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The performance of reciprocating/rotating scrapers has been assessed in a visualization study of the continuous flow
hydrodynamics of air-fluidized solid biomass under varying conditions of air flow rate and scraping velocities. A combi-
nation of low air flow rates and high scraping velocities results in more uniform flow of both types of biomass investi-
gated. Power consumed by the reciprocating action of the scrapers increases with the scraping velocity but typically
represents no more than 20% of the overall power consumption at the highest air flow rate applied. We also demon-
strate that rotation of the scrapers superimposed on their reciprocating action gives higher flow rate of biomass and
better mixing within the bulk solid compared to reciprocating action alone. The application of the reciprocating/rotating
scraper technology described in this study represents a viable step forward in developing a continuous, large-scale pro-
cess for the microwave-assisted decomposition of solid biomass to produce bio-oils. © 2014 American Institute of
Chemical Engineers AIChE J, 60: 3732-3738, 2014
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Introduction

The use of sustainable sources of carbon has been identi-
fied as one of the major promising routes to a low carbon
solution in the replacement of the use of fossil resources.
Andrews and Jelley' suggest that biomass represents the
only viable renewable source for carbon-based fuels and
chemicals and is a low carbon solution for the future global
energy supply. Conventional pyrolysis is one of the oldest
biomass processing technologies2 which produces bio-gas,
bio-oils, and char, and where the biomass is thermally
treated in electric or gas furnaces across a range of tempera-
tures between 200°C and 600°C under inert, atmospheric
conditions. However, these methods do not favor the conver-
sion to bio-oil and have many drawbacks such as poor heat
transfer rates and major heat losses to the surroundings and
undesired secondary reactions due to the high residence
times in a high temperature environment. As an alternative
to conventional pyrolysis, microwave activation of solid bio-
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mass has been shown to be a promising novel, energy effi-
cient route to bio-oils™ which results in more rapid and
controllable heating rates of the solid biomass.

Much of the previous work on conversion of solid bio-
mass by microwave has been performed in conventional
batch vessels which are acceptable for small scale process-
ing. However, economic and viable commercial scale con-
version technologies exploiting microwave technology will
require the development of continuous processing technolo-
gies for solid displacement. There are numerous examples of
continuous flow tubular or coil reactors which have been
developed for microwave heating applications'®'! but these
have been designed primarily with liquid phase processes in
mind, although the formation of metal nanoparticles in such
systems have also been reported.12

Gas—solid fluidized bed reactors for high temperature
pyrolysis of solid biomass to produce bio-oils are com-
monly used.® 31 Such fluidized bed reactors are generally
in the form of an empty tube through which solid biomass
is continuously fed by screw feedingm’15 and its residence
time is typically of the order of a few seconds. However,
these designs would not be suitable for microwave process-
ing applications reported to require higher residence times
of up to 10 min in batch processes to achieve reasonable
yields.2
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Figure 1. (a) Experimental rig (b) geometry of the tube scraper and definition of visualization planes.

We focus our attention in this study on the application of a
variant of the empty tube fluidized bed reactors which
involves reciprocating/rotating scraper technology to aid the
continuous flow of solid biomass. Rotating and reciprocating
scrapers have conventionally been applied in heat exchangers,
particularly for viscous liquids.'®>® The work of Solano and
coworkers' " is particularly relevant as they investigated a
scraped surface heat exchanger that utilizes a reciprocating
motion with and without rotation. The reciprocating scrapers
are illustrated schematically in Figure 1b, whereby an array of
semicircular elements are mounted onto a rod with a pitch
P =5D. These semicircular elements fit inside the tube such
that, when in reciprocating motion, the elements scrape the
inside wall to displace material and eliminate fouling. As well
as improving the heat transfer at the wall of the heat
exchanger it was observed that the addition of the reciprocat-
ing motion generates macroscopic displacements of the flow,
improving mixing within the heat exchanger. This feature is
very relevant for the potential application involving solid bio-
mass activation by microwaves, as the uniform exposure of
all the biomass surfaces to the microwave energy would be
key in achieving good overall decomposition rates.

The present investigation looks into the applicability of the
reciprocating/rotating scraper technology for solid-gas multi-
phase flow primarily in the turbulent regime. If this technol-
ogy proves to be promising, it could be developed further as a
continuous flow reactor system for the microwave-assisted
decomposition of solid biomass to produce bio-oils.

Materials and Methods

A schematic diagram of the rig set up is shown in Figure
la. The reciprocating scraper device shown in Figure 1b was
inserted into a transparent Perspex tube (2) of inner diameter
D =74 mm and 1.8-m long. The scrapers were mounted on
a central rod of diameter d =18 mm at a pitch P of
370 mm. The reciprocating motion of the scrapers was
provided by a hydraulic piston (5). The dimensions and
characteristics of the pistons used in this study are given in

AIChE Journal November 2014 Vol. 60, No. 11

Table 1. The hydraulic unit (6) comprised an oil tank, the
pump and a 4-way valve. A frequency converter (7) was
used to regulate the pump rotational speed. The biomass was
stored in a feed tank (1) above the entrance of the reaction
tube and was fed into the tube via gravity. The feed tank,
designed to hold up to approximately 30 L of material, was
fitted with a lid to alleviate the back pressure in the feed
tank. A thick layer of Teflon between the tank and the lid
which was fixed into position by metal clamps ensured that
no air can escape from the top end of the feed vessel. The
flow of biomass from the feed tank into the reciprocating
tube was manipulated manually by a ball valve. The biomass
was pneumatically conveyed through the tube suspended in
air which is provided by a compressor (11). The air was
passed through a dehumidifier (10) and a filter (9) to remove
any moisture and impurities before the flow rate was meas-
ured by a Coriolis flow meter (8) (Micromotion model with
a range of 0-500 kg/h). A hand operated ball valve allowed
the air flow rate into the tube to be varied and its tempera-
ture was measured using a T-type thermocouple. The spent
biomass was directed through a plastic tube into a bin (3)
attached to the end of the reaction tube.

Parameters of interest in this study were: biomass type, air
flow rate, and scraper velocity. Two distinct types of biomass
were used: (1) wood pellet density of 1.1 g/cm®, 5 mm diame-
ter, and 10-20 mm long and (2) milled barley straw density of
0.117 g/cm3, 1 mm diameter, and 1-5 mm long (Figures 2a, b
respectively). Table 2 gives the range of parametric conditions
that were explored for each type of biomass.

Visual observations are presented in this study of the flow
patterns which have been video recorded using a high speed

Table 1. Piston Dimensions and Operating Capability

Piston 1 Piston 2
Scraping periods Stationary, 10's, 5 s 25s,1s
Chamber diameter, D, 50 mm 24.9 mm
Piston diameter, D, 20 mm 18 mm
Stroke, S 180 mm 175 mm
Published on behalf of the AIChE DOI 10.1002/aic 3733



(b)
Figure 2. (a) Wood pellet biomass (b) milled straw bio-
mass.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

camera positioned above the flow tube and a digital camera
positioned to the side of the tube, as shown in Figure 1b.

Results and Discussion
Effect of air flow rate

Wood Pellet Biomass. The effect of air flow rate on the
flow patterns exhibited by the wood pellets is depicted in
Figures 3a, b where the solid biomass flows from right to
left. Two distinct flow patterns are evident: there is a fast
flowing phase that is suspended in the air flow at the top of
the tube and a slow moving bulk phase at the bottom of the
tube between successive scraper plugs. The bulk phase is
heavily affected both by gravity and the presence of the
scraper plugs. Without any reciprocating scraper motion,
there is no movement of the biomass at the bottom of the
bulk phase at all. Although the scraping plugs are themselves
obstacles to the flow, the two flow phases would not be
eliminated even if the plugs were removed. Rather, in the
absence of the plugs, the phases would not be as distinct and
a more gradual velocity profile would be observed along the
vertical plane of the tube.

The build up of the bulk biomass phase occurs behind and
in front of the scraper plugs. This is more evident at higher
air flow rates (Figure 3b) where a larger amount of the bio-
mass is in the suspended phase and vacates a larger volume
of the tube. At lower air flow rates the biomass builds up in
the whole section between the scraper plugs leaving a
smaller amount of biomass in the suspended phase (Video 1
in the Supporting Information).

The suspended phase consists of a small amount of bio-
mass that is carried along the length of the tube, suspended
in the air. Figure 4 and Supporting Information Video 2
illustrate the flow pattern of the suspended biomass phase in
the air stream. The picture is taken directly above the tube,
and therefore, shows the flow pattern in the horizontal plane.

Table 2. Range of Operating Conditions

Wood Pellets

90, 110, 135, and 160
55,10 s, and
stationary scrapers

Milled Straw

10, 20, and 30
55,10 s, and
stationary scrapers

Air flow rate (kg/h)

Scraping periods of
reciprocating scrapers
(using Piston 1)

Scraping periods of
reciprocating scrapers
(using Piston 2)

255, 1s* 255, 1s°

“Air flow rate tested was limited to 90 kg/h.
PAir flow rate tested was limited to 10 kg/h.

3734 DOI 10.1002/aic

Published on behalf of the AIChE

mean flow direction

Less biomass settles at
(b) the base of the tube at
higher air flowrate

\ biomass build-up in
front and behind
scapers
Figure 3. Flow of wood pellet biomass (a) air flow rate
90 kg/h (Re =20000) and stationary scrapers
(b) air flow rate of 110 kg/h (Re =24000) and
stationary scrapers.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The suspended biomass follows a meandering path through
the tube avoiding the scraper plugs, as illustrated by the
arrows. This flow pattern is more prominent at lower air flow
rates; as the air flow rate is increased, the biomass tends to
collide with the scraper plugs to a greater extent and to disin-
tegrate as a result. This observation may be explained by the
wood pellets having a high Stokes number (typically two
orders of magnitude higher than the milled straw biomass)
due to their relatively large particle size and high density so
that they are less prone to follow the trajectory of the air
flow and to avoid collisions with obstacles along the way.

As the air flow rate increases, it is observed that the ratio
of the suspended biomass to the bulk biomass increase. At a
certain air flow rate, the bulk biomass phase ceases to exist
and the full flow of biomass is in suspension. For the wood
pellet biomass, this occurs at an air flow rate of around
160 kg/h.

Milled Straw Biomass. The flow pattern of the milled
straw biomass is comparable to the wood pellet biomass. As
seen in Figure 5 and Supporting Information Video 3, the
milled straw biomass exhibits the two distinct flow phases
also observed with the wood pellet biomass. Generally, the
flow of the milled straw biomass in the tube is observed to
be less uniform than the wood pellets due to the milled straw
particles forming bridges and adhering to the walls of the
feed tank upstream of the tube. Figures 5a, b highlight that
at the highest air flow rate of 30 kg/h, there is less of the
milled straw settling at the base of the tube. The investiga-
tion has not been extended to include even higher air flow
rates that would ensure that all the milled straw would be in
the suspended phase. At such a high air flow rate, the bio-
mass flow rate would be very high, resulting in a very short

mean flow direction
—

Figure 4. Suspended phase flow pattern for wood pel-
let biomass: top view.
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mean flow direction
(a) -

bulk biomass accumulates and fills up
almost the whole tube cross section in
(a) in comparison to (b) where it only
i h 4 )
(b) ot.:cup;es less than 1/4 of the tube's —
width

Figure 5. Flow of milled straw biomass (a) air flow rate
10 kg/h (Re =2200) and stationary scrapers
(b) air flow rate 30 kg/h (Re =6600) and sta-
tionary scrapers.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

residence time in the tube, which may not be desirable for
the proposed application of microwave decomposition of
solid biomass.

Effect of scraping velocity

Figures 6a, b illustrate still shots of the wood pellet bio-
mass flow when subjected to an air flow rate of 90 kg/h at
10 s and 1 s scraping period, respectively. The corresponding
video shots are shown in Supporting Information Video 4.

Visual analysis of the animations suggests that higher
scraping velocities provide enhanced mixing of the biomass.
A transitional phase develops obscuring the discrete divide
between the bulk and suspended phases. This occurs to a
greater extent at higher scraping velocities. Increasingly
more rapid mixing of the biomass within the tube leads to a
greater amount of biomass being picked up by the air flow,
hence increasing the biomass flow rate. The reciprocating
movement of the scrapers helps to reduce the dead spots that
appear near the scraper plugs. A build up of biomass can
nevertheless still be observed in front of and behind the
scraper plugs. However, the biomass particles are constantly

mean flow direction
(a) —

" Graster bulk mixing is seen in
(b) than in (a), as the wood
(b) pellets are swirled around
‘more vigerously in (b)

Dead spot regions
near scraper plugs

Figure 6. Effect of scraping velocity on wood pellet
biomass, air flow rate 90 kg/h (a) 10 s scrap-
ing period (b) 1 s scraping period. (The thick
arrows on the scrapers indicate the direction
of their movement)

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Effect of scraping period on wood pellet
biomass flow rate with an air flow rate of
90 kg/h.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

being renewed and the rate at which the biomass particles
are replaced increases with scraping velocity.

Another observation more readily observable from Sup-
porting Information Video 4, especially at the highest scraper
velocity (corresponding to scraping period of 1 s), is that the
flow pattern and mixing differ depending on whether the
scrapers are in co-current or counter-current motion with the
air flow. When the scraper plugs move in the same direction
as the net flow of biomass, the suspended biomass phase fol-
lows the previously observed meandering path between the
scrapers. The bulk biomass is pushed forward along the tube
by the scraper plugs at the same velocity as the reciprocating
motion. Conversely, when the scraper plugs move in the
opposite direction to the net flow of the biomass, greater
movement of the bulk biomass is forced. As the scraper ini-
tially moves backward a gap is formed in front of the
scraper plug which is filled, at the base of the tube, by the
biomass from behind the scraper plug on opposite side of
tube. As the scraper plug continues to move further back-
ward, the air flow and friction of the tube apply opposing
forces to the plug, which cause the biomass to move upward
around the outside of the tube as well as moving in a for-
ward motion, following a helical path around the outside of
the tube.
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Figure 8. Effect of rotating scrapers on biomass flow
rate. (WP: wood pellets; MS: milled straw)

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Pressure signal for scraping period of 5 s using wood pellet biomass (a) air flow rate 90 kg/h (b) air flow

rate 160 kg/h.

The suspended flow of wood pellets is observed to be less
concentrated in the air stream at lower scraper velocities rep-
resented by longer scraping periods. This observation is fur-
ther validated by the suspended biomass flow rate measured
under various scraping periods as shown in Figure 7.

The scraping period appears not to have as much effect on
the bulk mixing of the milled straw biomass compared with
the wood pellet biomass. This could be due to the smaller
size of the milled straw particles when compared to the
diameter of the tube resulting in them being more tightly
packed. Although increasing the scraping velocity does not
appear to enhance the mixing within the bulk of the milled
straw, its overall displacement through the tube is enhanced.
When the scrapers are stationary, the bulk biomass occupies
more than three quarters of the tube volume between the
scrapers and its profile is quite flat. There appears to be
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Figure 10. Overall power consumption at various
scraping periods and air flow rates (a)
wood pellets (b) milled straw.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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hardly any net flow in the bulk phase. Under reciprocating
motion, however, although there is a build up of biomass
behind and in front of the scraper plugs, the level of biomass
resting between two consecutive scraper plugs decreases as
the scraping velocity increases. This indicates that, in spite
of the reduced bulk mixing, the higher velocity of the recip-
rocating action is nevertheless able to shift the milled straw
biomass more effectively along the tube.

Rotating Scrapers. It is observed that enhanced mixing
of the biomass and an increase in net flow is generated when
rotating motion of the scrapers is superimposed on the recip-
rocating action (Supporting Information Video 5). During the
rotating motion, the scrapers also act as tool to break up the
bulk biomass which would otherwise settle at the base of the
tube. This effect can be seen in Figure 8, in which the flow
rates of biomass are shown to increase when the scraping
device is rotated as well as reciprocated at two scraping peri-
ods, 1 and 2.5 s. The wood pellet biomass flow rate
increases slightly at the 1 s scraping period by a factor of
1.08 and at the 2.5 s scraping period the increase is by a fac-
tor of 1.32. It can be seen that the rotation of the scrapers
has a much greater effect on the milled straw biomass flow
rate which increases by factors of 5.5 and 10 for the 2.5 and
1 s scraping periods, respectively.

Power consumption

The power consumption of the system is made up of two
parts: the power required by the piston to move the scrapers
and the power required to pump the air. As described by
Solano et al.,*° the power consumption of the scrapers is
obtained by measuring the oil pressure, which is time depend-
ent, in both chambers of the hydraulic piston. It is expressed
in Eq. 1 in terms of the operating characteristics of the piston

n(Dg—Dg) AP

Powery.,= 1 A[ 7,

)]

where the scraping period At (s), is measured by a timing
device connected to final-stroke switches which constrain the
scraping stroke S (backward or forward) to the value S =P
(370 mm).

Figure 9 illustrates the signal obtained from the pressure
sensors on the hydraulic piston during two typical operating
regimes. The scraper moves in the same direction as the net
fluid flow during the cocurrent half-cycle, conversely the
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scraper moves in the opposite direction to the net fluid flow
during the countercurrent half-cycle. The impulse pressure
(see Figure 9b) is the pressure of the oil that is being
diverted to the corresponding piston chamber. The discharge
pressure is the pressure in the other chamber that is being
discharged. The average pressure difference, (AP)y,
between the impulse pressure and the discharge pressure is
used in Eq. 1 to calculate the power consumed by the piston.
Different power consumption values are measured during the
co-current and counter-current half-cycles; therefore, the
power consumed by the scraper is the average of the two.

The power required to pump the air through the system
can be described by Eq. 2

AP
Power, = MoTa

@

where the mass flow rate, m, is measured via a coriolis flow
meter.
The overall power consumption is, therefore, given as

2_n2
TE(DC Dp) APy,  mAP,

Power= 7 A /2 )

3

Figures 9a, b highlight the difference in the measured pressure
at different air flow rates with the scraping period held constant at
5 s. Although the oil pressure recorded under co-current motion is
similar for both cases, the oil pressure under counter-current
motion is increased when the air flow rate is higher. This higher
pressure that is required to move the scraper plugs in the counter-
current motion accounts for an increased scraping power required
at higher air flow rates. It is to be noted that, especially for the
wood pellet biomass where high air flow rates are used, the scrap-
ing power typically represents no more than 20% of the overall
power consumed.

The power consumption of the system when subjected to
changing air flow rate and scraping period is illustrated in Figures
10a, b for the wood pellets and for milled straw, respectively. It
can be seen that for a given scraping period the power consump-
tion generally increases as the air flow rate increases, as expected,
except for one set of anomalous result for the 2.5 s scraping period
using the milled straw which is attributed to an error in the meas-
ured air flow rate. Furthermore, for any fixed air flow rate, the
power consumption of the process generally increases as the
scraping period decreases. It is worth noting that the overall power
consumed for the wood pellets shown in Figure 10a is an order of
magnitude higher than for the milled straw due to the much higher
air flow rates used, and the relative scraper power increases at
higher scraper velocities are thus proportionally smaller than those
of the milled straw in Figure 10b. At the lower scraping period, the
velocity of the reciprocating scraper is greater, causing increased
friction between the scraper plugs and inner wall of the tube. This
increased resistance is overcome by the higher oil pressures in the
piston chambers, which results in more power being consumed.

Conclusions

In this work, the feasibility of reciprocating/rotating
scraper technology combined with pneumatic conveying as a
continuous transportation method for two types of solid bio-
mass of different densities has been investigated.

Without the reciprocating motion of the scrapers, the bio-
mass exhibits two discrete flow phases, a slow moving bulk
phase that travels across the base of the tube and a faster
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moving suspended phase. Low air flow rates and high scrap-
ing velocities have been identified as providing the optimum
conditions for the two types of biomass using the scrapers in
reciprocating mode. The air flow rates are 90 and 10 kg/h
for wood pellet biomass and milled straw biomass, respec-
tively, both generating best displacement conditions at a 1 s
scraping period. Higher scraping velocity (represented by
shorter scraping periods) of the reciprocating scrapers also
results in better mixing within the bulk of the wooden pellets
where as little mixing improvement is observed with scrap-
ing velocity for the milled straw. Dead spots that tend to
form next to the scraper plugs are nevertheless greatly
reduced at higher scraping velocities. Scraping power which
increases with scraper velocity typically represents no higher
than 20% of the overall power consumed at the highest flow
rates of 160 kg/h using the wood pellets.

Rotation of the reciprocating scrapers demonstrates a dis-
tinct potential to further enhance mixing of the biomass. A
combination of rotation and reciprocating movement is more
beneficial in aiding the flow of the solid biomass as demon-
strated by the higher flow rates of displaced biomass under
these conditions.

It is envisaged that this technology could be a step for-
ward in developing a continuous, large-scale process for the
microwave-assisted decomposition of solid biomass to pro-
duce bio-oils. The ability of the moving scrapers to clean the
inner surface of the tube while aiding the displacement and
mixing of the solid biomass during its exposure to the micro-
wave energy field is an important advantage if viscous oils
are formed and deposited on the tube walls. Further design
considerations concerning the in situ separation of the oil
from the solid biomass residue as it flows through the tube
would need to be explored and implemented for operation in
this particular application.
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Notation

d = rod diameter, m

inner tube diameter, m

piston chamber diameter, m

hydraulic diameter of tube, (= D—d), m
piston diameter, m

mass flow rate, kg/s

scraper pitch or pressure, m or bar
pressure drop or pressure difference, bar
stroke, m

scraping period, s

velocity, m/s

<?«U}%"U§1P:rbrub

Greek letters

= dynamic viscosity, Pa.s

p = density, kg/m®
Dimensionless groups

Re = Reynolds number, = pVDy/u

Subscripts

a= air
SCr = scraper
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