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Introduction 

Chemical looping combustion uses solid particles as an oxygen carrier for the combustion 
of coal. By using an oxygen carrier, the exhaust can be nearly pure carbon dioxide 
suitable for sequestration without the need for further separation. Measurement of the 
mass flow rate of the oxygen carrier particles in chemical looping combustion is 
important for process control. This is a challenging measurement problem because the 
particles are transported at high temperature (~900 C) in an insulated duct. We report 
here on the development of a dual-frequency microwave Doppler sensor for this 
application.  
 

Particle characteristics and scattering 

In a chemical looping combustion system [1], oxygen carrier particles are saturated with 
oxygen in one reactor. These particles are transported to a combustion reactor where they 
react with gaseous or particulate fuel. When appropriately designed no nitrogen is 
transported into the combusion region, and consequently the exhaust is nearly pure 
carbon dioxide suitable for sequestration. 

A wide variety of metal oxides have been considered for use as oxygen carriers for 
chemical looping combustion [2]. A particle diameter of 150 m is typical and the 
particles are roughly spherical.  

The scattering of electromagnetic waves from particles is most generally calculated using 
the Mie theory [3]. This theory is general and applies to both conducting and insulating 
particles of any size relative to the wavelength. When the wavelength  is long enough in 
relation to the particle size the simpler Rayleigh expressions [3] can be used; the total 
scattering cross section totalscattering ,  and the absorption cross section absorption  are given by 
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respectively, where m is the complex index of refraction of the particle and a is the 
radius. These expressions are valid provided 12   /am . For particles of the size 
typically used in chemical looping the Rayleigh expression is valid for frequencies in the 
10-30 GHz range.  

We consider here the specific characteristics of microwave scattering for ilmenite, one of 
many possible oxygen carriers. Ilmenite (FeTiO3) has a relative dielectric permittivity of 
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approximately 6 and a finite electrical conductivity [4] at typical operating temperatures 
(~900 C). Figure 1 shows the predicted total scattering and absorption cross sections as 
a function of particle radius.  

 

Figure 1. Predictions from the Rayleigh theory for scattering from spherical ilmenite 
particles. (Left) total scattering cross section as a function of particle size and electrical 
conductivity. Solid lines are for 10 GHz and dashed lines 24 GHz. (Right) absorption 
cross section at 10 GHz. The absorption cross section has a non-monotonic dependence 
on electrical conductivity. 
 

Proposed configuration 

Figure 2 shows the geometry of ports planned for Doppler flow sensing in the NETL 
chemical looping reactor. Figure 2a shows the inside diameter of the flow region. 
Because the system operates near 900 C the flow region is surrounded by insulation with 
varying thickness. The Doppler sensor is to be located at the top in the "crossover" region 
where oxygen carriers are transported to the fuel reactor. The insulation at this point is 
approximately 13 cm in thickness. Ports for the flow sensor are oriented as shown in the 
detail drawing (Figure 2b). The microwave energy will be transported to the flow region 
in an alumina cylinder 2.54 cm in diameter which acts as a dielectric waveguide and also 
provides for a pressure seal between the flow region and the atmosphere. The alumina is 
surrounded by a steel tube where it enters the reactor and extends through a thick layer of 
insulation. The reactor has been built and is now being brought into operation. The 
microwave Doppler sensor is being developed and tested in a room temperature 
environment and will be installed in the reactor when completed. Figure 2c shows the 
block diagram for the microwave Doppler electronics. The oscillator signal is directed to 
a circulator and is then emitted from a horn antenna. The Doppler-shifted signal reflected 
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from moving objects is circulated to the intput of a mixer. Upon mixing with the 
attenuated oscillator signal, the time-dependent output contains both sum and difference 
frequencies. The sum frequency is removed by the low-pass filter and the remaining 
signal is digitized for later analysis. In the interests of experimental flexibility, this is 
constructed using individual components interconnected using coaxial cables. 

 

Figure 2. The Doppler flow sensor: (a) outline drawing of the NETL cold flow reactor 
showing the sensor location; (b) detail drawing showing the insulation around the flow 
region and the microwave launcher; and (c) block diagram of the microwave circuit. 
 

Room-temperature tests 

In order to verify operation of the electronics, we have tested the 10 GHz electronics at 
room temperature. Experiments have been performed using either single steel balls or 
flows of ilmenite particles 150 m in diameter. A vertically oriented drop tube 
approximately 2 m in length was used, with either single ball drops or an ilmenite flow 
produced by a table feeder. A horn antenna was placed about 1.8 m from the top of the 
drop tube, 18 cm from the centerline of the drop tube and oriented downwards. After 
low-pass filtering the output of the mixer was digitized by a National Instruments USB-
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6212 data acquisition unit. For testing purposes, we use a Labview application to record 
several seconds of data at a rate of 10,000 samples/ second. The Doppler frequency shift 
for the velocities of interest is of the order of hundreds of Hz, so this sampling rate is well 
above the Nyquist rate. The records are then analyzed off-line.  

Figure 3 shows typical records obtained for a single ball drop (Figure 3a) and during a 
flow of approximately 73 gm/ sec1 of ilmenite particles (Figure 3b). For a single ball the 
signal is approximately a windowed chirp signal. Based on the theory of the Doppler 
effect we expect the reflected signal to be frequency-shifted by cos)/(  cvff 2  
where f is the frequency of the incident wave, v is the velocity of the reflecting particle, c 
the velocity of light, and  the angle between the incident beam and the particle velocity. 
In our configuration with the horn pointing along the direction of fall the angle is smallest 
when the ball enters the illuminated region, and greatest when leaving. Consequently the 
chirp is from low to high frequency. The Fourier power spectrum of this signal shows a 
peak at about 310 Hz (Figure 4a). This corresponds to a velocity of 600 cm/sec, in good 
agreement with the theoretical velocity of 640 cm/sec for a 1.8 m drop when friction is 
neglected.  

       

Figure 3. Mixer output signal as a function of time: (left) steel ball 0.157" diameter 
falling 1.8 m, horn angle 42;  (right) ilmenite from table feeder falling 2.1 m, angle 52. 
 

      

Figure 4. Fourier power spectrum calculated from mixer output signal: (left) 0.157" 
diameter steel ball, and (right) ilmenite from table feeder. 

                                                 
1 The flow from the table feeder is high when first turned on and then remains approximately constant until 
all the material in the feeder is consumed. The flow rate was calculated by dividing the total mass in the 
feeder by the total flow time; consequently the flow after the start is somewhat less than 73 gm/ sec.  
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Figure 3 (right) shows the signal recorded for approximately 0.5 seconds of a nearly 
constant ilmenite flow. Note that this duration of this signal is substantially longer than 
Figure 3a. This signal is the superposition of signals from a very large number (~3  105) 
particles. The envelope of the Fourier power spectrum (Figure 4b) is distinctly peaked 
but has a spiky appearance. This is a consequence of the way in which the contributions 
from the many individual scattering particles add up. Note that the peak of the envelope 
is at a somewhat lower frequency (~190 Hz). The corresponding average velocity is 460 
cm/sec, somewhat less than the velocity in the absence of air scattering but greater than 
the terminal velocity of a single 150 m ilmenite particle in air. For approximately 
double the flow rate of ilmenite the velocity is essentially the same and the peak height in 
the Fourier power spectrum increases roughly proportionally to the flow rate (not shown). 
These results demonstrate the expected behavior and adequate sensitivity for 
measurement of the flows of interest. In operation the sensor will provide outputs for the 
measured velocity (from the frequency shift) and mass density (from the magnitude of 
the scattered signal).   
 

Microwave launcher design 

A crucial part of the sensor design is the development of a microwave launcher that 
meets the specific requirements of this application. In particular, the launcher must 
tolerate the high temperatures in the reactor and must not cause significant flow 
disturbance. An early decision was made to use a 2.54 cm cylindrical alumina waveguide 
terminating at the flow region and extending through the outer housing and insulation. 
Given the alumina relative dielectric permittivity of about 9, there are several 
wavelengths across the waveguide even at the lower operating frequency of 10 GHz. It 
was therefore anticipated that Snell's law would cause a bend in the propagation direction 
at the alumina-air interface (Fig. 2b). An angle of 77 degrees with respect to the flow 
direction was chosen, which according to Snell's law should give an angle of propagation 
of approximately 45 degrees in the flow region. Here we report the results of 
electromagnetic field simulations of the launcher with this geometry.  

We consider first launching a wave into the alumina cylinder from a coaxial input. 
Simulations were performed using the emw mode of COMSOL 4.2a. We wish to launch 
the TE11 mode which has nearly uniform electric and magnetic fields across the cylinder 
and should therefore couple efficiently to a plane wave in air. At 10 GHz an alumina 
waveguide 2.54 cm in diameter is overmoded, with numerous other modes above cutoff 
(up to TE61 and TM41). Commercial coaxial to circular waveguide transitions are 
available [5] and the problem of launching the TE11 mode into an overmoded waveguide 
has been considered in the literature [6].  However in most applications the waveguides 
are sized so that only a few additional modes can propagate. In our case short probes 
inserted into the cylinder from either the side or the end tend to excite modes other than 
the TE11. Figure 5 shows one example of waves excited by an end probe. In this case the 
TM01 mode is strongly excited and S11 = -12.8 dB for the optimal probe length and 
location.  

Considerably better results were obtained using a coaxial to rectangular waveguide 
transition followed by a tapered alumina section to make a transition from the rectangular 
waveguide to the circular launcher. The coaxial to rectangular waveguide section is filled 
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with alumina and is therefore much smaller than usual for a 10 GHz transition. Figure 6 
(right) shows the geometry that was simulated.  

 

Figure 5. Excitation of a circular waveguide with a small end probe. The color indicates 
the Hy component.  

 

Figure 6. Geometry of the tapered coaxial to circular waveguide transition (left) and 
simulated x component of the electric field (right). 

Figure 7 (left) shows the simulated S11 for this geometry as a function of the protrusion 
of the coaxial probe and the spacing of the probe from the back wall as defined in Figure 
6(left). A minimum value of S11  -29 dB is obtained for the optimal values of the 
protrusion and setback. Figure 6 (right) shows the z component of the electric field for 
these optimum values. A nearly planar wavefront with uniform electric field is obtained 
as desired for the TE11 mode. 

We now consider launching of the TE11 mode from the alumina cylinder into air. We 
simulated an alumina cylinder about 5 cm long angled at 77 degrees and launching a 
wave into a half-sphere of air with 9 cm radius (Figure 7). The half-sphere is surrounded 
by a perfectly matched layer to absorb the emitted electromagnetic wave. A port 
boundary condition is defined at the end of the alumina cylinder and boundary mode 
analysis is performed prior to solving the field equations.  
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Figure 7. (Left) S11 as a function of probe protrusion and spacing from the back wall for 
the tapered coaxial to waveguide transition; and (right) geometry for simulating launch of 
microwaves into air from an alumina cylinder. 

Figure 8 shows the results from simulations of the launched wave at 10 GHz. The mode 
resulting from the boundary mode calculation has a wavenumber of 6.11 cm-1, close to 
the wavenumber for the TE11 mode in alumina. The electric field in the direction normal 
to the surface is plotted in Figure 8 (right) and the time-averaged energy density contours 
are plotted in Figure 8 (left). The microwave energy density is highest at an angle near 
45 degrees, as expected. From the reflected power we calculate S11 = -12.5 dB at the 
input port.  

         

Figure 8. Results of simulation of microwave launch from alumina cylinder into air: (left) 
contours of constant time-averaged energy density and (right) electric field normal to the 
surface. 
 

Summary 

We have reported our progress toward the development of a microwave Doppler flow 
sensor for chemical looping combustion systems. Relevant cross sections for absorption 
and scattering have been calculated using the Rayleigh scattering theory. An initial 
demonstration of Doppler measurements on an ilmenite particle flow has been completed. 
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Design and simulation of a microwave launcher suitable for incorporation into the NETL 
cold flow reactor has also been reported.  
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