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Abstract. Optical methods far particle size distribution measurements in prac.
ucal high temperature environments are approaching feasibility and offer sig- -
“RIficant advantages over conventional sampling methods. The present paper—
begins by summarizing user requirements for research and on-line particle
-measurements in fossil fuel systems.-The principles of single-partcte counter-
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7 "degigi ¢onstraints, Three instrument design concepts currently being devel- -~
oped at Sandia are then discussed. An overview of these current methods and

other instrument designs is presented with particular emphasis on capabilities
to meet user cjectives. Validation and long term testing of these new concepts is
considered to be the final important step in achieving user acceptance of /n st
optical counters.

Keywords: combustion and analysit; optical particie measurament. single pamk:l'e counter,
fossif-fusl systems.

Optical Engineering 20(4), 528-539 (July /August 1981,

CONTENTS

{ntroduction
User requirements
Design constraints for SPC instruments
3.1. General principles of SPC design
3.1.1. Response functions
13.{.2. Dynamic range
3.1.3. Sample volume
3 1.4, Number density
3.1.5. Resolution. accuracy
3 2. Practical design constraints
3.2.1. Mlumination
3.2.2. Light collection
31.2.3. Windows
1.2.4. Thermai effects
3.2.5. Electronics
4. Recent SPC developments at Sandia
4,1. Variable frequency grid technique
4.2. Small-angle near forward scattering technique
4.3. Intensity deconvoiution method - e
4.4. Combustor exhaust simulation facility for
diagnostics evaluation
Capabiliities and limiuations of SPC concepts
. Conclusions
. References

e

tavitea Paper EP-102 received Mar 23 19%51; revised manuscript recerved Apr. 14, 1941

accepted tar publication Apr. 14, (981 recaived By Managing Eduor Apr. 14, 1981
% 198] Society of Phato-Optical tstrumentanon Engineent.

1. INTRODUCTION

The design of rugged optical instrumentation for research studies
and on-line monitoring of high temperature combustion flows re-
mains a topic of current research inierest. In particular. in situ
measurement techniques for particle loading and size distribution
¢an provide important data for the reliable design of combustion
process equipment and control of environmental factors, Current
and potentiat combustion applications include the study of

« Ash {ormation from pulverized coal

« Mineral carryover from iluidized bed combustors and pressur-
ized gasifiers

« Droplet atomization and distribution in spray combustors

« Radiative heat transfer

o Boiler fouling

a Particle deposition in flow trains

» Soot formation

« Ash condensation:

An overview of diagnostics requirements for advanced power sys-
tems by Hardesty' clearly demonstrates the nced for on-line continu-
ous measurements of mass loading 2nd size distribution. Two classes
of advanced open-cycle gas turbine systems have been proposed for
use in combined cycles for stationary power generation. In the first.
the gas turbine will be combined with a multistage fluidized-bed
combustor. The turbine operates dircctly on the cleaned. completely
reacted combustion products from the pressurized fluidized bed. The
temperature of the product gases at the inlet to the gas turbne
refatively low te.g.. ~ 1100 K). Ia the second system, the gas turhine
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has aninicgrated secand-stage combustor which is [uecled by cleaned,
hot, low-Btu gas generated by a pressunized gasifier, The gas temper-
ature at the turbine iniet approaches (900 K.

The cammercial acceplability of these advanced power svs:cms
wiil depend upon the efficiency, reliability, and longevity of the
principal individual companents, particularly turbine blades. Envi-
ronmental constraints must be met by the integrated systems. In
particular. the design of advanced coal-fired gas turbines will impose
strict requirements on the [low characteristics at the turbing inlet,

These requirements will in turn impose rigid standards of efficiency.. ..
and reliability on the novel. high'temperature gis cleanup systems,

which are located upstream of the turbine inlet. in a recent work-
shop. Se¢ift has summarized the availability of both sampling-type

instrumentation and development of i siru optical systems for parti- -
cle measurements in high temperazure flows. The limitations of

conventional techniques which use physical probes for measure-
ments in gas turbines are well documented.! Extractive sampling is
limited by "...the general problem of obtaining a representative
sampte. Care must be taken to avoid biasing the distribution by
nonisokinetic sampling and by size-dependent loss of particles in
{low lines and dilution quenching devices. Extractive sampling from
high temperature and high velocity flows*J poses additional prob-
lems since quenching of the flow {or input to an external instrument
may resuit in further condensation of water and mineral vapars.™

/n situ optical sizing techniques offer great promise of alleviating
many of the above limitations aithough detatled chemical analysis
wiil coniinue to require extractive sampling. However, optical
methods have not yet achieved sufficient reliability to be considered
as standardized instruments. and in {act are presently limited in their
size range capability, maximum number density, operational sim-
plicity, and high cost.

Optical methods can be characterized as imaging or light scatter-
ing. Both methods can be further subdivided into ensemble or single
particle techniques. Because of the need for spatial resolution, real
time analysis, and mass resoiution (mass is concentrated in the upper
end of the size distribution) in many conventional! and advanced
power systems, our work at Sandia and the emphasis of this paper is
directed to development of an optical single particle counter (SPC).
Hirleman has recently reviewed the relative advantages and applica-
bility of various SPC concepts.® The present discussion is intended to
complement Hirleman's review with primary emphasis on user needs
and impiications for practical SPC design.

The objectives of the present paper are to

(1) summarize the ideal requirements of any SPC method for
application in current and future power generation applications:
{2} characterize the general principles and design constraints of
an SPC instrument, consistent with (1);

(3) summarize several development concepts being pursued at
Sandia National Laboratories. Livermore;

{4) compare capabilities of primary SPC concepts with user
needs, and;

(5) discuss validation requirements for demonstrating successful
instrument design.

2. USER REQUIREMENTS

Table | summarizes typical user requirements for an SPC instru-
ment. Both number and mass densities are required for adequate
process and environmental control. If assumptions are made about
the material density, the mass loading can be derived from the
number density distribution. Previous specifications for process
equipment have been based on mass loading measurements, since
detailed distribution measurements have been tedious if not imprac-
tical to obtain. However, it is unclear whether a total mass loading
specification 1s meaningful; indeed. it has been found that allowable
mass loadings increase with 2 reduction in maximum particle size.!
indicating that the number density distribution might be a more
useful criterton when an SPC instrument is routinely available,
The sizing range required for adequate process controi probably
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TABLE |. Usar Requiremants for SPC Instrumaents

Measurement Qbjectives Typical Qperating Conditigns

104 -10%/cm? P um
C1-10Q um

<A, <
O_.nz__i

I, Masmimum Number Densmty
2. Particte Size Range

3 Insansitivity 1o Particie
Complex Refractive Index, n,

4. lasensitivity to F'arm:le Length: Width <21 o

Shape -
5, Particle Veloc:ty 1-100mss
l 6 Insensitivity 1o Temn-erature Up to 2000 K
7. Insensitivity 1o Pressura Up fo 20 am-r|r
B. Maximum Working Space 05-2m
Between Optical Elements
9. Spatial Resolution 0.5-5 mm

10. Minimum Measuramant 10s: Depends an Particle
Time Number Density

has a lower bound of 0. | um, though soot formation and ash conden-
sation effects would require monitoring down to ~0.0! um. How-
ever, in all likelihood the prar:ucal limit of single particle counung in
high number density flows is about 0.1 um as discussed in Sec. 3.

Minimum sensitivity to pamcle refractive index (M = n, + in L)
and partcle shape variations is desirable in coal-fired ﬂows whcre
particle properties range from irregularly fractured carbon particles
(n, =.5) to fusedsilica fly ash (n, =.001). Liquid fuel dropletsarein
general transparent {(ny = 0.0} and spherical. If particle properties
and shapesare known and invariant, these restrictions on instrument
design become less stringent.

Wide velocity, iemperature, and pressure ranges introduce addi-
tional design constraints on optical and electronic instrumentation.
Large optical path lengths increase alignment errors and cost of the
optical design. Finally, SPC instruments excel in providing spatially
and temporally resolved size distribution measurements,

There are additional nonquantitative user requirements for a
successful SPC instrument. The instrument must be rugged 1o with-
stand harsh mechanical and thermal environments without requiring
frequent recalibration. 2nd for on-line use, relative ease of aperation
is 2n imperative. Keeping these general requirements in mind. the
following section discusses in more specific detail the criteria for SPC

instrument design.

3. DESIGN CONSTRAINTS FOR SPC INSTRUMENTS

Although most discussions, and indeed technical papers, refer 10
particle measurements as “particle sizing,” it would be more correct
to szy “particle size distribution™ measurements. Measurements of
particle size alone, without accurate counting of the number in sach
size class, would not provide meaningful information for characteriz-
ing mean diameters (number, area, mass) or intcgrated values of the
properties, all of which are necessary for quantitative characteriza-
tion of high temperature two-phase systems. This may appear to be

an obvious and trivial point, but it is fair to say that many discussions

have emphasized sccurate size characterization with limited discus-
sion of proper number counting. In practice, accuracy of frequency
distribution measurcments and derived averages is equaily depen-
dent on sizing and number counting accuracy. With this emphasisin
mind. the following discussion describes the basic relationships con-
straining the design of single particie optical counters.

3.1. General principies of SPC design

Figure | shows a schematic diagram of a singie panticle counter and
sizer with symbols indicating the primary instrument design vana-
bies, Typically, a laser of wavelength A and beam f-aumber Fy is

S T,
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Fig. 1. Genaeral configuratuon for an optical single particle counter {SPC).

focused through a window of thickness tand angle v 1o a beam waist
W, . Scattered light from particles of velocity U, is collected by a lens
of open aperture (&, — &,) or f-number F_ at an angle 8 and focused
onto a detector siit assembly of width W,. The available working
space between the two lenses is denoted by L. The sampie volume
from which scattered light is detected is determined by the intersec-
tion of the beam focus and image of the slit. The singie particle
signatures at the detector are electronically and/ or numerically pro-
cessed Lo provide size frequency distributions.

The basic expressions relating signal amplitude, particle size,
sample volume intensity distribution, and number density are sum-
marized in Table {I. The key points regarding cach expression are
discussed in detail in the remainder of this section,

TABLE I}, Fundamentai Relations for SPC Design*

intensity, The subscript j refers to a discrete amplitude or g z¢ class
Although ratio methods characteruze parucie size independently og"
the dlumination ntensity. the absolute magnitude of each Fatis
signal depends on the lecal illumination intensity and absalute
respanse function.

Exampies of absolute scattering techniques compared to scalter-
ing ratio methads have been deseribed in Ref, 6, Scattering ratio
methads include the angle-ratio techmique’ where the scattered lighe
ratensity at twa or more angles s rauded, and the laser-Doppler

dashed curves refer to the angle ratio method with associated scatter-
ing angies; -angd the solid curve characierizes a typical visibility
response curve with [ringe spacing, §. These response curves tend 1o
be multivalued. either limiting the dynamic range or requiring multi-
ple angle ratios to determine which of the multiple function values
applies. )

The lower half of Fig. 2 shows typical absofure scattering response
curves for both absolute scattering and scaitering ratio metheds. Faor
the angle ratio method and the SANFS method (described in Sec. 4.2),
the dashed curves give the absolute signal response for annular light
collection at specified angles. 8. and associated differential angles. A8
= @, — 4. Response curves for the differential angle light collection
have increased sensitivity. but require increased dynamic range capa-
bility from the detector. The multivalued response also limits the useful
range and sizing capability {or each angle, §. The solid response curves
apply to both absolute scattering and visibility methods which usc an
off-axis collection lens with & = 0.6° and §, = 15°.

For nonabsorbing particles (n, = 0). the absolute scattering curve

1a. Scattering Amplitude. and
ib. Responsa Functions
2a. Signat ODynamic Range, and

2b. Size Dynamic Range

3a. Max:mum Sample Volume, and

Jb. Cross Secuon far Particle Size di

4a3. Cross Section Weighted Number Density, and
4b. Maximum Number Density

5. HResclution, Counting Uncertainty Due to Number Statistics

A =4, - ix2) - Fid, M)
F{dj.r"ﬁ) or R{d, m)
D, = A_/A = |/ = F(d  &/Fd, /5

D, = d,/d,
WZW 1 o/lp =11
Vv, =g (—""p ) "% { - (D,
m 2 \p+1 sing (2
WoW 1 o+ 21r2a
= 2.5 e inFd. MI/FId. M
S =8 Tans {2 [F{d‘ mi7Fig m)]}
n = c!/ujsj
Npax = I.rli <=4P/V,_

- tr2
|AC,/Clegy = 2/C)

“Nomenctature detined in taxt.

3.1.1. Response functions

There are two basic methods of relating particle size to a scattering
signal. The first approach is based on absolute scattering and gives
the measured scattered light amplitude AJ as z function of a gain
constant g, the local illumination intensity in the sample volume
i{x.z), and the absolute response function F(dj.ﬁ). -

Aj = Byl F(dp. @) (n

The absolute response function is dependent on particle diameter,
d;. and complex refractive index m = n, + in,. in this method the
intensity must be known or some method must be devised to account
for sample volume intensity variation. The second type of response
function R(d;. m) is the ratio of two independent absolute scauering
signals from the same particle. The advantage of the ratio method is
that it climinates the need to determine the local particie illumination

shows multivalued resonances which reduce the sizing resoluuon for
some values of a{=md/A). Resonances also occur for the ratio
methods (notshown i upper part of Fig. 2}, similarly reducing therr
sizing resoiution. The eifect of absorption (n, = 0.1) is to smooth all
response curves, giving 2 single-valued respanse function.

Allthe response functions shown in Fig. 2 have been evaluated for
near-forward scattering angles. &. which provide minimum sensitivity
to variations in n, and particle shape.® Note that even for ¢, =0.6°.
for a > 150 some roll-off in the response function for absarbing
particles compared to transparent particles is predicted and must be
taken into account. Far off-axis light collection is unsatsfactory
unless 1, is a known guantity. :

3.1.2. Dynarric range
The required signal dvnamic range of the slectromcs

Dy = AqiA =l |, = Ftdy.m)iFid,. @)
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Fig. 2. Comparison of response functions for ratio and absoluts scatter-
ing methods. The response curves for 12°/8° and 1°/0.5° have similar
oscilfations after the first minimum {not shawn) as the 489/24% curve.

is determined by the absolute response function F(d;., ) for both the
scattering rafio and absolute scattering methods where the subscripts
m and t refer to the maximum and threshold values, respectively. The
value of D, thus determines threshoid intensity of the ilumination
beam. !;. and minimum signal amplitude. A,. Fora givenssize range,
methods which collect light over a large solid angle have higher
threshoid vaiues and smaller signat dynamic range than thase
methads which coliect light over a small differential angle (Fig. 2)
where the required dynamic range for a factor of ten in particle size
approaches 10*. In practice. the size dynamic range Dy(=d,/d)) of
the angle ratio method is limited by the sensitivity of ratio response
R(d;.m) of cach angle pair. '

3.1.3. Sample volume
The sample volume from which scartered light is detected is an
important feature of all single particle counters. A schematic dia-
gram of a quadrant of a typical sample volume intensity distribution
is shown in Fig. 3. The term Tis a normalized intensity, and, for a
given intensity level T, the sampie volume cross section S; is shown
projected onto the x-z plane (crosshatched region).

The maximum sample volume size at intensity level T, is given by

. p+1
wiw, {14 P
Vo = 8| —— ) ° s —tnD,) . (3a)
\pr 1/ sing \2

and variation of sample volume cross section with particle size is
expressed as

p+2

W, W,

o H

3 in [F(dj.‘ni);F(d,.r‘n')]

(3b)

S =
5 sind
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PARTICLE FLOW

'Fig.3. Schematic disgram of a quadrant of the measursment voiume

intensity distribution 1 (x, z, d) and cross-section ares 5, szsociated with
intensity lavel |,

These approximate expressions describing Vo, and §; were derived
assuming a Gaussian beam focus convolved with 2 detector slit
function profiie which is determined by the blur spot size of the
receiver lens (discussed later) relative to the detector slit width. The
detector slit intensity profile can be reasonably approximated by an
exponential expression. cxp[--2(2x’l WS)P], where the power p is
cxperimentally measured and the coordinate x”is atan angle 8to the
coordinate x. Given this model for the measurement volume intensity
distribution, the sampie volume and intensity level cross sections can
be integrated to give Eq. (3). The primary dimensions are mainly
determined by the beam waist W, the detector slit width W, and
effective light collection angle 8 which decreases with increasing
particle size for particies larger than $ um. Of secondary importance
are the power p(=2) and the dynamic range D,. The cross-scction
area varies approximately logarithmicaily with particle size response
function F(d;, M} where the log function is raised to a power ranging
berween 0.5 and L.0.

Thus any sizing method, whether it be ratio or absolute scattering
requires knowledge of the absolute scattering response function and
sample volume intensity distribution to determine the variation of
sample volume cross section with particle size. The reader should
note that sample volume size and cross-section variation are signifi-
cant features of SPC instrument design which directly influence the
proper measurement of size-{requency distributions.

3.1.4. Number density

The need for knowing the variation in cross section S; is iHustrated _by
the expression for particle number density per unil volurne in size
class j.

The quantity C, is the number of instrument counts per second in size
class . and U, is the flow velocity of particles in size class j. Depend-
ing on the size resolution and dynamic range. S: ¢can differ by one or
twa orders of magnitude between the smallest and largest particie
sizes of interest. Accounting for this sample volume cross-section
bias is thus an essential feature of any SPC design.
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An mportant constraint an any SPCinstrument is the maximum
numbper density «n the flow that can be accommadated without
having two or more particles in the same valume simultaneously.

This limuit 15 given by

! - ¥ .
Vmax T =0 SH4P Vg . {4b)

where P, 1s the probability of having two or more simultancous
seattering evenis in the sampie volume. [tis this constraint more than

2av other that will limit the lower size limit -capability of SPC -

instruments {or practical flows where number densities typically

‘exceed 10° 1o 107 pacticles/em’. for. submicron particles.'d The

requirement for a small volume dictates a small beam waist W,

which 1a turn makes it impossible 1o generate a uniform intensity -

sampie volume at large focal lengths. Due to diffraction fimitations
with a practical lens {-number, it is the nonuniform intensity distribu-
tion that creates the additional problem of size ambiguity in absolute
scattering metheds (Eq. {10}), encouraging the development of opti-
cal methods. Nonuniform intensity also generates a variable sample
volume or numerical discrimination cross section as a function of
particle size. [n short. the number density requirement is the central
consideration in the successful design of an in situ SPC instrument.

3.1.5. Resolution, accuracy
The 95% confidence level uncertainty in the instrument count is given

by
|G/ Cllgsq, = 2/ 1 (5

showing that [00Q counts or more are required for less than 6%
uncertainly. This result is of particular concern when deriving mass-
frequency distributions which are based on a small percentage of the
total number distribution. Implicit in Eq. (5) is a tradeoff in size
reseiution, Greater size resolution (smaller size bin widths) implies
fewer counts and thus increases uncertainty in the number count.
Correspondingly larger size bin widths increase the number count

accuracy. Other factors controlling size bin widths include amplitude -
conversion accuracy, multivalued characteristics of the response

function. and optical alignment stabiiity. Optimai precision in
determination of the frequency distribution occurs when size and
number uncertainties are equivalent.

3.2, Practical design constraints

Practical SPC design constraints are listed in Table 111 covering
illuminauon. light collection, windows, thermal effects, and electron-
ics. Similar to the previous format, the key points regarding each
subject are discussed in detail in the remainder of this section. The
symbols in Table [1] are defined in each discussion section.

3.2.1. Hlwnination

Spectfication of the beam waist diameter W, determines the beam
depth of fieid Azy, and maximum particle diameter d_, which expe-
riences sufficiently uniform illumination, As shown in Table I, the
number density requirement for a given application specifies the
required sample volume size which in turn is determined primarily by
the beam waist diameter, Figure 4 shows the impact of the number
density limit on determining the operating range of an SPC instru-
ment with, for example, a 30 um diameter beam waist and a light
collection angle of 6°. The upper size range iimit is controlled by
near-uniform particle illumination, while the lower size limit bound-
ary is specified by the size frequency distribution (assumed here to be
0 =d; ~} and reference cumulative number deasity. For low number
d‘cnsuy flaws. the measurable size range increases, though at some
lower size limit. signal-noisc considerations will place an absolute
lower limit on s1zing capability. [n practice, the cumulative number
density above | um for coal-fired flows ranges from 10% 1o 105/ cm?10
giving a lower size range capability of 0.4 um for W, = 30 um.
Although in principle the beam waist can be reduced to a2 few
wavelengths of the illumination wavelength for smal! beam f-

TABLE HI. SPC Dasign Constraints

1 lifumination
- Beam Waist w, = de..l/ T
+ 3% Oepth of Fieid ar = W':MA
+«Uniform Parucle liluminatan d =w./4
2. Light Callaction
+90% Deptn of Field - L Az, = 2FW, o
T elinage Qu'_ia!irv._Blur Spot Size - oA W LTk
« Spatial Filter Alignment T ax, < GAzn ' o N
3. Windows
S ) N—1
+Axial Displacement ar, = Ny Ot
N—1
= Latarai Displacement ax, =y Tt
4. Tharmai effects
« Qptical Table Thermal Ax, = al
Expansion
dT
-Refractive-r?dex Distortion Ax, = el F

« Background Radiation Spectral Filtering Required

5. Electronics
« Signal Dynamic Range
«S5peed

+ Analog or Software Signal
Validation, Discrimination

0, = Ad_.mi/Fd.m}
t e W /U

Tm.o I 1T [ 1 17 LI LA
. C 1 l T | i I 1 [ T E
= - o
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2 o -
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= 100
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g ) -]
- -
o
( -
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CUMULATIVE NUMBER DENSITY
(#/CM31 FOR PARTICLES > 1 MICRON

Fig. 4. Dynamic range of optical sizing instrument as a function of part-
cis number density.

numbers, practical f-numbers increase with increasing focal length.
Thus a smaller beam waist and higher number density capability will

' impose reduced working space, L. Plots similar to Fig 4 caa be

determined for any chosen beam size. For example, a larger beam
waist gives an increased upper bound on the particie size, while at the
same time raising the lower bound. In fact, these results iflustrate the
need to use at lexst two beamns of small and large beam focus to cover

the submicron to 100 um particle size range.

322 Light collection

The depth of field of the receiver lens Az, is dependent on the receiver
f-number. F:. and the slit width at the detector, W,. Because the
sample volume intensity distribution is determined by the convolu-
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tion of shit image space with the beam waist. stable ahignment is best
achieved if the image space of the slitis larger than the beam depth of
field. Azy. and the biur spotdiameter, As, ol the receiver lens s much
smailer thanthe slitwidth. W [n practice, for 2 nigh quality lens this
can be achieved if the slit widih is two or more times the beam waist.
though the rumimum stit width possible is desirable for maximuzing
number density capability.

[f the above canditions are satisfied, lateral spatial {ilter align-
ment Xx. s dictated by the beam depth of field Az, and hight

caliection angle. 4. Although 2 maximum value of #is desirable from. ..
this point of view and lor maximum number density, muinimam’

sensitivity to particle relractive index and shape is achueved for smail
"H necessitating a tradeoff. o R :

3.2.3. Windows

For measurements in duct flows, windows are a necessity and must
increase in thickness. t. with increasing system pressure. Axial dis-
placement of the focal volume is proportional to the window thick-
ness and refractive index. N, while fateral displacement is additional-
ly dependent on the incident angle, 3. For window thicknesses on the
order of | ecm, these displacements are large relative to the sample
volume depth of ficld and thus require repositioning of the slit-
detector when the instrument s mounted in place, or alternatively,
calibration ¢an be performed with equivalent windows inserted in the
optical path. In addition. precautions must be taken to maintain
refatively clean windows during measurements. though all instru-
ments require a beam intensity detector to correct for any window
obscuration or path length attenuation that occurs.

1.24. Thomal effacts

For high temperature systems, thermal effects require consideration.
Thermal expansion of the optical table Ax, can be significant for
large optical path lengths, L. giving a displacement of 25 um/m-K
for aluminum and half this value for steel. For large L and hot
environments, temperature control andfor use of an [avar mount
may be necessary. Transverse temperature gradients in high temper-
ature flows produce refractive index gradients which give beam
pointing errors Ax, proportional to the optical path length L, trans-
verse temperature gradient {8 T/dx), and axial distance e over which
the gradient occurs. For steady state duct flow systems, the probe
beam is most likely aligned perpendicular to the flow and thus
(9T/dy)is parallel to the flow direction and probably minimal (< 100
K/cm). For typical boundary layer thicknesses of ¢ = | cm over
which transverse gradients act, the resulting beam pointing ¢rrors are
less than a few micro-radians, and thus of less importance than
optical mount thermal expansion. For highly turbulent flows,
temperature gradients and the turbulence scale may increase beam
pointing errors to the point where the detector slit width must be
increased. For high temperature systems, spectral filtering is
required to biock background radiation from surfaces and particies.
Standard interference filters of 20 A half-widths have been shown to

be adequate for this purpose.!!

3.2.5. Electronics

Detecror-amplifier dynamic range, D,, depends on the response
function, F{d), where the subscripts m and t in Table II refer to the
largest and smaliest particles, respectively. Required dynamic ranges

for a.tenfold size range vary from 500 for absolute scattering mea-

surements to 10,000 for ratioing methods. Dynamic ranges of 10*
require logarithmic circuits or staged ampiifiers. Time response is
not generally a problem, but for small particle measurements (requir-
ing a small beam width) at high velocities, several hundred megahertz
speed may be required. ’

Analog and/or software signal validation and discrimination are
key elements in any successful instrument design, and generalizable
guidelines are difficuit to provide except for one: “the simpier, the
better,” bath from accuracy and cost points of view,

In summary, for any SPC method, knowledge of iwo basic rela-
tionships are required: both absolute scattenng and ratio methods
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" tradeofls that occur for any SPC system. The tabie s read as follows. .

require Sinowlcdgc ol the responase tunction Fid.m ). with knowiedge
of R(d.m}as an additional requirement for ratio methods. Secondly. )
a relanonship for the sample volume ntensity distribution 15 re-
quired {or charactenizing the variation in sample voiume cross sec-
tion thus giving proper weighting of the number count density n: with
particle size. In theory, knowiedge of the response tunctions alone
woutd allow one to compute the sample volume cross section tEg.
{3b)). but the image quality of the Light coilection system 15 vanable.
cequiring a calibration tar the power p.

Table IV summarizes some of the design obiectives and resuiting

" TABLE IV, QObjectives-and Tradectfs for Design of Singla Particie Tn

Situ Sizing Instrument _
' 23 4 5 § 7 8

1. Mimimize Lower Limut of
Sizing Capabuiity a -

2. Maximize Dynamic Range
of Sizing

3. Maximize Qptical Warking
Space - - - 0 0 - -

4 Maximiize Number Density - - = - 0 0O Q
5. Minimize Sensitivity to

Parucle Shape & Refrac-

tiva incex - 0 o - - 0 0
6. Maximize Sizing Accuracy c o0 Qo 0 - - =

7. Maximize Qpt:cal Align-
ment Stability o)

8. Maximirs Operaung
Temperature, Pressure 0 0

[tems | -8 are primary, but, in some cases, competing objectives. The
matrix is arranged to read the effects of numbered column objectives
(same as row objectives) on row objectives designated by (+) fora
positive effect, (—) for a negative effect, or (0) for a neutral effect. For
example. satisfying objective (4) has a negative impact on achieving
objest (3). Additional independent objectives include velocity meas-
urement capabilitics for absolute number density evajuation (Eq.
(4a)), and real-time analysis for monitoring of “upset™ conditions.
Finally, all of the abave objectives are in conflict with cost minimiza-
tion. Choosing between these objectives and selecting the best
methods to achieve them remain as the primary topics of particle
sizing research.

4, RECENT SPC DEVELOPMENTS AT SANDIA

Multiple-angle ratio counters. LDV-visibility methods. and several
absolute scattering techniques have been described and compared
previously.* This section describes three methods currently under
devetopment at Sandia National Laboratories, Livermore. which
emphasize different design objectives summarized in Tables 1and IV.
A diagnostics evaluation facility, which will be a key element in
validating various instrument designs, is also described. Limitations
and instrument design tradeoffs are discussed and then further
amplified and compared with available SPC technotogies in Sec. 5.

4.1. Variable frequency grid technique )
In the LD V-visibility technique the particle interacts with a pattern
having a single spatial frequency. An alternative to this approach is
the variable frequency grid (VFG) technique. first suggested by
Fristrom et al..!? in which the particle interacts with a partern that
contains a2 sweeping spatial frequency. In this system. Fig. 5. it is
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Fig. 5. Variabie frequency grid technique for particie sizing (307 scatter-
ing arrangement}.

more convenient ta image the particle onto a grid rather than to cast
a pattern of light and dark fringes into the sample volume. Since this
technique is based on imaging, it is best suited for particles in the size
range of 10 um and larger. The following description summarizes
current developments of the VFG method. !}

The signal that contains the particle size information is generated
by imaging the paruicle onto a grid and detecting the transmitted light.
The grid consists of a series of alternately transparent and opaque
parallel lines that decrease monotonically in width. It can be shown
that the optimum grid is one in which the ratio of the widths of
adjacent lines is a constant throughout the grid. As the image of the
particle scans across the grid, the transmitted light signal becomes an
oscillating signal moduiated in both amplitude and frequency. The
amplitude mndulation, which depends on particle size, can be de-
scribed in terms of a varying visibility function,

I [rdram]
wd/ Aly)

Viy) =2 G

where y is the position of the particle along the grid, J, is the first
order Bessel function of the first kind. A is the local wavelength of the
grid, and d is the particle diameter, .

The first null in visibility occurs where the argument of J ; equals

3.33. Givenan optimum grid as described above, the particle diameter,
d. can be expressed in terms of the number of oscillations. k. that
precede the first nuii:
d = 1.225,R7¥0 (M
where A, is the local wavelength at the extreme low frequency end of
the grid. R is the dynamic range (ratio of maximum to minimum A),
and n is the number of line pairs.

{n addition (0 size information, the velocity of the particle can be -
casily obtained by measuring the particle transit time through the -

entire grid. Since size 2nd velocity of a particle can be measured

simultaneously, velocity-size correlations are readily derived with

the VFG method.

The VFG system is reasonably insensitive to particle shape. For
irregular particles the dimension measured is approximately equal to
the particle length in the direction normal to the grid lines. While the
system is insensitive 1o the particic index of refraction, the particle
must have a diffuse surface in order to be sized correctly. This
condition is particularly imporant when coherent illumination is
used. In general, whate light illumination yields better signais for

methods cannot utilize the particle incandesgence in this manner,

nonideal parucles. It may be possible Lo size specular partcies bv
back lighting and operating the YFG system in a schlieren mode, |

The VFG techaique 15 parucularly well suited to the measuremen:
of incandescent particles (see Fig. 6) since no additional iHumination
of the particles s required. This feature may be useful in the study of
pulverized coal combustion. In this application the system is not
sensiive to the surface properties as long as the incandescence is
mare or less uniform over the particle. Mie scattering and LDV
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g~ — NO ELAME |
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Fig. 6. Typical VFG response [insert) and sampie VFG histogram of bum-
ing lignita coal particles.

4.2. Small-angle near forward scattering technique

The small-angle near forward scattering (SANFS) arrangement (Fig.
7) is configured to minimize refractive index and particle shape
sensitivity in the response function. ' The method uses differential
angle light collection at two angles. a small-angle collector to size the
particle. and a large-angle collector 1o select particles to be measured.

COLLECTING LENS
ANAULAN
APERTUAE
forusimg  SCATTERING LLLL
s vOLUME . r
-~ P
Lasen == L T N o 't
v \\al S o L —-“:ﬁ L\
R APEATURE AT
AuurICLE H i
[
APERTURE &
~

”ne

Fig. 7. Optical arrangemiant for the smail-angle nesr forward scattaring
technque. .

Light scattered by a particle in the forward small angles within the
Fraunhofer lobe exhibits unique characteristics that are useful :n
particle size measurements. First. the scattering-intensity response
versus particle size is 2 monotonic function instead of the oscillatory
one at angles outside the Fraunhofer lobe. The monotonic behaviof
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of the scattering respoase at the small-angle near forward direction
provides accurate size identification free from ambiguities inherent
at large scattering angles. The second beneficial characteristic of the
SANFS arrangement is the experimentaily verified insensitivity of
the scattering response within the Fraunhofer diffraction lobe to the
retractive index of the particle."?

The scattered light response in the Frauahofer lobe is also least
sensitive to the shape of the particle. The effects of irregularly shaped
parucles can be approximated using the simpler Fresnel diffraction
formula which shows that the intensity of the direct forward-
scattered [ight s proportional to the square of the projected area of
the particte. Of course, the direct forward-scattered light is obscured

by the nondtffraczcd light, so that complete independence of the |

signal to particle shape cannot be achieved. However, the depend-
ence on particle shape is minimized by collecting light at the smallest
angies allowed by the nonscattered beam.

Thereare, however, tradeoffs associated with the SANFS arrange-
ment as well First, as with other Mie scattering technigues, it is
important to accept only those particles that pass through the centrat
region of the inspection volume. If a particle passes through the edge
of the beam or if a particle is out of the focal plane of the collection
lens. the response will indicate a particle smaller than the true size.
These errors can be minimized by using the large-angle scattered
light to determine when a particle passes through the central region
of the sample voiume (sez Fig. 7). By choosing aperture A2 appro-
priately. the signal [, will be non-zere oniy when a particle passes
through thecentral regxon of the beam. Since thedepth of the field of
the large-angle system is shorier than that of the small-angle system.
the signal 1, will be non-zero only when a particle is well inside the
depth of ficld of the small-angle system. Edge effects and out-of-
focus effects can be minimized by accepting oniy those pulses at I,
that coincide with a pulse at [,. Figure 8 shows examples of calibra-
tion curves of the response functions of a typical SANFS arrange-
ment. The solid curves are the calculated Mie scattering response

1,660.000 . . r
—
= 100,000 |
=i
=
f'i
=i 19,000 |-
=
= 1,000 |
- TH
Z
H / .
= ™Y ’ Calculation
= 109 e ae-@x 0,375 7
a
= s~ —-—a 3
= s ’
v 16 ’,’ Pinhale Measurements]
s A 8= 0,275
1 i L 1 9 3= 3%
1 5 1 50 190
Particle Size ([um)

Fig. 8. Examples of a typigal SANFS calibration curve (smail angle st
0.3785 degrees. large sngle st 1.2 degrees).

functions. The symbols are the actual measured scattered light inten-
sities using pinholes of known size at the sample volume. In principle.
the effective scattering volume of the arrangement can be reduced to
that of the large-angle coincidence collector. In 2 high-dust loading
environment, only a small fraction of detected signals at the small-
angle collector will be validated and measured.

There are inherent limitations of this arrangement which may be
more or less severe depending on the application. Firse, the sample
volume is larger with the SANFS arrangement than that achievable
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with off-axis or large-aperture systems, Additionally. the optical .
discrimination method described above introduces (urther sampie
volume constraints. Therefore this system s most suitable lor enwvi-
ronments with parucle density S 0% /em’. Secand, the puise heights
thraugh much of the useful operating range are proportional to the -
fourth power of the particle diameter, For a tenfoid dynamuc range of
particle size, 2 dynamic range of several thousands in the signal !
must be handled by the electronics. Finally. the smail collection
annulus accepts ony 2 smail fraction of the total scattered light. This
svstem may require 2 more powerful light scurce than that used with
a large-aperture system. In applications where these limitaucns are
not severe, the monotonic response and the insensitivity (o particle
shape and refractive index make the SANFS arrangement an attrac-

tive approach |{¢ pamclc sizing.

-LS. intensity decnnvoluﬁon method

The intensity deconvolution method!!-'* also uses near forward scat-
ter (the optical geometry is similar to that in Fig. |, with 8. < §°) to
minimize refractive index and particle shape sensitivity. with the
choice of inner angle light collection, 6. dependent on the size range
of interest. The response functions far & = 0.6° are shown by the
solid curves in Fig. 2. The optics and electronics discritmination in
this method are simple because all scattering signals above a fixed
threshold vaiue. A,. are accepted regardiess of particle trajectory
through the sample volume.

Bacause the scattered signal is trajectory dependent. a flow of
monodispersed particles yields a signal peak amplitude count distri-
bution having a sharp cutoff at some maximum signal value, corre-
sponding to particles traversing the center of the measurement
volume, with a spread to smailer amplitudes. To overcome this
problem of nonuniformity of response within the measurement
volume. a numerical inversion scheme, combined with a calibration
procedure has been devised to unfold the distribution of signal
amplitudes and yield an indicated size distribution which eliminates
the dependence on trajectory. It is assumed that particles have an
equal probability of passing through any element of the cross section.
and that alf particles have the same mean velocity. U. irrespective of
size and trajectory.

The problem. then. is to devise 2 technique 1o unfoid the meas-
ured signal amplitude count distribution in the presence of a nonuni-
form measurement volume intensity function %{x.z,d) to yield that
which would be obtained with a uniform intensity function. and.
hence. to obtain the true particle size distribution. n{d). A set of
equations relating experimental pulse height analyzer data Ci{A.
measurement volume function 1{x.z.d}, and the desired numbcr
distribution function N{d) can be written in discrete form as

-

ZUASn Li=lm (8)
1=1

or in matrix form as

C = U-AS-n.
where
C. = signaicount rate for normalized signai peak amplitudes ina

1

logarithmically scaled amplitude range. 34

= concentration of particles in a logarithmically scaled size
parameter range, -.\d‘; :

) and

AS; = cross-sectional area of the measurement volume normal 1o
: the flow direction. which yields normalized signal peak
amplitudes in the range. AA; . for particles in the size range.

_\dj ;
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The inversion of Eq. (1) ts written sveboiicaily

|
= g1,
t T AS C (%

Liven the count rate distribution of signal amplitudes C,(A,;) in the
puise height analyzer channels. if the AS matrix is known. Eq. (2) can
be solved to vield the number distribution 0 {d:).

The AS matrix is determined by passing a monodisperse particle

distribution Nfd) of known diameter d.; and concentration Ny

through the measurement volume at a_kmown mean_ velocity U, .

Alternatively, Eq. (3b} in Table I can be used to compute AS if p has

been determined. Once the AS;; matrix clements are determined they -

areentered in the matrix inversion algorithm of a minicomputer. The
solution n is derived by searching for a nonnegative vector n which
minimizes the residual vector R = C — U - AS + n. This procedure
minimizes error propagation and also outputs values of residuals,
which allows accuracy assessment of the resulting n. distribution.
Such calculations are straightforward and have been rapidly per-
formed (< 10s) on a microcomputer,

Experimental results have been obtained for cold low and bumner
flow conditions in the size range 2 to 30 um. which compare favora-
bly with independent Coulter counter measurements. '¢ More recent
measurements have been abtained for burning pulverized coal in the
size range of 4.0 to 80 um. Fig. 9, which give good agreement with
independent mass balances.!! A dual beam-dual detector system

9 COLD FLOW, T = 300K
e PARTIAL BURNOUT, T::1430°X

PARTICLE SIZE (um)

= COMPLETE BURNOUT, T :1600*K i
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d T COMPLETE BURNQUT, T :2000°K

f
!
!
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42 4 684l 2 4 6810 20 4060 100
TUMULATIVE NUMBER DENSITY ABOVE STATED SIZE (#/cm)

J

Fig.9. In situ number density distribution for pulverized cosl at four
I8CTion teMmperaturss.

{Fig. 10) is currently being fabricated for particle distribution meas-
urements in the size range 0.3 10 80 um with a maximum number
density approaching 108 /cm® and working space of 0.6 m. The major

limitations to this method are lack of particie size/ velocity correla-

tion.and possible increased sensitivity 10 sample volume alignment
errors, though current results indicate satisfactory performance.

4.4. Combustor exhaust simulation facility for disgnostics evalustion

The task of assessment and laboratory evaluation of advanced parti-
cle sizing diagnostic systems requires realistic testing environments
which simulate combustor exhausts encountered in fassil fuel power
systems. An atmospheric combustor exhaust simulation (ACES)
apparatus has been built at Sandis. Except for pressuce effects the
device simulates the flow environment at the exit of 2n advanced fossil
fuel combustar or 2t the turbine inlet and is a critically important 1est
bed for advanced optical diagnostic techniques.

The ACES is shown schematically in Fig. |!. The combustor

consists of (1) 2 dual-fuel burmer which can burn both gaseous and

HE-NE LASER

DUAL BEAM OPTICAL SYSTEM
FOR PARTICLE SIZING {0.3-80 uM)

Fig. 10. Dual beam cptical system for pacticie sizing [0.3-80 pm).

Fig. 11. Skatch of the atmospheric combustor sxhaust simulator {ACES)
facilivy.

liquid fuels and (2) a combustion chamber which provides a second-

ary air iniet downstream from the burner as well as a space 1o allow
complete combustion. The mean exhaust temperature at the com-

bustor exit can be controlled within £ 10 C from the set point
between 500 and 1200 C with an automatic feedback temperature
controller. The temperature profile across the test section which has

2 gas passage of 100 mm diameter was measured to be within 10 C of

the mean vaiue on the center line of the test section except near the
wail.

Downstream from the transition pipe is the optical diagnostics
lest section which consists of four quartz windows of 50 mm in
diameter ¢ach in the form of a “cross” perpendicular to the exhaust
flow direction. The two windows in the horizontal direction are
designed as the Jaser inlet and the forward Mie scattering collection
ports. respectively. The vertical set is used for the 30° Mie scattering
as wetl as lor other diagnostics access. e.g.. in applications of span-
taneous Raman scattering for gas temperature and species concen-
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tration detecuian An air purge s supphied 10 ¢ach window facing the
hot gas path to maintain clean windows. Immedately fottowing the
optical section i3 a physical sampling tee-section which has an isoka-
neuc sampling probe assembly mounted an the side flange. Mea-
surement of the size distetbution of the particulates collected bv the
samping prooe and that measyred bv an opucal counter gives adirect
performance comparisan of the techriques. ln addition. these
instrument results can be compared with known paruiculate marerial

and feed properties,
The operating charactenstics of ACES are shown in Table V

TABLE V. Operating Charactaristics of Atmaspheric Combuitor Ex-
haust Simulator {ACES)

Pressurae {atm)

Mean Temparature (C) 500C-~-1200
Fiuctuation Temperatura (C) 2-10
Fiow Rata{kg/min} 3-6
Velocity (m/s) 5-60
Particle Loading (g/m?3) 0-5
0.1-200

Paruclte Size Range (um}

Constant mass feed rate of various particulate materials is accom-
plished by a fluidized bed feeder with stable feed rates exceeding
twenty minutes duration. Typical particle material is derived from
collected fly ash which has a mean diameter of 5 um and a maximum
diameter of 20 um based on a Coulter counter analysis. A maximum
feeding rate obtained with the present system is about 15 g/min
which in a typical ACES flow corresponds.to about 5 g/ m3 particle
density. The number density is in turn dependent on the chosen mean
particle diameter.

This facility provides wetl-defined conditions for comparing var-
ious instrument concepts as well as {or determuning long-term align-
ment stability and robustness. We cannot emphasize 100 strongly the
poiat that standardization and independent validation will be a key
element in research and industrial application acceptance of optical
SPCs and optical diagnostics in general.

5. CAPABILITIES AND LIMITATIONS OF SPC
CONCEPTS

Hirleman's review® has detaiied the relative advantages and disad-
vantages of multiple angle ratio counters, LDV-visibility methods.
and absolute scattering instruments. Briefly summarizing, ali three
basic methods have the capability of particle size measurements
cavering the submicron range to 100 um or more. Sample volume
size and thus maximum number density limits are determined pri-
marily by the beam waist. light collection angle. and detector spatial
filter. All methods are similarly subject to refractive index and parti-
cle shape uncertainties. though near-forward scattering minimizes
sensitivity 10 these particle properties. The particle size dynamic
range for a given light collection geometry is more restrictive for
ratioing type counters (—8) than for absolute scattering methods
{— 15). All methods require use of dual illumination beams to cover
the submicron to 100 um size range. In addition, the ratioing schemes.
must use several angle ratios or fringe spacings 1o cover this wide size
range {Fig. 2). All SPC methods are subject to the same statistical
€rrots in number counting.

Many practical design constraints (Table [H) are agiin generalto '

all SPC methods. Visibility and some absolute scattering methods
collect light over a relatively large aperture {F/4 lens) and thus have
simtlar receiver characteristics, except for electronics speed require-
rents and signal validation and discrimination. [llumination tech-
niques differ since the visibility method must use two overlapping
beams to form a fringe pattern in the sample volume. Sample volume
size limits are similar, though sufficiendy accurate intersection of
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' appropriate sampie ¢ross section

two deam foct mav be subject o thermal eifects Electronies spead
reguirements tor visibiiity measurements in the submicron parucie
size range can approach 3500 MHz for fringe spaciags of | uem ac
velociies ol 10 mys. This s a factor of 3O hugher than for absoluce ar
multi-angle scattering methods with W = 30 uem. Signai validauon
and discriminanan far vistbility measurements at 500 M H have not
vet been reported.

The multiple angle ratio method and the SANFS technique use
singlebeam llumination but coliect fight at several small differennial

angies, A8. The two angle concept gives two values for the depth-of
Neld (proportionai to '), and thus sample volume cross sectign also
differs by 8. As a result, selection of scautering signals from the .
through signal vaiidation and dis-

criminauon is an important fcature of these iwo methods. Because of
a larger effective slit width (which also defines the differential light

coilection angle), the depth of field and sample cross section tend to -

he much larger for current multi-angle ratioing designs: as a result
this reduces the maximum number density capability, Placing a
spaual filter, W, at the image focus of the receiver lens allows
reduction of the depth of field and sample valume. The differential
angle couid then be increased independently, giving increased signal
tevels. Although the SANFS approach solves the variable illumina-
tion intensity problem. it does so at the expense of requiring a larger
sampie volume, thus limiting its practical application to lower
number densities.

The absolute scattering method with F-4 light coilection and
intensity deconvolution, described in 4.3, offers the greatest flexibili-
ty relative to the design constraints in Tables [{and [{I. The primary
questions for this method are the accuracy of the deconvolution
procedure, and required optical alignment precision necessary for
consistent results. Available results are satisfactory. but extension of
this method to submicron applications will place more stringent
alignment requirements on this technique. Al SPC methods are
subject to these alignment constraints, which become more severs
with decreasing sample volume size. The sstimates in Table [II
indicate feasible alignment accuracy for all methods, but actual
experience with various SPCs is limited.

The VFG method is unique in that it offers some of the advan-
tages of imaging techniques such as holography and photography,
but provides the information in rzal time instead of requiring expen-
sive and tedious off-line image analysis. Although the lower size
range available to VFG measurements is theoretically limited by
optical microscopy, it is best suited to particle sizes of 10 um and

larger.

Other desirable features for SPCs are velocity measurement ca-
pability. robustness. and reasonable production cost. Visibility
methods have inherent capability 1o measure particle velocities.
alfthough, recently. simple transit timing methods have been
demonstrated for single beam velocity measurements'™ 3 which are
applicable to other sizing methods by the straightforward addition of
standard nuclear instrumentation modules. Thus absolute number
density evaluation is available to all sizing methods without modify-
ing the optics or adding a separate velocity measurement method.
Questions of robustness and reliability of particle analyzers will be
answered by long-term testing on controiled exhaust sumulation
facilities. Cost considerations will ultimately dictate user choice be-
tween two or more [easible techniques.

6. CONCLUSIONS

tn principle. several SPC concepts are {easible for obtaining i sty
size distribution measurements i high temperature. two-phase flows
with large optical working spacs. Various tradeoffs in capability of
these instruments { Table 1V) lead to a range of design opuions. Thus
Mexibility to modifv instrument parameters to sausfy varable user
requirements will be an important feature of practical istruments.
The primary emphasis of current work on SPCs should be tesung
and evaluation of the various concepts under controlied but realusu-
cally simulated high temperature particulate flows. [nstrument per-
farmance should be compared {where possibic} with independent



standardized parucle measurement techniques. With this emphasis
in mund. current work at Sandia 15 proceeding wuth development of
three measurement techniques and validation on an existing com-
bustion exhaust simulator.

7.
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- Self, 5. A.. “Parucie Measurements in High Temperature Flows.™ pre-
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