected with the first 100
shots taken with the SSSTS turned off.

To relate phosphorescent emissions to temperature, a
calibration experiment was performed with the same
experimental setup described, with the exception that a TP-
coated plate in a temperature-controlled oven is located in place
of the wind tunnel. A detailed description of the experimental
setup is presented by Kueh [9].
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Figure 1: Wind tunnel system used in experiment. A 12.8mm diameter pipe was
used to seed ZnO:Zn particles (red dots exiting pipe) into the system. The blue
laser path indicates the 355nm Nd:YAG laser, while the red indicates that of the
910nm SSSTS heating beam.

A simple first-order heat transfer model of a single moving
particle subjected to radiative heating at high fluxes was used
to estimate particle temperature changes, AT,, within a system
similar to that of the experimental setup. This was used to
perform a sensitivity study of the effects of slip velocity,
particle diameter, particle mass loading on AT,. The heat
transfer modes taken into account were: (1) radiative heating of
the particle, Qpeqr = a®A,F;,, (2) convective cooling

between the particle and surrounding flow, Qiony =

hA, (T, —T,), (3) re-radiation, Qragcoor = 0Aps(To —
T;‘)F23 and (4) heat gain within the particle, Qg4 = Mcy -
These heat transfer modes may be expressed with the following
energy balance equation (1):

aPApFi; = hAy (T, — To) +
y . AT,
saAzl,,s(Tz;L —Td)Fa3 + Mycy d—: (1)
where @ = 0.15 is the absorptivity [14], @ is the laser flux,
A, = mr? is the particle cross-sectional area, r, is the particle
radius, F;, = 0.5 is the view factor of heat flux on particles,
£ =0.69 is the emissivity, 0 = 5.67 x 1078 W/m2K* is the
Stefan-Boltzmann constant, A, is the particle surface area,
h= %/kg is the convective heat transfer coefficient, Nu =
P

2 1\ 04
2+ (0.4 x Re®5 + 0.06 X Re3) x Pr04 (7“) is the Nusselt

number, Re = pv%i”d” is the Reynolds number, Vsip is the slip

velocity, kp is the thermal conductivity of the particle, kq is the
thermal conductivity of the gas, ni, is the particle mass flow
rate, Trym is the film temperature, t is the particle residence
time, T, is the particle temperature, T, is the atmospheric
temperature, and F,5 is the view factor between particles. The
specific heat of the particles was modelled following earlier
work [19] as:

¢p = 53.999 + 7.851 X 10 *Ty;y, — 5.868 X 107T7; 7, —

127.5 Tgpny + 1.9376 X 1076 T, @

Results

Figure 2 presents the contour map of particle temperature (top
row) and number density (bottom row) of at radiative heating
fluxes, @, of (a) 6.1 MW/m?, (b) 20.6 MW/m?, (c) 35.3 MW/m?.
The red dotted line indicates the start and end of the heating
region (0.2 < x/D < 0.8) with the beam paths entering from
the left. It can be seen that particle concentration is highest at
the edge of the jet flow (r/D — 0.5) as compared to the centre
(r/D — 0) for all 3 flux cases. This is consistent with previous
studies [10-11] where it was found that for particle Stokes
numbers, Sk < 1, turbophoresis, a phenomenon that causes
particles to migrate towards regions with low turbulent
intensities, is dominant. This is the same range as the Stokes
number for the present ZnO:Zn particles, defined as Sk =

Podo¥r \hich is Sk ~ 1.42.
18ug

Additionally, it can be seen from the temperature maps in
Figure 2 that Tp in the heating region (0.2 < x/D < 0.8)
tends to be higher at /D — 0.5. This is attributed to the greater
particle residence times in this region, as the particle velocity,
which can be estimated from a laminar velocity profile, is lower
in this region. Since particle residence times strongly affects Ty,
as shown in equation (1), Tp at /D — 0 is expectedly lower
than those at /D — 0.5. Also, it should be noted that in this
region(0.2 < x/D < 0.8), high Tp regions also coincides with
regions of high particle concentration, which may also indicate
significant heat transfer by inter-particle re-radiation heat
transfer in this region, and/or lower convective losses.
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Figure 2: Contour plots of mean particle temperatures (top) and number density (bottom) calculated over 2000 instantaneous images for heat fluxes at (a) 6.1 MW/m?, (b)
20.6 MW/m?, (c) 35.3 MW/m2,

A perhaps surprising finding in the present investigation is that
the highest mean temperatures were recorded upstream from the
heating region (x/D < 0.2), even though this would be
impossible with the cold-flow aerodynamics, which only
convects particles downstream from the exit plane. In particular,
the regions of highest particle temperature upstream from the
radiative heating region are found near to both the jet axis
(r/D - 0) and the jet edge (r/D — 0.5), of the jet flow
upstream of the direct heating region. Given that the same particle
temperature measurement technique was applied to room
temperature cases where the SSSTS was not turned on and the Tp
measured was between 22°C and 27°C, this finding was
determined to be an actual occurrence, and not a bias in the
measurement.

Figure 3 presents a scatter plot of the distributions of Tp at 0.7 <
% < 0.8, for the cases with radiant fluxes of: (a) 6.1 MW/m?, (b)
20.6 MW/m?, (c) 35.3 MW/m?. Also shown is the line best fit

(plotted in red). The mean particle temperature profile here is as
follows:

T,()=ax(1-5)+b @)

where a and b are constants that depend on the fluxes. An example
of these values are presented in Table 1. Here, b values increase
with respect to heat flux. It can be seen that the mean particle

temperature profile correlates strongly to the inverse of the particle
velocity profile.
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Figure 3: Influence of r/D location on particle temperature, Ty, at 0.7 < x/D < 0.8
for flux: (a) 6.1 MW/m?, (b) 20.6 MW/m?, (c) 35.3 MW/m2. Red lines are the
modelled velocity profiles.

Flux a o]
MW/m?
6.1 -12.8 41.2
20.6 -25.1 61.1
35.3 -59.4 101.5

Table 1: a and b constants for various heat fluxes to model mean particle
temperature with equation (4).

Discussion

An explanation for the high T, found at x/D < 0.2 is the heat
transfer from the heated particles in the heating region (0.2 <
x/D < 0.8) to the particles upstream of them (x/D < 0.2).
Since radiation occurs at the speed of light [12], the governing
factor for such heat transfer mechanism would be the view factor,
indicated as F,3 in equation (1). It follows that regions with
higher particle number density (r/D — 0.5) would experience



higher re-radiation and absorption rates, where secondary heating
from re-radiation of nearby particles would increase overall
particle temperature.

Another possibility for the higher Tp in this region is buoyancy.
As particles are heated, air in the boundary layer of the particles
is also heated, resulting in a fluid region around the particle
having a lower density than the bulk flow. This density difference
may be sufficiently high to induce buoyancy effects near and
around the particles. However, given the maximum particle
temperature, Tpmax, Measured in the present investigation is
~250°C, and the large fluid velocities relative to the expected
buoyancy-induced velocities, buoyancy is only expected to be
significant in regions of low fluid velocity, i.e., at r/D — 0.5.

Additional and direct evidence for likely role of buoyancy in
convecting hot particles upstream can be found in the observation
that particles were observed to have deposited on outside of the
pipe upstream from the heating region, after, and only after,
radiative heating with high fluxes (@ > 12.2 MW /m?). In
addition, flow visualisation of the co-flow reconfirmed that no
flow recirculation is present in the co-flow around the jet under
isothermal conditions. It is plausible that these hot particles could
be entrained into the jet and/or transfer heat through the walls of
the pipe. It is further plausible that these hot particles could
transfer heat to the core of the jet by radiation, hence the reason
why the particles in the jet axis exit the pipe hot, although further
research is required to confirm or otherwise these potential
explanations.

Conclusions

Temperatures of particles (100um < d,, < 250um) in a
radiatively-heated, laminar particle-laden jet flow was measured
using spatially and  temporally-resolved laser-induced
phosphorescence (LIP). Number density was also found by
particle counting from the images. It was found that particle
concentration was higher in the outside of the jet (r/D — 0.5) as
compared to the centre, in line with turbophoresis effects seen in
previous investigations. This distribution has a direct impact in
particle temperatures, Tp, likely due to the effects of inter-particle
re-radiation. Additionally, the radiative heating under these
conditions generates complex phenomenon that cause hot particles
to be found upstream of the heated zone. The most likely cause for
this observation is the role of buoyancy, combined with 3-
dimensional re-radiation, although further work is required to
confirm these plausible explanations.

Additional support for the deduce role of buoyancy is the
observation that particles attach to the outside of the pipe when,
and only when, the fluxes are sufficiently high. These
phenomenon warrant further investigation.
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