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Abstract

A method has been developed to extract solids fraction information from a reflective
fiber optic probe. The commercially available reflective fiber optic probe was designed to
measure axial particle velocity (both up and down directions). However, the reflected light
intensity is related to particle size and particle concentration. A light reflection model is used to
relate the reflected light intensity to solids fraction. In this model we assumed that the reflected
light intensity is a fixed fraction, ks, of the total light intensity lost in penetration of a particle
layer. Also, the solids fraction, (1-¢), is related to particle concentration, N, in the light path by
N = k> (1- €), where ¢ is the void fraction. The values of ks and k are determined from
measurements made in a packed bed condition. The method allowed rapid characterization of
local velocity and unambiguous solids fraction requiring only simple calibration of reflection
light intensity packed beds at to determine effective number of layers and particle specific
scattering.

Introduction

Researchers at the National Energy Technology Laboratory have developed a Eulerian-
Eulerian computational fluid dynamic model, MFIX, to simulate gas-solids flow in hot reacting
systems common in energy conversion systems [9]. Validation of the performance of
submodels within this code is essential to the improvement and ultimate acceptance of the
model. Experimental data is needed on the local flow structure to confirm the implementation
of drag relationships, granular temperature, and numerical techniques used in these
computational fluid dynamics (CFD) codes. When using these CFD codes to simulate densely
loaded transport reactor solids or void fraction is an important parameter which enters into key
drag [e.g., 9, 10] and granular temperature [e.g., 6,7, 9, 10] relationships. The solids loading
or solids fraction is also critical parameter in the operation of circulating fluidized bed in
determining solids holdup in the bed affecting mixing or solids dispersion [8]. Traditionally, this
parameter is determined through differential pressure measurement [1]. The use of this
pressure differential method only gives the average value of solids fraction in the segment and
this is confounded by the poorly understood contributions from wall shear.

Recently, a reflective fiber optic probe has also been calibrated to measure solids
fraction [2]. The method of calibration implied that local reflected light intensity is
representative of the average solids fraction of a predetermined column segment, which is
valid only in a uniform solid distribution condition.



The Empirical Model

The empirical model relates the measured local reflected light intensity to local solids
fraction. The model is based on a combination of Beer-Lambert law of light transmission and
simple light reflection from particle layers of a packed bed of known solids fraction. A series of
measurements of reflected light from known number of particle layers are used to determine k;
and ko.

The intensity of a light beam coming off from the optical fibers and traverses through a
particle layer is reduced according to the Beer-Lambert law. The reduction is due to both
scattering and absorption by the particles and is collectively called light extinction here. The
law of conservation of energy gives

I,=1+1, (2)

where Iy the light intensity emitting from the probe, I; is the transmitted light intensity, and /oy is

the light extinction described above. The reflective fiber optic probe measures only a portion of
the scattered light that reflected or scattered back into the probe’s receiving fiber bundle and is
designated by /.

We assumed the reflected light intensity, /., that the probe measures is a fixed fraction,
k4, of the total light intensity loss due to scattering and absorption. So we have,

I, =k*1, (3)
and,

I,=1,-1 (4)
therefore,

Ir:kl(lo_lt) (9)

The Beer-Lambert Law that governs the light intensity, /;, of a light beam traversing

through a particle layer is [3] .
{2
I =1e (6)

where d is the particle diameter, Q is the extinction coefficient, N is the number concentration
of particles per unit volume, and € is the path length. This equation was used previously [4].
Strictly speaking, this equation is not applicable to our high particle loading condition because
multiple light scattering would occur. In addition, the light beam emitting from our fiber optic
probe is divergent. Both of these effects are not easily accounted for in the Beer-Lambert law.
In our model we empirically determined the effects through equation (5). In the model, for a
single particle layer with a thickness of one particle diameter the effect of multiple light
scattering would be minimized and equation (6) should be applicable.

In addition, we express N in equation (6) in terms of solids fraction, a parameter used by
engineers and modelers in circulating fluidized bed study:

N=k,(1-¢) (7)



where (1-¢) is the solids fraction, and k- is the conversion factor from number concentration to
solid volume fraction.

Figure 1 illustrates the working principle of a three-layer model. It can easily be
extended to as many layers as suitable for the sampling volume size. /; (i=1,2,...) is the
transmitted light intensity
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reflected light intensity from
each layer decreases from
each additional layer and approaches a constant value.

With reference to the first line in Error! Reference source not found., the illuminating
beam intensity, /o, becomes /; after penetrating the first layer, |1, and becomes /, after passing
through layer I,, and so on. Equations 8a and 8b illustrate how /4, I»... etc. can all relate back
to lp. Equations 9a and 9b illustrate the measured reflected light intensity, /. can also relate
back to /ponce k; is determined.

A ey i’
[1 = ]06 4 ol (83) ; Iz = Ile_Tka(l_g)( (8b)
I,=k(l,-1) (9a) ; L, =k(l,~1,) (9b)

In order to determine the appropriate number of layers, we combined equations (8) and (9)
and obtained a generalized expression:

i
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n=0

n=0
This is used to perform layer contribution to the total reflected light intensity analysis.
Packed Bed Measurements to Determine ks and k,

The values of ks and k» in our model are determined through measurements with a
packed bed in which the solids fraction has been determined. The probe was placed at the top
of a packed bed of particles, pointing upward, and the reflected light intensity is measured with
the probe moving into the packed bed at 0.1mm increments until the reflected light intensity
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out earlier, the optical probe measures local reflected light intensity and in order to compare
with the pressure differential method it is necessary to integrate the optical radial
measurements to obtain the average. For this purpose optical measurements were taken at
five equal area radial locations and integrated to find the average solids concentration over the
riser cross section. This could either overestimate or underestimate the actual loading,
depending on the radial location where the measurements are made, on the uniformity of
particle distribution and on size and number of particle clusters. However, this uncertainty of
solids fraction was minimized by taking measurements in the fully developed region of the CFB
riser. The measurements used in Seachman et al proved statistically that the concentration in
the fully developed region of the CFB riser was azimuthally independent [4]. On the other
hand, solids concentrations found using pressure differential measurements depend on flow
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ratio of solids mass to

total mass of solids and gas, from 15 to 20, the new approach agrees quite well with pressure
differential method. At a higher loading ratio of 34, both algorithms deviated significantly from
pressure differential measurements. However, as mentioned previously, the method of finding
solids concentrations through pressure differentials can underestimate the solids loading [5].

The advantage of the current empirical technique provides us a means to better
understand solid behavior in a two-phase in fluidized bed with the measurement of local solids
fraction and to evaluate the uniformity of particle mass flow in a fluidized bed.
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