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A B S T R A C T   

Challenges exist to implementing high-temperature microwave processes with changing dielectric properties that 
achieve uniform processing. This paper presents a new high-temperature hybrid microwave processing system 
which overcomes these challenges in a robust, scalable way, integrating a slotted waveguide ring microwave feed 
into a toroidal fluidised bed reactor and maintaining its fluidisation behaviour. The prototype operates at a 
frequency of 2450 MHz with a maximum power of 10 kW and within a temperature range of 50–300 ◦C, though 
it is scalable to industrial levels. Electromagnetic simulations of the system were experimentally validated using a 
range of agri-crop feedstocks. Hydrodynamic and thermodynamic reactor characterisation was performed, and 
treatment performance was quantified regarding surface bed temperature variation. Excellent treatment uni
formities were found under microwave and hybrid regimes, with a temperature coefficient of variation (CoV) 
across the bed’s surface below 2 %, an order of magnitude better than existing microwave processes, generally 
regarded as highly uniform with CoV of approximately 20 %. The integration of microwaves and toroidal flui
dised beds, without exposed moving parts, potentially unlocks a range of applications previously inaccessible to 
microwave technology or fluidised bed technologies on their own. Future work involves process development, 
techno-economic studies, and large-scale pilot trials.   

1. Introduction 

Microwave heating is a well-established technology used in the food 
and rubber processing industries for decades. However, these process 
temperatures are relatively low, typically under 150 ◦C. Developing 
microwave-based systems which operate reliably at temperatures higher 
than this presents significant challenges. These include but are not 
limited to: (1) appropriate construction materials, particularly for 
components exposed to high temperatures and electric field strengths, 
for example, microwave windows, seals, and ports. (2) Effective and 
reliable materials handling systems that can maintain performance over 
an acceptable period without costly and time-consuming maintenance 
regimes. For example, it is resistant to fouling and deposition of 
microwave-absorbing debris, which can lead to localised heating and 
system damage. (3) Reliable temperature measurement within the mi
crowave applicator during operation and its’ necessity to appropriately 
control microwave power delivery, particularly where this is automated 

into a wider process control regime. (4) Poor overall treatment unifor
mity impacting overall system performance and durability [1,2]. This 
poor uniformity can be a significant issue and may often be attributed to 
at least one or all the following factors:  

• Changes in the strength of the electric field within the cavity and its 
subsequent interaction with the process material.  

• A deficient material handling system or lack of mixing resulting in 
localised hot and cold spots; static and trapped material.  

• Changing dielectric properties with temperature causes preferential 
heating, which can result in dielectric/thermal runaway, further 
exaggerating treatment heterogeneity.  

• Localised process overheating and arcing. 

Improvements in treatment homogeneity in a microwave process can 
be achieved in a number of ways. Movement of the material, e.g. by the 
use of turntables [3–5], non-uniform movement [6], conveying 
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technologies [7–10], fluidised beds [11–14], and product mixing tech
niques [15,16]. Use of microwave susceptors [17–19]. Reactor geometry 
optimisation [20,21]. The movement of the electromagnetic fields, such 
as the use of mode stirrers [22,23], active reactor geometry modification 
[24], and microwave signal conditioning by frequency or phase 
sweeping [25–29]. The use of tailored microwave feeding configura
tions such as multiple feeds or feeding arrays optimised for a specific 
product [20,25,29–32]. Finally, optimise product size, shape, and 
positioning within the reactor [33–37]. Combining some of these prin
ciples can be a practical approach to optimising treatment uniformity 
and could be improved even further by combining microwaves with 
conventional heating technologies using a hybrid approach [38–40]. 
Most of these methods require complex moving parts, are inefficient, or 
poorly suited for use in high-temperature systems. They are often prone 
to debris accumulation, leading to overheating and the potential for 
thermal runaway, which can result in the burning or melting of com
ponents and insulation materials. It can also increase the likelihood of 
process arcing leading to critical system damage [41,42]. 

Fluidised-bed reactors are an established method of mixing materials 
during processing without moving parts for applications where me
chanical means for product mixing or transport can become unpractical 
[43–45]. These reactors can be reliably operated at high temperatures, 
with industrial fluidised beds being used at temperatures in excess of 
1000 ◦C [46,47]. 

By incorporating microwave heating in such fluidised beds, issues 
associated with microwave treatment uniformity and heat transfer 
limitations in processing low thermal conductivity solids can be 
reduced. Overcoming heat transfer limitations thanks to the volumetric 
heating effect of microwaves, which, when incorporated in a fluidised 
bed reactor, enables the processing of relatively large particles with 
highly efficient mixing of the material bed. Therefore, microwave inte
gration can overcome a common constraint in conventional fluidised 
bed systems [12,48]. Moreover, combining external convection with 
internal volumetric heating could provide a high degree of control over 
the temperature gradient across the particles. Microwave fluidised beds 
have been investigated with an emphasis on drying applications, espe
cially in food [14,49–57]. Other applications which have been explored 
include chemical reactions using metal powders [58], metal ores and 
concentrates [59,60] and recently, pyrolysis of biomasses [11,12,61]. 
These relatively simple systems are often derived from modified do
mestic ovens using a relatively microwave-transparent glass column 
acting as a fluidised bed reactor. Common issues with these systems arise 
from the fragile materials of construction, particularly the reactor tubes. 
The formation of char particles and microwave-absorbent by-products 
can easily stick to the inner surfaces of these tubes, making them prone 
to overheating and failure [62]. Exceptions can be found in the form of 
waveguides/ducts [13,49,50] and setups in which the fluidised reactor 
itself acts as a microwave cavity [59,63,64], and can provide more 
robust long-term operation. 

In this paper, we present a hybrid convection-microwave heated 
fluidised bed system which combines both heating mechanisms to 
overcome uniformity and heat transfer limitations, resulting in a robust 
and scalable platform technology. This system is based on an established 
commercially available toroidal fluidised compact bed reactor (CBR) 
technology developed by Torftech® Ltd and the novel incorporation of 
microwave heating with minimal disruption of its fluidisation behav
iour. Compared to a conventional fluidised bed, the CBR unit’s advan
tages include high heat and mass transfer, rapid response to process 
control, low static pressure loss (i.e. ease of high-temperature gas 
recirculation), and tolerance to feed size variability [65]. Adapting the 
design has enabled the integration of a microwave applicator, which 
maintains the characteristic hydrodynamic behaviour and represents a 
viable and scalable route to reliable high-temperature microwave pro
cessing, offering a highly uniform heating, controllable temperature 
gradient across the product, relatively large particle size, and rapid 
processing. The design is hereby referred to within this work as the 

Torwave® hybrid microwave system and is conceptually illustrated in 
Fig. 1. The design approach, modelling, experimental validation and 
characterisation are presented for a one-litre batch proof of concept 
system. The system could find applicability in sustainable processes, 
such as process intensification, carbon capture, torrefaction, exfoliation, 
roasting, sterilisation, expansion, drying, reduction, amongst many 
others. 

2. Integration of a toroidal fluidised bed and microwave 
applicator - Design Approach 

A microwave design frequency of 2450 MHz of the Industrial Sci
entific and Medical (ISM) bands was selected as a principal basis of 
design parameters for the prototype proof-of-concept system. The di
mensions of a resonant microwave reactor are generally bound by the 
frequency of the microwave energy and its resonant behaviour (i.e. 
mode patterns). This, in turn, is dependant on the geometry of the cavity 
itself [45]. The use of a 2450 MHz prototype yields a system of 
acceptable size, which serves as an appropriate platform for 
proof-of-concept development and performance evaluation whilst also 
being large enough so that the reactor design scale-up is well under
stood. Any subsequent scale-up approach would primarily be based on 
reducing the operational frequency to the 896 MHz band in the UK or 
915 MHz internationally, with its relative reactor and bed size increase. 
CBR reactors can also be scaled in diameter, maintaining the bed 
cross-section shape and enabling scale-up at a fixed frequency by rede
signing the microwave feeding structure. In the following sections, we 
present the general arrangement of the reactor, its Basis of Design (BoD) 
and the electromagnetic design of the integrated microwave applicator 
system. 

2.1. General arrangement of the proof-of-concept torwave® T400 reactor 

The Torwave® is characterised by a quasi-triangular cross-section 
toroidal bed formed between the internal cone and the outer wall of the 
reactor. This bed covers approximately 95 % of the blade distributor 
[66]. The system has the capacity to operate with volumes of up to one 
litre per batch, depending on the particle size. The bed density can be 
relatively high, with a void fraction of 0.39 achievable for regular 
spherical particles [67], closely resembling the expected void fraction 
from a poured random packing model for spherical particles [68]. The 
design incorporates a 60 ◦ pitch truncated cone and a 4 cm distributor 
blade ring. The layout of the proof-of-concept laboratory scale system 
and the reactor’s main components are depicted in Fig. 2. 

A 4 kW fan delivers air to a 10 kW in-line electrical heater directly 
connected to the reactor plenum. The recirculation loop, connecting the 
reactor outlet to the fan, is made of stainless-steel circular ducting. The 
reactor and the recirculation loop are insulated using aluminium-coated 
glass fibre insulation. The process gas temperatures were monitored 
using three K-type thermocouples at the fan outlet, reactor inlet, and 
reactor outlet. The bed temperature was measured across the moving 
bed using a thermal camera (FLIR 60E) fixed above a viewing port in the 
lid fitted with a Germanium window, which consists of a metal tube 
sized to prevent microwave leakage, following a similar design approach 
as in [69]. A WR284 waveguide feeds microwaves to the slot waveguide 
ring, which distributes the microwaves uniformly around the reactor 
chamber base through a microwave transparent window, which is 
conformal to the reactor distribution cone. 

2.2. Basis of design 

The basis of design specification summary can be found in Table 1, 
for a pilot-scale and laboratory-scale system. 
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2.3. Electromagnetic modelling methodology 

The resonant properties of the CBR reactor were characterised 
through electromagnetic simulation. Also, a compatible microwave 
feeding concept was developed, which does not interfere with the hy
drodynamic function of the system, delivers an even distribution of 
power across the bed, and achieves the BoD design requirements 
regarding power conversion efficiency, power density and leakage. The 
design process relied on COMSOL Multiphysics RF module based on the 
finite element method (FEM) [70]. The geometry was discretised with a 
maximum element size of λ/5 in the bulk and λ/10 within the bed vol
ume, where λ represents the wavelength inside of the material (i.e. λ =
λ0/

̅̅̅̅̅
εrʹ

√
, with λ0 being the free-space wavelength and εr

ʹ the dielectric 
constant of the material). 

Isotropic media with bulk properties derived from experimental 
measurements were used to model the products. Metallic surfaces were 
approximated as impedance boundaries due to the significantly smaller 
skin depth compared to any metallisation present in the system. This 
approximation assumes that the currents are superficial, which can be 
considered accurate if the ratio of metallisation dimension (L) to skin 
depth (δ) is greater than 10 [70]. The skin depth can be calculated using 
Eq. (1) [71]. 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

πfμ0μrσ

√

(1)  

where f is the frequency (Hz); μ0 is the permeability of free space (H/m) 
and μr are the relative permeability (H/m) and σ is conductivity (S/m). 

Fig. 1. Illustration of the Torwave® reactor concept.  

Fig. 2. Illustration of Torwave ® T400 proof of concept laboratory system showing the general arrangement of the unit (left) and internal reactor geometry (right).  
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The electromagnetic wave equations for the electric fields (E) are 
solved in the frequency domain, following Eq. (2) [70]. 

∇ ×
1
μr

(∇ × E) − ω2ε0μ0
(

εr −
jσ

ωε0

)

E = 0 (2)  

2.4. Additional metrics 

A number of additional metrics were employed to assess the elec
tromagnetic performance of the system. The average power density 
within the volume V is determined using Eq. (3). 

Pdavg =
1
V

∫

V

PddV (3)  

where Pd is the power density (Wm− 3), V is the bed volume (m3) 
This value enables evaluating the likely power density achievable 

within the process material for a given input microwave energy. 
Experimental determination is difficult, except in cases where most of 
the absorbed power is anticipated to be dissipated in the product. In such 
scenarios, an estimation can be done by calculating the ratio of dissi
pated power to sample volume. 

To evaluate the uniformity of microwave distribution within a vol
ume, the Power Uniformity Index (PUI) is used. This index is determined 
by averaging the spread of power density data and normalising it to the 
average power density. The calculation of the PUI can be performed 
using Eq. 6 [72]: 

PUI =

∫

V

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Pd − Pdavg

)2
√

dV
V Pdavg

(4) 

The minimum achievable PUI is zero for a perfectly uniform power 
density distribution throughout the product (i.e., the power density 
evaluated in each point within the volume is equal). 

2.5. Torwave® resonant behaviour 

A simplified T400 CBR reactor geometry with a diameter of 400 mm 
(hence T400), as depicted in Fig. 3, was subjected to an eigenfrequency 
study. This analysis aimed to investigate the resonant behaviour of the 

cavity and identify appropriate resonant modes for heating the material 
in the fluidised bed. 

From the various resonant modes available within the cavity, a 
specific mode exhibited the greatest degree of interaction with the load 
upon establishing the fluidised bed, with a relatively high empty quality 
factor (Q0) of 8329. This mode is illustrated in Fig. 4, showing the 
presence of eight vertically polarised hotspots within the product bed 
zone. 

The quality factor (Q0) is defined as [44]: 

Q0 =
2πU

P
(5)  

where: U total energy stored and P the energy dissipated per cycle. 
To attain high power conversion efficiencies, it is essential to have a 

high quality factor for an empty reactor (Q0empty) and a low quality factor 
with a reactor with product (Q0filled). The power conversion efficiency 
refers to the proportion of absorbed power within the system that is 
dissipated within the product. It can be calculated as shown in Eq. 6 
[73]: 

Peff (%) =

(

1 −
Q0filled

Q0empty

)

× 100 (6)  

2.6. Slot ring feed design 

To achieve the design resonant behaviour, it was necessary to 
establish a means of transferring energy to the load and thus to the 
resonant pattern. Ideally, this mechanism would not interfere with the 
gas flow in the reactor or the fluidised bed’s hydrodynamic character
istics. Importantly, the toroidal and roping motion of the bed causes 
frequent collisions between the product and the outer reactor wall, 
while the central cone seldom comes into contact with the product. 

A novel concept comprising a slot waveguide array that conforms to 
a conically shaped microwave transparent window on the central cone 

Table 1 
Basis of design – summary of requirements.  

Parameter Aspect Requirement (Pilot- 
scale) 

Requirement (Proof- 
of-Concept scale) 

Scope and 
operation 

Operation mode Semi batch-mode Batch-mode 
Capacity 16 Litres per batch 0.5–1 Litres (per 

batch) 
Service & 
Operability 

Fully dismountable 
and serviceable 

Fully dismountable 
and serviceable 

Bed temperature Up to 800 ◦C (subject 
to material 
specification) 

Up to 300 ◦C (subject 
to material 
specification) 

Microwave 
system 

Power 75 to 100 kW 1 to 10 kW 
Frequency 896 or 915 MHz 2450 MHz 
Efficiency > 90 % Power 

absorbed 
> 90 % Power 
absorbed 

Average power 
density in the 
load 

Up to ~1 × 107 W/ 
m3 

Up to ~1 × 107 W/ 
m3 

Health and 
safety 
compliance 

Leakage below 5 
mW/cm2 

Leakage below 5 
mW/cm2 

Fluidised bed Diameter 1000 mm 400 mm 
Gas temperature 25 ◦C to 800 ◦C 25 ◦C to 300 ◦C 
Operational 
mode 

Recirculating (w/ 
cyclone) 

Recirculating 

Products Particle size 
range 

1–18 mm 1–9 mm 

Bulk density Up to 1 g/cm3 Up to 1 g/cm3  

Fig. 3. Reactor simplified geometry for eigenfrequency analysis.  

Fig. 4. Electric field distribution resonant mode at 2541 MHz for the empty 
cavity. Vertical cut plane at the centre, and horizontal cut plane at expected 
bed position. 
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was designed. This array enabled close coupling with the product in a 
predominantly vertically polarised field, ensuring efficient microwave 
energy delivery to the product bed. Combined with the excellent bed 
mixing characteristics of the CBR reactors, it can facilitate uniform mi
crowave treatment of the product bed. By positioning the microwave 
window in a low position conformal to the base of the central cone, the 
concept minimises the risks of wear and contamination during pro
longed operation as the material only has limited physical contact with 
the central cone. Additionally, power can be evenly distributed 
throughout the reactor chamber, aligning with the resonant pattern of 
the cavity. This minimises the likelihood of reduced treatment unifor
mity and process stability issues such as overheating and arcing, which 
can be expected in less controlled feeding arrangements. 

2.6.1. Slot waveguide design 
Slotted waveguides have been widely employed as antenna arrays 

[74–79]. These waveguides feature slots that disrupt the current flow, 
causing it to circumvent the slots and radiate as an equivalent half-wave 
dipole. Broad wall slot antennas generate vertically polarised fields, 
while narrow wall slots produce horizontally polarised fields [79]. 
Moreover, slots can be utilised to couple fields from a waveguide to a 
product or cavity, enabling controlled material processing [45,44,80]. 
In this context, such a coupling structure can effectively couple micro
waves to the cavity. 

For effective propagation of electromagnetic energy into the wider 
cavity, the longer side of a slot should be orientated perpendicular to the 
current to disrupt its flow effectively. In the travelling wave regime, the 
current maximum shifts with the wave, while in the standing wave 
regime, the maxima become fixed and spaced apart by λg /2, where λg 
represents the guided wavelength. Fig. 5 illustrates the surface current 
for two slots on the broad side of a TE10 waveguide. It demonstrates that 
a slot positioned in the middle of the broad side with its long side par
allel to the waveguide walls would not exhibit significant radiation, 
whereas an off-centred slot would. 

The resonant length of a slot, which behaves complementary to a 
half-wave dipole, is typically around λ0/2, considering a finite slot width 
of approximately 0.035λ0. In practice, the slot length is usually around 
Lc ≈ 0.4625λ0 [78,81]. 

2.7. Ring-shaped array 

A H-tee power splitter concept was used to realise the ring-shaped 
waveguide slot array, where the output arms of the splitter are in 
phase (Fig. 6). Closing the ring with equal-length arms results in a 

maximum electric field opposite to the input, as the waves meet in phase 
and constructively add at the joint (i.e., virtual open circuit). 

This behaviour is illustrated in Fig. 7, which depicts the electric field 
across the centre of the ring. 

The ring array was dimensioned to present eight maxima aligned 
with the identified reactor resonant mode hot spots shown in Fig. 4. A 
maximum occurs opposite the feed, with subsequent maxima separated 
by half the guided wavelength. When the waveguide is bent into a ring 
shape, this distance needs to be measured along the internal circum
ference. Given a guided wavelength of λg=173.6 mm, the half wave
length, representing the arc length between the slots, is Rθ = λg/2, 
leading to an approximate angular separation of θ ≈ 46 ∘. A last com
bined maxima is located at the feeding point, resulting from the super
position of two slightly displaced maxima extending along each arm, 
resulting in a total of eight zones that align with the reactor resonant 
mode. 

The vertical position of the slot in the waveguide wall influences the 
coupling efficiency. Slots positioned further from the centre exhibited a 
greater degree of individual coupling. Therefore, careful consideration 
of this position was required to achieve efficient and uniform distribu
tion around the ring considering the range of dielectric properties of the 
materials considered in the electromagnetic design. 

In antenna arrays, subsequent slots are typically interleaved in 
opposite positions to minimise the horizontally polarised component in 
the far-field [79]. However, this is not a requirement for heating 

Fig. 5. TE10 rectangular waveguide surface current distribution schematic 
representation for different slot positions. 

Fig. 6. H tee splitter electric field behaviour representation for a fix input 
phase, blue arrows electric field vector pointing down, red arrows pointing up, 
showing output arms in phase. 

Fig. 7. Electric field distribution within the waveguide ring at its centre, 
designed for broad wall slot feeding. 
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purposes and near-field operation. To optimise the feeding ring within 
the boundary constraints of the reactor, the slots were located only at the 
upper end of the waveguide, and the ring position was numerically 
optimised to achieve at least half power coupling without tuning for 
beds with dielectric constants (ε’) ranging from 1.5 to 3 and a loss factor 
(ε”) of 0.08 (representing the lower end of the loss factor for materials 
processed in the system). This optimisation allows for reasonable ease of 
system tuning. The evaluation of key performance parameters for 
different product properties under untuned conditions is presented in 
Table 2 and shows that the system is robust enough to operate in the 
expected range of material properties, as target BoD parameters were 
achieved in all cases. 

3. Selected materials and their dielectric properties 

In order to validate the reactor’s field and power density distribution 
and its resonant properties, electromagnetic simulations were conduct
ed using a lightweight foamed glass incorporating a small proportion of 
carbon powder (FOAMGLAS T4+). This material is considered an 
excellent microwave absorber as the foamed structure retains heat with 
minimal thermal conduction through the material. 

One of the most important considerations for fluidised process is to 
ensure flow regime is maintained. In this sense, the impact of bed 
loading (0.5 – 1 L), particle size (1- 9 mm), temperature (25 – 300 ◦C) 
and gas flow rate was systematically investigated to evaluate the 
toroidal fluidised regime. The dynamic testing validation was performed 
using a range of materials such as green coffee beans, mung beans, 
mustard seeds and malted barley. The selection of these materials was 
done based on the physicochemical and mechanical properties, 
including moisture, particle size, density and morphology. These sam
ples were also used to characterise thermodynamic, heating uniformity 
and resonant characteristics of Torwave®. 

Dielectric property measurements were performed using the cavity 
perturbation technique (CPT) [82] at 2470 MHz on FOAMGLAS® T4+, 
Polytetrafluoroethylene (PTFE), green coffee beans, mung beans, 
mustard seeds, and malted barley, with results shown in Fig. 8. Samples 
were run in triplicate, and the figures reported the average values. 

As a function of temperature, the dielectric properties of FOAMGLAS 
T4+ remain relatively constant, making it an ideal candidate for its use 
for static validation with thermal imaging. PTFE exhibited a negligible 
loss factor across the measured range of material temperatures and was 
measured as a low-loss comparator. 

Considering the dielectric response of coffee and mung beans, both 
the constant (ε’) and loss (ε”) increase up to a maximum reached 140 – 
150 ◦C and are associated with their softening point. After this tem
perature, relatively abrupt drops in both properties are observed, 
resulting principally from water loss and the devolatilisation of aroma 
compounds. Materials can be classified according to their ability to 
absorb microwaves [83]. Green coffee beans can be classed as moderate 
to strongly microwave-absorbing materials, having a loss tangent (ratio 
of ε’’/ε’) from 0.08 to 0.15 over the measured temperature range. Mung 
beans can be classed as strong microwave absorbing as their loss tangent 
is within the 0.12–0.15 range. 

The dielectric properties of malted barley increase proportionally up 
to 250 ◦C. Again, as with coffee and mung beans, the dielectric response 
up to 150 ◦C is principally dominated by the interaction with free water 
within the cereal grain. However, above this temperature, the interac
tion with bound water associated with β-glucans, phenolic compounds, 
and structural carbohydrates dominates [84]. Having a loss tangent in 
the rage 0.04–0.08 malted barley was classed as a moderate microwave 
absorber. 

Considering the mustard seeds, the dielectric properties increase 
slightly with temperature, up to 100 ◦C and drop up to 250 ◦C. However, 
the variance is significantly less than the other materials tested. Loss 
tangent for the mustard seeds was ~0.04 over the temperature mea
surement range, thereby classed as a moderate microwave absorber. 

Further dielectric measurements were done using a WR430 wave
guide transmission-reflection dielectric measurement system [85]. This 
system allows the measurement of bulk dielectric properties of malted 
barley without grinding, as is required for CPT; thereby, it is expected to 
yield results more representative of the material introduced to the 
Torwave® reactor during processing. Results at 20 ◦C show a dielectric 
constant ε’ of 2.08 and loss ε” 0.18 when measured at 2470 MHz. This is 
similar to the values derived from the CPT indicating that grinding has 
little effect on measured dielectric properties compared to the whole 
grain. 

4. Experimental characterisation and validation 

4.1. Static validation 

To validate the heating pattern and resonant characteristics (i.e. 
reflection coefficient S11) of the reactor against electromagnetic simu
lation, the FOAMGLAS® T4+ described in the previous section was cut 
to mimic a typical bed shape during normal operation in the Torwave 
reactor, with the shape shown in Fig. 9. 

The foam ring was supported by a 5 mm tall microwave transparent 
ceramic fibre blanket placed on the distributor blades. The reflection 
coefficient of the system was measured using a Keysight E5071C vector 
network analyser connected to the system’s waveguide input. 

Fig. 10 shows the simulated vs. measured reflection coefficient (S11) 
in dB, which represents the fraction of the microwave power being input 

to the reactor being reflected to the generator (Preflected = Pin
(
10

S11
10
)
). 

Across the frequency range, measurements show close agreement with 
the S11 output from the simulation, typically, with a − 10 dB bandwidth 
difference of about 1 MHz. The close correlation underpins the simula
tion method’s suitability to evaluate the reactor’s behaviour. 

During the static heating tests, the FOAMGLAS® T4+ ring was 
exposed to an applied microwave power of 300 W for 10 s. The reactor 
lid was promptly removed, and a thermal image of the entire bed was 
captured by looking down into the reactor from above using a NEC 
H2640 infrared thermal camera. Images were then analysed using 
Radiometric Complete® software. The resulting thermal distribution 
profiles were qualitatively compared to a 2-dimensional simulated 
power density distribution taken from the same reactor area – just above 
the blade distributor where the fluidised bed is formed. Fig. 11 shows the 
simulated power loss density and the measurements obtained from the 
thermal image. These results agree with the spatial distribution of the 
electric field intensity and heating pattern observed on the surface of the 
material. This further validates the electromagnetic design approach. 

4.2. Hydrodynamic characterisation 

To better understand the system’s fluidisation behaviour and simu
late the fluidised bed, the stainless-steel chamber shown in Fig. 1 was 
replaced with an optically transparent Perspex chamber. The Perspex 
chamber enabled clear observation of bed dynamics and characterisa
tion of the system’s fluidisation behaviour. 

Table 2 
Performance of a reactor at 2.45 GHz, for a 6 kW microwave power input at a 
range of bed dielectric constants and a loss factor of 0.08 (untuned condition).  

Parameter έ = 1.5 έ = 2.0 έ = 2.5 έ = 3.0 

S11 (dB) − 4.4 − 4.7 − 3.1 − 10.3 
Peff (%) 90.3 88.3 88.2 82.7 
PUI 0.83 0.70 0.85 0.84 
Pav (W/m3) 3.75 × 106 3.82 × 106 2.88 × 106 4.93 × 106 

Where: S11 is the reflection coefficient magnitude; Peff (%) is power conversion 
efficiency; PUI is the Power Uniformity Index and Pav is average power density 
in the load. 
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The materials selected to evaluate the hydrodynamic behaviour are 
shown in Table 3. These materials allowed to evaluate the toroidal flu
idisation using a range of samples with industrial relevance and char
acterised by their unique characteristics such as particle sizes, shapes, 
densities, and classification based on Geldart’s particle classification 
system. 

The samples were fluidised using three different volumes to explore 
different bed loading configurations (200, 400, and 600 mL). The bed 
pressure drop was measured at various gas velocities for each fluid
isation regime. The relationship between bed pressure drop and gas 
velocity is illustrated in Fig. 12, providing a typical variation observed in 
the described fluidisation regimes. 

Observations of the bed during toroidal fluidisation were undertaken 
using a high-speed camera. A minimum load volume was required to 
achieve toroidal fluidisation of some particle types, and glass pebbles 
were not toroidally fluidisable above 600 mL with the used fan due to 

their density. The required velocity ranges to achieve toroidal fluid
isation are shown in Table 3. For stable operation, a velocity near the 
midpoint between minimum and maximum was used during processing 
runs. 

Fig. 8. Dielectric constant (a) and loss factor (b) versus temperature of PTFE and FOAMGLAS®T4+ and Dielectric constant (c) and loss factor (d) for different 
materials at 2470 MHz– Average of three measurements measured by CPT. 

Fig. 9. Sketch of static bed, representing a typical bed shape obtained in the 
CBR reactor. 

Fig. 10. Experimental (blue line) and simulated (orange line) reflection coef
ficient with FOAMGLAS®T4+ ring as load inside the reactor. 
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4.3. Dynamic validation 

To compare the electromagnetic simulations with experimental 
behaviour with a moving bed, measurements of the physical shape of a 
malt fluidised bed were taken to estimate the fluidised volume and 
fluidised bed density for two load volumes of 500 ml and 600 ml, 
respectively. An estimation of the fluidised bed bulk dielectric properties 
was performed using the Complex Refractive Index (CRI) mixing rule to 
estimate properties at fluidised density from the measured properties 

[87] 

εb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( ̅̅̅̅̅
εa

√
− 1

) ρb

ρa
+ 1

√

(7)  

where εb is the estimated complex relative permittivity of at a ρb (g/L) 
density (fluidised bed density), εa is the measured complex relative 
permittivity, measured at a ρa (g/L) density. 

The observed fluidised bed densities and estimated bulk dielectric 
properties of the fluidised bed is shown in Table 4. 

Fig. 11. Simulation of power density distribution at the bed surface using FOAMGLAS ®T4+ (a) compared to a static heating test using the same material (b).  

Table 3 
Hydrodynamic characterisation of different particles for toroidal fluidisation.  

Particle True density (g/ 
L) 

Bulk density (g/ 
L) 

Size 
(mm) 

Sphericity Geldart́s 
Classif. 

Umft-Umaxft 200 mL 
(m/s) 

Umft-Umaxft 400 mL 
(m/s) 

Umft-Umaxft 600 mL 
(m/s) 

Quinoa 1393.2 ± 2.2 757 ± 3 2.5 0.76–0.78 B 2.16–4.85 3.01–5.44 3.54–6.17 
Corn 1404.8 ± 0.2 867 ± 2 4–5 0.67–0.69 D – – 5.51–5.97 
Mustard Seeds 1105.0 ± 0.1 717 ± 2 2–2.5 0.87–0.89 D 2.43–4.21 2.49–4.83 3.34–5.31 
Marrowfat 

peas 
1407.5 ± 0.6 833 ± 6 8–9 0.89–0.91 D – – 5.84-N/A 

Couscous 1435.4 ± 0.1 776 ± 4 2–2.5 0.82–0.84 B 2.36–4.13 2.42–4.79 2.95–5.31 
Plastic beads 929.7 ± 0.2 855 ± 3 4.5 0.76–0.78 D 2.75–3.54 3.15–4.33 3.94–6.63 
Mung beans 1386.6 ± 0.2 869 ± 3 5–6 0.84–0.86 D – – 5.51–6.96 
Malted barley 1406.1 ± 1.0 558 ± 3 8.5–9 0.53–0.55 D – 2.75–4.59 3.48–6.57 
Coffee beans 1312.6 ± 0.4 618 ± 3 8–9 0.68–0.70 D – 4.01-N/A 5.18–6.82 
Glass pebbles 2527.1 ± 0.3 562 ± 3 2 0.63–0.65 D – 5.65–7.18 N/A  

Fig. 12. Pressure drop vs. gas velocity in a TORBED reactor (Umf – minimum fluidisation velocity, Umft - toroidal minimum fluidisation velocity), adapted from [86].  
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Reflection coefficients were measured using a Keysight E5071C 
vector network analyser connected to the waveguide input via a coaxial 
to waveguide transition. The system was tuned using a 3-stub tuner to 
achieve resonance at 2.45 GHz. Simulations were done using the 
observed bed shape and estimated fluidised bed dielectric properties, 
and tuned for resonance at 2.45 GHz. The results are shown in Fig. 13. 

Both experimental and simulation results demonstrate good agree
ment regarding the main resonance at 2.45 GHz with virtually the same 
half-power bandwidth. Therefore, the results obtained from the model 
are deemed suitable for estimating the system’s response and evaluating 
its performance for materials, provided dielectric properties and fluid
isation characteristics are known. It also underpins its use as a valuable 
tool for design and scale-up investigations. Furthermore, similar re
sponses are obtained across the range of bed volumes evaluated and well 
within BoD power delivery requirements. 

4.3.1. System performance during microwave treatment with bed 
fluidisation 

The system’s performance in terms of heating uniformity was eval
uated by quantifying the Coefficient of Variation (CoV) of surface bed 
temperature measurements during heating tests using malted barley as 
the process material. This bed surface measurement is representative of 
particle surface temperatures in the bulk bed temperature thanks to the 
rapid particle movement and thorough mixing of the fluidisation regime 
of the reactor. Nine temperature measurement points distributed over a 
section of the bed observable by the thermal imaging camera were used 
to analyse heating uniformity, determining the CoV as the standard 
deviation over the mean of the temperature of these points. 

A 500 mL sample of malted barley was charged to the reactor via the 
feeding port in the lid and fluidised at a fan speed of 1700 rpm for 15 s to 
achieve hydrodynamic steady state before microwave energy was 
applied. The thermal profile of the top surface of the fluidised bed was 
monitored using a FLIR e60 infrared thermal camera installed at a port 
in the lid of the reactor and connected to the FLIR Tools software. Tests 
were conducted at a gas temperature of 50 ◦C with no microwave power 
applied (conventional only mode) and then at a 50 ◦C gas temperature 
with both 2 and 4 kW of average absorbed power (hybrid mode). All the 
tests were conducted for 180 s. A schematic optical image of the 
observable section of the reactor taken from the Infrared imaging port is 

shown in Fig. 14, showing the selected measurement points. 
In Fig. 15, example thermal images taken in the final second of each 

test can be seen, showcasing the temperature homogeneity. 
Table 5 includes the average temperature reached for the toroidal 

bed of particles for each scenario. The surface bed temperature standard 
deviation is also shown as well as the CoV. 

The calculated CoV quantifies the homogeneity of the heat treatment 
of the loaded bed of particles. This coefficient was found to be just ~1.6 
% in both cases. When compared against conventional heating only, a 
significant reduction in the CoV is observed when combined with mi
crowaves. Moreover, typical microwave heating processes have 
considerably higher CoV, even considering sophisticated uniformity 
improvement techniques [4,17,20,24,31–34,88]. This level of heating 
uniformity can be mainly attributed to the fast and thorough mixing and 
movement of the bed passing through the uniformly distributed micro
wave hotspots. 

5. Thermodynamic characterisation 

5.1. Experimental thermodynamic characterisation 

Thermodynamic characterisation was carried out using the same 
four materials considered in the electromagnetic design of the system 
(malted barley, mung beans, yellow mustard seeds and green coffee 
beans). These particles were selected as a representative range of size 
and shape, with varying dielectric properties from moderate to moder
ately high loss. Their physical properties are shown in Table 6. 

Thermal characterisation was carried out using 500 mL for each 
material and at two different temperatures, 50 and 100 ◦C, with average 
absorbed microwave power in the range 0 – 6 kW. Steady-state tem
perature was reached after ~200 s of microwave treatment for all 
samples. Averaged ΔT with absorbed microwave power at 200 s and is 
shown in Fig. 16. 

A similar ΔT/kW is produced for all samples regardless of back
ground air temperature. The microwave input power required to yield a 
given surface bed temperature was empirically derived, shown in 
Table 7. 

Mean particle size range (2 – 2.5 mm to 8–9 mm) represented the 
operational window of the laboratory-scale Torwave® reactor in terms 
of effective toroidal fluidisation. Density and sphericity are broadly 
similar. Mung beans and mustard seeds presented a marginally more 
rounded morphology. In terms of response to microwave heating, given 
each feedstock type form a very similar bed cross-section and interaction 
volume, the dielectric properties of each feedstock are considered to be 
the dominant factor determining the power-temperature relationships 
presented in Table 7. 

Overall, the system has been proven able to process a range of par
ticles over a temperature range of 50 – 300 ◦C and microwave powers up 
to 6 kW with reliable performance, with bulk bed dielectric properties 

Table 4 
Observed fluidised bed densities and estimations of the respective fluidised bed 
bulk dielectric properties for malted barley samples.  

Sample 
type 

Sample size 
(mL) 

Fluidised density 
ρb(g/L) 

Density ratio 
ρb/ρa 

εb 

Malt 500 296.4 0.52 1.5- 
j0.08 

Malt 600 363.2 0.63 1.64- 
j0.10  

Fig. 13. Simulated (orange line) and measured S11 (blue line) reflection coefficient for moving beds of 500 mL (a) and 600 mL (b) of malted barley.  
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ranging from 1 to 4 dielectric constant and above 0.05 loss factor, 
although the system could be adjusted to operate in different ranges 
depending on the application. Residence time in the reactor will be 
dependant on the desired process outcome. For example, roasting ap
plications are expected to require longer treatment times compared to 
drying or particle conditioning. The exploration of material-specific 
applications using the Torwave® system is ongoing, the outcomes of 
which are anticipated to be disseminated as part of future work. 

6. Conclusions 

A novel hybrid toroidal fluidised bed reactor combining convective 
and microwave heating has been developed. The applicator heating 
pattern was validated against electromagnetic simulations with good 
agreement using a foamed carbon as a proxy for a dynamic bed formed 
during toroidal fluidisation. Resonant characteristics showed only 1 
MHz − 10 dB bandwidth difference between experiments and simula
tions and were further validated dynamically using fluidised beds of 
malted barley, also showing good agreement. This underpins the use of 
the simulation methodology for fundamental system design. 

The hydrodynamic characteristics of the reactor were evaluated for a 
range of particles. Optimal treatment volumes required for all the 

Fig. 14. Optical image taken from the IR port in the lid showing the observable section at the base of the empty reactor for reference against the thermal imag
ing tests. 

Fig. 15. Thermal images at the end of heating tests of malt for (a) conventional heating at 50 ◦C, (b) hybrid heating at 50 ◦C and 2 kW of average absorbed mw 
power, and (c) hybrid heating at 50 ◦C and 4 kW of average absorbed mw power. 

Table 5 
Summary of temperature results from malt heating tests using conventional only 
and two different hybrid operational modes at steady-state.  

Test Conventional Only 
(a) 

Hybrid 
(b) 

Hybrid 
(c) 

Average absorbed MW power 
(kW) 

– 2 4 

Average bed temperature 
achieved (◦C) 

52.6 76.3 119.7 

Standard deviation 4.1 1.2 1.9 
CoV (%) 7.8 1.6 1.6  

Table 6 
Physical properties of the materials selected for the thermal characterisation.  

Particle True Density (g/ 
L) 

Bulk density (g/ 
L) 

Size 
(mm) 

Sphericity 

Mustard seeds 1105.0 ± 0.1 717.30 ± 2.03 2–2.5 0.87–0.89 
Mung Beans 1386.6 ± 0.2 869.44 ± 2.68 5–6 0.84–0.86 
Malted Barley 1461.1 ± 1.0 558.30 ± 3.26 8.5–9 0.53–0.55 
Green coffee 

beans 
1312.6 ± 0.4 617.85 ± 3.51 8–9 0.68–0.70  
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particles to form the fluidised bed were found to be in the range of 400 – 
600 mL and fluidisation velocity of 2.75 – 3.48 m/s. Using thermal 
imaging, the heating uniformity for an observable section of the flui
dised bed was evaluated by taking temperature measurements at nine 
discrete points covering the observable area and width of the blade 
distributer. The system achieved an excellent level of treatment homo
geneity using malted barley as a test feed with a Coefficient of Variation 
(CoV) of 1.6 % measured temperature across the bed surface at micro
wave powers of 2 and 4 kW respectively and gas temperature of 50 ◦C. 
This compares to a CoV of 7.8 % without microwave heating. Further 
experimental thermodynamic characterisation found that the input 
microwave power yielded a predictable increase in bed temperature, 
regardless of the temperature of the fluidisation gas. For malted barley, 
this resulted in an increase in bed temperature of 18.9 ± 0.9 ◦C/kW of 
absorbed microwave power. 

The successful integration of the Torbed compact bed reactor and 
microwave applicator system has yielded an efficient, controllable sys
tem with the potential to be applied to particulate processing across a 
great number of sectors and industries, it could find industrial applica
tions in sustainable processes, such as process intensification, carbon 
capture, torrefaction, exfoliation, roasting, sterilisation, expansion, 
drying, reduction, amongst many others. Future work involves specific 
process development, techno-economic and business case studies, and 
large-scale pilot trials. 

CRediT authorship contribution statement 

Jose Rodriguez: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Supervision, Project administration, Method
ology, Investigation, Funding acquisition, Formal analysis, Data cura
tion, Conceptualization. Lorena Morona: Visualization, Validation, 
Methodology, Investigation, Formal analysis, Data curation. Maria 
Erans: Writing – review & editing, Writing – original draft, Supervision, 
Project administration, Investigation. Adam J. Buttress: Writing – re
view & editing, Visualization, Project administration. Matt Nicholls: 
Visualization, Validation, Investigation. Andrew R. Batchelor: Writing 
– review & editing, Visualization, Project administration, Conceptuali
zation. Gabriela Duran-Jimenez: Writing – review & editing, Visuali
zation. Sam Kingman: Writing – review & editing, Supervision, Project 
administration, Funding acquisition, Conceptualization. Daniel Gros
zek: Writing – review & editing, Conceptualization. Chris Dodds: 

Fig. 16. Averaged ΔT after 200 s of treatment with MW Power for: Green coffee beans (a), Malted Barley (b), Mung Beans (c), and Yellow Mustard seeds (d) for 50 
and 100 ◦C of background air temperature. 

Table 7 
Equations for the calculation of target surface bed temperature 
increment (ΔT) or absorbed microwave power (P) based on thermo
dynamic studies.  

Material Equation 

Green coffee beans ΔT = 13.74 P + 7.43 
Malted barley ΔT = 19.52 P - 1.97 
Yellow mustard seeds ΔT = 12.31 P + 1.90 
Mung beans ΔT = 11.57 P + 3.51  

J. Rodriguez et al.                                                                                                                                                                                                                              



Chemical Engineering and Processing - Process Intensification 202 (2024) 109838

12

Writing – review & editing, Supervision, Project administration, Fund
ing acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 

Jose Rodriguez reports financial support was provided by Agencia 
Nacional de Investigacion y Desarrollo de Chile (ANID). Chris Dodds 
reports financial support was provided by Innovate UK. Dan Groszek 
reports a relationship with Torftech Technologies Ltd. that includes: 
employment. Jose Rodriguez has patent #TOROIDAL PROCESSING 
CHAMBER (PCT/GB2022/052,624) pending to The University of Not
tingham and Mortimer Technology Holdings Limited (part of the Torf
tech Group). Chris Dodds has patent #TOROIDAL PROCESSING 
CHAMBER (PCT/GB2022/052,624) pending to The University of Not
tingham and Mortimer Technology Holdings Limited (part of the Torf
tech Group). Sam Kingman has patent #TOROIDAL PROCESSING 
CHAMBER (PCT/GB2022/052,624) pending to The University of Not
tingham and Mortimer Technology Holdings Limited (part of the Torf
tech Group). If there are other authors, they declare that they have no 
known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

J.R. is grateful for funding from ANID Scholarship 21140769. This 
work was partially funded by UKRI through Innovate UK KTP011233 
and received further support from the University of Nottingham EPSRC 
Impact Acceleration Account. 

References 

[1] D. Beneroso, T. Monti, E.T. Kostas, J. Robinson, Microwave pyrolysis of biomass for 
bio-oil production: scalable processing concepts, Chem. Eng. J. 316 (2017) 
481–498, https://doi.org/10.1016/j.cej.2017.01.130. 

[2] E. Binner, E. Lester, S. Kingman, C. Dodds, J. Robinson, A Review of Microwave 
Coal Processing, J. Microwave Power Electromagn. Energy 48 (1) (2014) 35–60. 

[3] K. Pitchai, S.L. Birla, J. Subbiah, D. Jones, H. Thippareddi, Coupled 
electromagnetic and heat transfer model for microwave heating in domestic ovens, 
J. Food Eng. 112 (1–2) (2012) 100–111, https://doi.org/10.1016/j. 
jfoodeng.2012.03.013. 

[4] S.S.R. Geedipalli, V. Rakesh, A.K. Datta, Modeling the heating uniformity 
contributed by a rotating turntable in microwave ovens, J. Food Eng. 82 (3) (2007) 
359–368, https://doi.org/10.1016/j.jfoodeng.2007.02.050. 

[5] L. Shen, et al., Analysis of heating uniformity considering microwave transmission 
in stacked bulk of granular materials on a turntable in microwave ovens, J. Food 
Eng. 319 (2022) 110903, https://doi.org/10.1016/j.jfoodeng.2021.110903. 
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