
HAL Id: hal-01677355
https://hal.science/hal-01677355

Submitted on 8 Jan 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Particle motion and heat transfer in an upward-flowing
dense particle suspension: Application in solar receivers

Pablo García-Triñanes, Jonathan Seville, Renaud Ansart, Hadrien Benoit,
Thomas Leadbeater, David Parker

To cite this version:
Pablo García-Triñanes, Jonathan Seville, Renaud Ansart, Hadrien Benoit, Thomas Leadbeater, et al..
Particle motion and heat transfer in an upward-flowing dense particle suspension: Application in solar
receivers. Chemical Engineering Science, 2017, vol. 177, pp. 313-322. �10.1016/j.ces.2017.11.041�.
�hal-01677355�

https://hal.science/hal-01677355
https://hal.archives-ouvertes.fr


  

 

Open Archive TOULOUSE Archive Ouverte (OATAO)  
OATAO is an open access repository that collects the work of Toulouse researchers and 

makes it freely available over the web where possible.  

This is an author-deposited version published in : http://oatao.univ-toulouse.fr/  

Eprints ID : 19382 

To link to this article : DOI: 10.1016/j.ces.2017.11.041 

URL : http://dx.doi.org//10.1016/j.ces.2017.11.041 

To cite this version : García-Triñanes, Pablo and Seville, Jonathan and 

Ansart, Renaud and Benoit, Hadrien and Leadbeater, Thomas and Parker, 

David Particle motion and heat transfer in an upward-flowing dense 

particle suspension: Application in solar receivers. Chemical Engineering 

Science, vol. 177. pp. 313-322. ISSN 0009-2509 

Any correspondence concerning this service should be sent to the repository 

administrator: staff-oatao@listes-diff.inp-toulouse.fr 

http://oatao.univ-toulouse.fr/
http://dx.doi.org/10.1016/j.ces.2017.11.041
mailto:staff-oatao@listes-diff.inp-toulouse.fr


Particle motion and heat transfer in an upward-flowing dense particle
suspension: Application in solar receivers

P. García-Triñanes a,⇑, J.P.K. Seville a, R. Ansart b, H. Benoit c, T.W. Leadbeater d, D.J. Parker d

aChemical and Process Engineering, Faculty of Engineering and Physical Sciences, University of Surrey, Guildford GU2 7XH, United Kingdom
bUniversité de Toulouse, INPT, UPS, Laboratoire de Génie Chimique, 4, Allée Emile Monso, F-31030 Toulouse, France
cPROMES-CNRS, Materials and Solar Energy Laboratory, Font Romeu 66120, France
d Positron Imaging Centre, School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT United Kingdom

h i g h l i g h t s

! Particle trajectories are determined

within a dense upward-moving

fluidised bed.

! Particle-to-wall heat transfer

coefficients have been measured

experimentally.

! Heat transfer coefficients are in the

range 180–320 W/m2 K.

! Particle residence times at the wall

were found to be distributed

according to a log-normal

distribution.

! Experimentally-obtained heat

transfer coefficients were found to be

in good agreement with prior

predictions.

g r a p h i c a l a b s t r a c t

a b s t r a c t

Concentrated solar power (CSP) plants conventionally make use of molten salt as the heat transfer medium,

which transfers heat between the solar receiver and a steam turbine power circuit. A new approach uses par-

ticles of a heat-resistant particulate medium in the form of many dense upward-moving fluidised beds con-

tained within an array of vertical tubes within the solar receiver. In most dense gas–solid fluidisation

systems, particle circulation is induced by bubble motion and is the primary cause of particle convective heat

transfer, which is themajor contributingmechanism to overall heat transfer. The currentwork describes exper-

iments designed to investigate the relationship between this solids convection and the heat transfer coefficient

between the bed and the tubewall, which is shown to depend on the local particle concentration and their rate

of renewal at thewall. Experiments were performed using 65 mmsilicon carbide particles in a tube of diameter

30mm, replicating the conditions used in the real application. Solidsmotion and time-averaged solids concen-

tration were measured using Positron Emission Particle Tracking (PEPT) and local heat transfer coefficients

measured using small probes which employ electrical resistance heating and thermocouple temperaturemea-

surement. Results show that, as for other types of bubbling beds, the heat transfer coefficient first increases as

the gas flow rate increases (because the rate of particle renewal at thewall increases), before passing through a

maximum and decreasing again as the reducing local solids concentration at the wall becomes the dominant

effect. Measured heat transfer coefficients are comparedwith theoretical approaches byMickley and Fairbanks

packet model and Thring correlation. The close correspondence between heat transfer coefficient and solids

movement is here demonstrated by PEPT for the first time in a dense upward-moving fluidised bed.

⇑ Corresponding author.

E-mail address: P.GarciaTrinanes@gre.ac.uk (P. García-Triñanes).



1. Introduction

Concentrated Solar Power (CSP) plants have received recent

attention as an alternative to photovoltaics. In CSP, solar radiation

is focused using diverse mirror or lens configurations onto a solar

receiver where it raises the temperature of a heat transfer fluid

(HTF), which is in turn used to generate steam that powers a

turbine-generator to produce electricity (Flamant et al., 2013).

The classical heat transfer and thermal storage fluids are syn-

thetic oils and molten salts. Oils have limitations since they are

stable only up to 400 "C and present significant safety issues due

to their flammability. Although the use of molten salts improves

performance it is far from optimal since they are restricted to oper-

ating temperatures below 550 "C and they suffer from corrosion

problems at high temperatures which significantly increases main-

tenance costs. In addition molten-salt systems are affected by

freezing problems if the salt temperature drops too low, and there-

fore require high parasitic power consumption to prevent this.

Liquid metals present potential alternative heat transfer media,

since some are relatively stable at high temperatures and typically

offer good thermal properties. Their use is limited by inherent

safety risks, since they will combust in contact with air and their

large hydration energy results in a vigorous exothermic reaction

with water. Moreover, liquid metals interact with structural mate-

rials at high temperature (Pacio and Wetzel, 2013).

The purpose of this research is to evaluate a further alternative:

the use of small particles suspended in gas in the form of a dense

upward-flowing fluidised bed. The stirring effect induced by the

gas bubbles within the bed results in relatively uniform axial and

radial temperature distribution in the dense phase and good heat

transfer from the walls.

The term dense suspension here means an overall phase con-

centration of particles comparable to that encountered in conven-

tional fluidised beds ("25%). Dense particle suspensions offer the

possibility of operation at elevated temperatures which is funda-

mental for achieving higher heat transfer rateswhich are essential

in order to achieve economically attractive plant designs. Opera-

tion is favoured if the solid particles selected have a large thermal

conductivity and high heat capacity, which would enable the

additional benefit of thermal storage. Similarly, operational

aspects such as safety and corrosion risk are minimised and the

power consumption for pumping is small compared with the

alternatives.

Fluidisation offers excellent heat transfer between the parti-

cles and the wall, because the particle motion within the bed

Nomenclature

PEPT Positron Emission Particle Tracking
DPS Dense particle suspension
CSP Concentrated solar power
HTF Heat transfer fluid
DiFB Dispenser Fluidised Bed
koe effective radial thermal conductivity, W/m#K
Cp solid heat capacity, J/kg#K
Umf minimum fluidising velocity, m/s
Umb minimum bubbling velocity, m/s
emf minimum fluidisation velocity associated void fraction,

m/s
qp particle density, kg/m3

Uae aeration velocity, m/s
Uo optimum fluidising velocity, m/s
h heat-transfer coefficient, W/m2#K
dp particle size, 10$6 m

q power supplied to the heater, W
Spr surface area of the probe, m2

Rpr resistance of the probe, X
I electrical current, A
Tb dense phase suspension temperature, "C
Ts surface temperature of the heater, "C
RR uplift transport tube radius, 10$3 m
Rr shell thickness, 10$3 m
rxz(i) current tracer location
rxz(i $ 1) previous tracer location
rxz(i + 1) next tracer location
s wall contact time, s
/ wall region, 10$3 m
tr residence time of the emulsion packet at the heat trans-

fer surface, s

Fig. 1. Schematic diagram of the experimental set-up.



ensures that there is frequent renewal at the wall surface. Heat

transfer in fluidised beds occurs by conduction, convection (of

both gas and solids) and radiation, with convection dominating

except at elevated temperatures. Especially for small particles,

gas convection hardly contributes in comparison with the solid

convection, which is the subject of the study reported here.

Heat transfer by convection of solids depends on the local

solids concentration and the rate at which particles are replaced

at the wall. An increase in gas velocity affects these two parame-

ters in different ways: as gas velocity is increased, the particle

renewal frequency at the wall is higher, so that the heat transfer

coefficient increases. Beyond a certain point, however, further

increase in the gas flow can cause the local solids density to

decrease and the surface to become blanketed by excess gas, so

causing a reduction in heat transfer coefficient.

Many predictive models for heat transfer in fluidised beds are

available (Botterill, 1975), notably the so-called packet model of

Mickley and Fairbanks (1955), which considers heat transfer to

occur by the motion of clusters of particles called ‘‘packets”, with

characteristic void fraction and thermal conductivity. Packet

motion is driven by the gas and packets periodically make contact

with the heat transfer surface and remain there for a characteristic

residence time exchanging heat with the surface, before being

swept away and replaced by a new packet.

The motion of the packets is directly related to the flow of gas

bubbles through the bed, and their surface scouring action will

increase as bubble flow increases, up to a point where the surface

becomes blanketed by bubbles, as indicated earlier.

According to this approach, the instantaneous heat transfer

coefficient can be obtained as follows:

hpacket ¼
2
ffiffiffiffi

p
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
o
eqpð1$ emf ÞCp

s

s

ð1Þ

where k
o
e represents the thermal conductivity of the medium, qp is

the particle density, emf is the void fraction at minimum fluidisation,

Cp the heat capacity of the solid particles and s the ‘‘packet replace-

ment time”. As indicated above, increased gas velocity decreases s,

so increasing the heat transfer coefficient.

The Mickley and Fairbanks packet theory was modified by

Baskakov and Berg (1966) who proposed a time-independent addi-

tional resistance near the wall caused by a differential void fraction

between the emulsion and the surface region. They suggested that

the thickness of this film is proportional to the particle size.

Thring (1977) also suggested that during the residence time the

emulsion packet is separated from the heat-transfer surface by a

gas gap. He pointed out some of the drawbacks of previous models

such as the fact that the emulsion packets cannot reasonably be

considered to have uniform thermal properties, since the entire

temperature gradient turns out to occur in a distance from the

heat-transfer surface equivalent to a few particle diameters.

Ozkaynak and Chen (1980) confirmed the validity of the packet

model for small particles with different physical and thermal prop-

erties. In their study they used the difference of dielectric constants

between gas and solids to obtain real-time measurements of fluc-

tuating particle concentration at surfaces immersed in fluidised

beds. According to their results the heat transfer coefficient

decreases with increasing particle size.

The first attempt to interpret fluidised bed heat-transfer results

using single-particle trajectories obtained from Positron Emission

Particle Tracking (PEPT) was made by Wong and Seville (2006).

PEPT is ideally suited to this task since it enables a single particle

of the bed material to be tracked at speeds up to the maximum

experienced in this application, to a precision of ± about 1 mm,

within a bed of opaque material and within a retaining tube with

metal walls. A review of the capabilities of the technique is given

by Seville et al. (2009).

Fig. 2. Aspect and location of the heat transfer probes mounted to the uplift transport tube.



Wong and Seville (2006) studied particle motion around hori-

zontal immersed tubes in a conventional bubbling fluidised bed

typical of, for example, a combustor. They demonstrated the vari-

ation of residence time and local solids concentration with angular

position around the tube and showed how this leads to the

observed angular variation in heat transfer coefficient.

The current work includes similar measurements but at the

wall of the bed in a quite different flow regime: dense upward flow

in a narrow tube of high height-to-diameter aspect ratio.

2. Materials and methods

The work described here concerns particle motion in a single

uplift transport tube (1.1 m in length and 30 mm in diameter),

which is selected to be representative of the array of tubes in a

full-scale solar receiver (Perez-Lopez et al., 2016), but operates at

ambient temperature. The single transport tube is operated in a

continuous loop, such that particles flow upward in the transport

tube, are disengaged from the gas and then travel downward under

gravity to be reintroduced to the base of the apparatus.

The full apparatus (Fig. 1) consists of a pressurised bubbling flu-

idised dispenser bed (DiFB) (1), with a sintered brass distributor,

into which the transport tube is partially submerged. The dense

suspension rises up the transport tube (2), which has additional

aeration –all gas through one nozzle- (3) and terminates in a

cyclone-like disengaging zone (4). From here the disengaged solids

fall under gravity into a downcomer (5). The solids are 65 lm SiC

particles (q_p = 3210 kg/m3) and the total charge is 1.7 kg.

It is necessary to feed particles from the downcomer into the

pressurised dispenser bed in a controlled way. For this purpose a

bespoke inclined eductor was designed (6). The apparatus is also

equipped with a pressure control system and a data logger con-

nected to a Labview interface in order to obtain pressure readings

using pressure transducers at different points in the uplift

transport tube. Further details can be found elsewhere

(García-Triñanes et al., 2016a,b).

The minimum fluidization velocity was measured in a column

of 200 mm by using the Davidson and Harrison method

(Umf = 0.005 m/s; Umb = 0.008 m/s) [Davidson and Harrison,

1963]). The SiC particles were fluidised with compressed air in

the 90 mm diameter DiFB at a constant fluidisation flow rate of

0.096 m/s. The pressure created in this dispenser bed pushes the

particles up into the fluidised transport tube.

In order to maintain good fluidisation in the transport tube, it

was found necessary to provide additional aeration to the uplift

transport tube (Boissière et al., 2015). The aeration rate has there-

fore been found to be the single most important influence on beha-

viour in the transport tube. In order to investigate the influence of

the aeration flow rate (Uae), heat transfer tests at four different

aeration velocities were carried out: Uae/Umb = 2.5, 5, 7.5 and

ultimately 10 m/s using a fluidisation velocity (Uf) of 0.096 m/s.

PEPT data were used to determine the trajectories of a single

particle tracer inserted in the bed when operating under different

aeration velocities. For each aeration gas velocity, data were

acquired with the system operated for a total of 2 h. The location

of the tracer covered a total height of 500 mm of the transport

tube; this is less than the full height since accurate tracking is

not possible near the edges of the field of view of the camera. These

data were further analysed, yielding residence times close to the

wall, occupancy (the proportion of the total run time which the

tracer spends in each volume element), solids mass flux and lateral

solids mixing and dispersion for each of the operating conditions.

Heat transfer measurements were carried out using two copper

platen heat transfer probes (10 mm in diameter), which were spe-

cially designed for this purpose and are shown schematically in

Fig. 2. The first heat transfer probe is located above the aeration

port and the second one further up in the transport tube separated

by 200 mm.

The operating principle of the measurement is that of measur-

ing the electrical energy required to keep the probe at a given tem-

perature above that of the bed ð) 55*CÞ. This gives the heat

transferred from the probe. Taking into account the heat transfer

area and the temperature difference between the probe and the

bulk of the particles, the wall-to-bed heat transfer coefficient, h,

can then be obtained:

h ¼ q

SprðTs $ TbÞ
ð2Þ

where q is the power supplied to the heater, I2Rpr (W), Spr is the sur-

face area of the heater (7.85 # 10$5 m2), Ts is the surface tempera-

ture of the heater ("C), measured by attaching a Type K

thermocouple to its surface, Tb is the dense phase suspension tem-

perature ("C) obtained with a second thermocouple. Both Ts tem-

peratures are compared with a set point temperature. Calibrations

were carried out to both voltmeter and ammeter.

As indicated above, probes were located at two positions and

were operated independently. The heat transfer surface was of

copper, due to its good thermal conductivity, and each probe was

inserted at with the wall of the transport tube so as to attenuate

Fig. 3. Instantaneous solids streamline pattern in the transport tube (Uae/Umb = 5).



interference with the upward flow of the suspension (lateral heat

losses are considered negligible). Further details of this type of

probe design are given by Ganzha and Saxena (1998).

3. Results and Discussion

3.1. Analysis of particle motion

A typical solids streamline pattern in the transport tube is pre-

sented in Fig. 3 derived from particle trajectory data and the local

instantaneous particle velocities as calculated from the 6-point

method (Ansart et al., 2017). Note that the colorbar corresponds

to average total velocity. This figure shows the motion of the tracer

and recirculation near the wall.

Fig. 4 shows a typical example of a particle trajectory in the

transport tube. As in conventional fluidised beds, motion is gener-

ally upward in the centre as particles are caught in the wake of

bubbles (Stein et al., 2000). Particles are periodically shed from

their associated bubbles; they may then become reattached to a

new bubble or remain in the generally down-flowing region near

the wall (García-Triñanes et al., 2016a,b). The figure shows exam-

ples of both these behaviours.

3.2. Residence time at the wall and its relationship to heat transfer

From the PEPT data it is possible to determine the position of

the tracer particle at every stage of its movement. However, there

is an inherent uncertainty in position, due to the PEPT location

method (Seville et al., 2009), which is ) 0.5 mm in this case. It is

therefore not possible to determine unambiguously that the tracer

has made contact with a given surface. An approach which can be

followed, as in previous work by Wong and Seville (2006), is to

define virtual surfaces which are concentric with the surface of

interest but at a certain distance from it, and to measure the resi-

dence time of the tracer within each surface, i.e. within a ‘‘wall

region” of a certain thickness. Wall regions of different thicknesses

Fig. 4. Schematic representation of the stream of particles mechanism for an upward dense particle suspension.

Fig. 5. Example of trajectory in the plan view showing the tracer approaching and

leaving the wall (time-duration 150 ms).



were investigated, with 2 mm chosen for the bulk of the measure-

ments reported here.

Fig. 5 shows the trajectory of a particle approaching the wall

and Fig. 6 shows the principle of the measurement of residence

time in the wall region. Locations within the wall region be deter-

mined, from which a duration of the trajectory within the region of

interest can be obtained. Under the conditions of these experi-

ments, the residence time in the wall region can be determined

to within 10 ms. During this PEPT experiment, the tracking preci-

sion of a 65 mm tracer reaches 0.85 mm in 3D with a location fre-

quency of 10 Hz for a tracer moving at 0.2 m/s (Ansart et al., 2017).

It may be noted that the time frequency of location using PEPT

is approximately, but not completely, constant. The reason for this

is that the PEPT algorithm uses a fixed number of events (pairs) for

each location. The frequency of such events depends on position of

the tracer in the camera.

Count rates are higher with the tracer located in the centre

rather than at the edges of the field of view. There will also be

effects of the amount of material to be penetrated (attenuation)

and time (tracer decaying). Finally, the algorithm eliminates about

80% of the collected events, converging on the most likely location,

and bases the time stamp on the average of the remaining events.

Fig. 7 shows locations in a 2 mm shell at a height between 100–

250 mm above the aeration port during a typical PEPT experiment,

and the corresponding histogram of locations per visit in the wall

region is shown:

Given the inherent positional uncertainty, one location within

the wall region is insufficient to determine that the tracer has vis-

ited the region; - two or more locations give higher probability that

it has done so. Similarly, longer residence times are equivalent to

more locations within the wall region, giving both a higher proba-

bility that they correspond to real visits and a more accurate mea-

surement of the residence time itself. Residence times below 20 ms

are invalid as they correspond to a single location within the wall

region.

Following previous studies (Ziegler et al., 1964) and (Ozkaynak

and Chen, 1980) the distribution of residence times in the wall

region was found to be approximately log-normal, as shown in

Fig. 8, again for the region of the transport tube between 100 and

250 mm above the aeration port.

These results are consistent with observations that aeration

velocity increases bubble frequency, so that particles residing on

the wall surface are more frequently displaced.

Fig. 9 shows the average contact time (s) in the wall region

(using PEPT data) for the section of the transport tube between

100 and 250 mm above the aeration port as a function of the radial

distance to the wall. An increase of the aeration decreases the res-

idence time of the particle close to the wall.

Two different regions, can be clearly identified: If the tracer

goes straight to the wall, assuming some average velocity, the res-

idence time is proportional to the width of the annulus from the

wall. If it takes a meandering path and goes everywhere then the

residence time depends on the volume of the annulus, since height

is constant.

Table 1 shows relationship between experimental values of res-

idence time (s) and radial distance to the wall (/). For each of the

Fig. 6. Principle of determining the time in the wall region. (For interpretation of the references to color, the reader is referred to the web version of this article.)

Fig. 7. Locations in a 2 mm shell (top) and percentage of locations per visit

(bottom); 2 h of data acquisition.



operating conditions tested, a second order polynomial is fitted

directly to the raw data of the trial.

Fig. 10 presents a comparison between the sample median of

the residence time in the wall region ðu ¼ 2mm) in the region of

the tube between 100 and 250 mm above the aeration port and

the prediction suggested by Thring (Eq. (3)) (Thring, 1977) for

the residence time of the emulsion packet at the heat transfer sur-

face, showing satisfactory agreement with the predictions of this

correlation that depends on minimum (Umf) and optimum (Uo) flu-

idising velocity and particle size (dp).

tr ¼ 8:932
dpg

U2
mf

Uo

Umf
$ 1

# $2

2

6

4

3

7

5

0:0756

dp

2:54

+ ,0:5

ð3Þ

The increasing departure from the Thring correlation at the

highest aeration velocity may be connected with slugging rather

than bubbling behaviour (Kong et al., 2017).

3.3. Heat transfer coefficient

As shown earlier, wall probes enabled the heat transfer coeffi-

cient to be determined simultaneously with the PEPT measure-

ments. Fig. 11 illustrates the variation in heat transfer coefficient

as a function of the aeration gas velocity (Uae/Umb).

Fig. 12 shows the effect of aeration flow rate on solids volume

fraction and residence time in the wall region. These competing

effects cause a maximum in the heat transfer coefficient, as shown

in Fig. 11.

Fig. 13 shows a comparison of the measured heat transfer coef-

ficients with the predictions of the packet model, using residence/

contact times measured using PEPT, and the correlation for the

Fig. 8. Distribution of residence times in the wall region, for three values of Uae/Umb (wall region u = 2 mm).

Fig. 9. Variation in residence time with decreasing radial distance to the wall.

Table 1

Variation in residence time with radial distance to the wall.

Operating

conditions

Mathematical expression R2 (determination

coefficient)

Uae/Umb = 7.5 s ¼ 29:044u2 þ 11:224uþ 45:622 0.9981

Uae/Umb = 5 s ¼ $2:1214u2 þ 123:52uþ 35:67 0.9957

Uae/Umb = 2.5 s ¼ 29:729u2 þ 59:641uþ 96:881 0.9965
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Fig. 10. Estimation of the time in the wall region as a function of the aeration velocity using Thring (Eq. (3)).
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maximum obtainable heat transfer coefficient from Zabrodsky

(1966), and showing fair agreement. The measured heat transfer

coefficient at the highest gas velocity/shortest residence time is

well below the packet model predictions, presumably because

blanketing of the heat transfer surface reduces heat transfer under

these conditions. This is not accounted for in the Mickley and Fair-

banks model.

4. Conclusions

Particle trajectories have been measured and associated wall-

to-bed heat transfer coefficients determined for dense fluidised

suspensions of particles of silicon carbide (65 mm) moving upward

in a small diameter tube (30 mm) at different aeration velocities

from 0.02 to 0.06 m/s.

As in other types of bubbling fluidised bed, the local concentra-

tion of particles and their movement at the wall play a decisive role

in the heat transfer, and the operating parameters influence the

heat transfer through their effect on particle concentration and

movement.

Heat transfer coefficients in the range 180–320 W/m2 K were

measured, rising to a maximum as the aeration velocity increases

and then falling as the heat transfer surfaces become blanketed

by gas.

Particle residence times at the wall were measured and found

to be approximately distributed according to a log-normal

Fig. 12. Effect of the aeration on the solids volume fraction and on the residence time of the particles in the wall region.
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distribution, as previously suggested by Ozkaynak and Chen

(1980). Median residence times varied from 100 to 250 ms in the

parameter range studied.

Experimentally-obtained heat transfer coefficients were found

to be in fair agreement with predictions of the correlations by

Thring (1977) and the packet-based model due to Mickley and

Fairbanks (1955).

In summary, the data presented in this paper, complementing

the results published previously, provide useful experimental

hydrodynamic data for upward flowing dense fluidised particle

suspensions, with particular reference to the dimensions of the

tubes proposed for use at the focus of a concentrated solar power

plant.
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