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INTRODUCTION 
In magnetohydrodynamic (MHO) power generation a seed material, normally K2CO3, 

i s  added to enhance the conductivity of the coal-fired gas stream. The plasma i s  
passed through a magnetic field and electricity is produced by the Hall effect. 
Future large scale MHO facilities are expected to be more efficient than conventional 
coal-fired power plants not only because of the DC electricity produced but also 
from increased heat recovery owing to the large (3000 K) combustion temperatures 
empl oyed . 

There is, however, a finite cost for the seed material and the resulting KzSO4 
particles (SO2 emissions are minimized by combination with seed potassium) must be 
collected, converted back to K2CO3 or KCOzH, and recycled back to the combustor. 
Although estimates vary it is well recognized that a large ortion ( 2 9 5 % )  of the 

The performance characteristics of the MHO electrostatic precipitator (ESP) 
are therefore of interest. As an added condition recent experimental and theoretical 
studies of K2SO4 homogeneous nucleation2 have indicated that these particles grow 
to Sauter diameters of between 1 and 1.2 pm. These sizes are in a range where ESP 
performance may be degraded.3 

In this work, we describe Mie scattering and electric field measurements on 
an MHO pilot scale ESP located at the Coal Fire Flow Facility (CFFF) at the University 
of Tennessee Space Institute. Results are reported for the determination of 
near-real-time collection efficiencies, the variation of the ESP performance with 
seed percentage, and initial studies on the extent of particle re-entrainment. 

spent seed must be recycled for viable economic operation. f 

EXPERIMENTAL 

The theoretical framework for determination of the Sauter mean diameter, D 2, 
using two-color laser transmissometry has been reported p r e v i o u ~ l y . ~ > ~  Brieffy, 
transmissions (T = 1/10) measured at two well -separated monochromatic wavelengths 
( h , . h , )  are related to an extinction efficiency ratio which is proportional to 032 

Mie theory is used to calculate the variation of &/& (bars indicate averages 
over a distribution) on 032. For the case of a polydisperse particle size distribution 
(PSO) e is expressed in terms of an effective extinction cross section, 0. and an 
assumed distribution 
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where 0, i s  calculated from the theory with knowledge o f  
index, m.  

(2) 

the complex refract ive 

The theore t ica l  response curve used t o  in te rpola te  D32 from the measured 
transmissions ( i n s e r t  Figure-1) i s  generated by sca l ing  the assumed PSD. Each 
d is t r ibu t ion  corresponds t o  a unique D32 value. The e f f e c t  of  the PSD shape on D3 
has been determined by s e n s i t i v i t y  studies6 t o  be w i t h i n  -2% or  t9% of the integrate$ 
032 value. This r e s u l t  is  cons is ten t  w i t h  the  f a c t  t h a t  D32 i s ,  by def in i t ion ,  a 
z-average quant i ty .  

Studies have a l s o  been carr ied out on the e f f e c t  of  the complex refract ive 
index on D326. Using the reported values4 of m f o r  I l l i n o i s  #6 and Montana Rosebud 
with and without spent  seed (KzSO4) and the  m value f o r  K2SO4 i t  was determined the 
D32 varies by 10 . l~ t -n .  The above r e s u l t  has some implicat ions on the  work reported 
here as  the chemical composition of the  par t ic les’  en ter ing  the  CFFF ESP a r e  about 
85% K2SO4 w i t h  the  remainder f lyash.  Thus the use o f  the  complex re f rac t ive  index 
f o r  K2SO4 i s  not expected t o  have a s ign i f icant  e f f e c t  on the Sauter diameters 
determined. 

Although the primary observable in two-color ex t inc t ion  measurements i s  D32 
Number additional information concerning mass and number loading can be obtained. 

dens i t ies ,  Cn values ,  a r e  avai lable  from Beer’s law 

T ( h )  = e x p ( - l o , C , )  (3) 

where 1 i s  the e f f e c t i v e  opt ical  path length. The mass densi ty  Cm i s  re la ted to 
C n  through the chemical densi ty ,  d, of the  p a r t i c l e s  and the volume densi ty ,  Cv 

C, = dC, = ( d 4 n r z 2 C , , ) / 3  ( 4 )  

Electron micrographs of a r t i c l e s  col lected downstream of the CFFF superheater 

The opt ical  configurat ion of one of the  two-color l a s e r  transmissometer (TCLT) 
units i s  shown i n  Figure 1. The second opt ical  un i t  i s  s imi la r  t o  t h a t  shown w i t h  
the exception t h a t  only two lasers ,  an argon ion (h=0.488 or  0.5145pm) and a 
he1 ium-neon ( h  = 3 . 3 9 p m )  a r e  used. For the  e f f ic iency  measurements both units 
were interfaced t o  the microprocessor u n i t .  Because o f  a small but f i n i t e  time 
delay of 100 ms ( t h e  processor c o l l e c t s  raw i n t e n s i t i e s  from one opt ical  unit 
followed by the i n t e n s i t i e s  from the second uni t )  t h e  measurements reported here 
are  c lass i f ied  a s  near ly  simultaneous. For the experiments on rapid temporal 
response the microprocessor u n i t  was replaced by an IBM PC/AT type microcomputer 
with an analog t o  d i g i t a l  board. 

E lec t r ic  f i e l d  meter (EFM) measurements were erformed using a laboratory bui l t  
u n i t  s imi la r  to  t h a t  reported by Castle e t  a1.1 The f i e l d  was sensed by four 
c i rcu lar  e lectrodes whose s igna ls  were modulated using a 4-hole chopper wheel powered 
by an a i r  motor. Laboratory experiments indicated t h a t  the output of the  meter was 
constant to  within *l mv over t h e  frequency range from 2 2 0  t o  270 hr. I n i t i a l l y  
t h e  meter was ca l ibra ted9  using para l le l  plates  where 

E = V / D  (5) 

indicate  spherical shape. 9 
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Here E is the electric field, V the applied plate voltage and D the distance between 
the meter and the charged plate. Knowledge of the duct geometry permits the solution 
of Poisson’s equation for the space charge density, p. Expressions for E in terms 
of p for cylindrical8 and rectangularlo ducts have been reported. Calculations for 
the trapezoidal exit duct of the CFFF ESP have not yet been performed; consequently, 
only raw voltages are reported here. These data are, however, directly related to 
P which is usually expressed in C/m3 units. Each particle exiting the ESP will 
carry some charge, q, thus p/p yields a measure of number concentration. Results 
from the EFM are then comparable to the scattering method but also provide the 
charge densitil which is an important parameter in models of electrostatic 
precipitation. 

Location of the TCLT units and the EFM with respect to the CFFF ESP is given 
in Figure - 2. Experiments reported here correspond to facility tests LMF4-N, 
LMF4-S and LMF4-U. Near-real-time collection efficiencies determined during LMF4-N 
were calculated from the penetration, P 

(6a) 

E f f ictency = 100 - P ( 6 b )  

in the above equation f is that fraction of the total flow diverted to the ESP. 
The values of f were taken from the CFFF records where information on the electrical 
conditions of the ESP, temperatures, vibrator and plate-rapping frequencies and 
other pertinent conditions are collected. - 

As stated previously, the behavior of the MHO ESP is critical to the successful 
economic operation of the facility. The three studies below represent only a 
fraction of the results collected to date. The data on efficiency and the performance 
of the ESP as a function of the ratio Kz/S have practical bearing on future commercial 
scale facilities. The final study concerns our initial efforts to characterize 
rapid temporal variations of ESP performance and the application of the field meter. 

Near- Real - Time EfficiencyMeasurements - Average Sauterdiameters determined 
upstream of the ESP are collected in Figure - 3. An average of 1.2 prnwas calculated. 
Measurements on May 6 and 7 yielded 032 values of 1.18 and 1.25 prn respectively. 
Average number densities were 5.6, 4.8 and 4.2 x 106 cm-3. 

Extinction measurements downstream of the ESP permit the application of Eq. 
6. Corresponding efficiency values are presented in Figure - 4. To our knowledge 
this data represents the first reported determination of near - real - time 
efficiencies for an electrostatic precipitator. In this regard it should be noted 
that the application of standard sample extraction methods can only provide an 
estimate of the efficiency since the sampling times before and downstream of the 
ESP will not be the same. Additionally, any changes in facility operation cannot 
be quantified rapidly. 

Although some scatter is observed in Fig. 4 the majority of efficiencies lie 
above 90% with many values larger than 95%. The radical decrease in efficiency 
between 1348 and 1408 hours corresponds to a baghouse cleaning cycle. During this 
process the flow normally partitioned to the fabric filter device was diverted to 
the ESP, thereby increasing the flow by approximately 5000 cfm. The decrease in 
efficiency, albeit of short duration, indicates that the ESP cannot completely 
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adjust t o  the  add i t i ona l  mass loading. This r e s u l t  i s  expected based on the f l ow  
enter ing the  device, 16,400 cfm compared t o  the design set po in t  o f  about 8600 
cfm. 12 

Some comments are equired concerning the f a c t o r  f appearing i n  Eqs. 6. Using 

determine the  e f f e c t  o f  e r ro rs  i n  the  mass f low on t h e  e f f i c i e n c y .  For the data 
i n  Fig. 4 (excluding the cleaning cyc le)  t he  f l ow  t o  the  ESP was measured as 11,000 
cfm. The f l o w  t o  the  baghouse was 5400 cfm and the  ca lcu lated e f f i c i e n c y  was 94.3%. 
Assuming f lows t o  the  ESP o f  9000 and 13,000 cfm y ie lded  e f f i c i e n c i e s  ranging from 
93 - 95.2% o r  a d i f f e r e n c e  o f  s l i g h t l y  l a r g e r  than 2%. So l ong  as t h e  f l ow  r a t e  
t o  the ESP i s  known t o  w i t h i n  20% the c a l c u l a t i o n  o f  t he  e f f i c i e n c y  i s  adequate. 

E f f e c t  o f  the R a t i o  Kq/S - I n i t i a l l y  feed ra tes  t o  the MHD combustor were 
con t ro l l ed  t o  p rov ide  s u f f i c i e n t  K atoms f o r  plasma enhancement and the t o t a l  
conversion o f  SO2 t o  K2SO4. Recently i t  has been noted t h a t  generator power l eve l s  
could be increased by overseeding.13 This  p r a c t i c e  l e d  t o  va r ia t i ons  i n  the  
performance o f  downstream components as no d by increased b r idg ing  i n  the p la ten  
superheater and decreased ESP performancefz presumably due t o  K2CO3 o r  o ther  K 
species. 

Measurements o f  the p a r t i c l e  s i ze  and loading downstream o f  the CFFF ESP were 
conducted a t  d i f f e r e n t  K /S ( molar r a t i o  o f  K i n  seed t o  S i n  coal )  r a t i o s  dur ing 
f a c i l i t y  t e s t  LMF4-S. f i g u r e  - 5 i l l u s t r a t e s  Sauter diameters f o r  t ime  periods 
corresponding t o  d i f f e r e n t  K2/S r a t i o s .  Clear ly ,  as t h e  K2CO3 percentage decreases 
the D32 values increase. 

During these measurements the f a c i l i t y  condi t ions such as gas stream 
temperatures, soot blowing frequency, t o t a l  coal f l ow  and combustion stoichiometry, 
etc. were reasonably constant. The mass f l ow  r a t e s  t o  the ESP were approximately 
6000 cfm f o r  the data i n  panels A and B and 7800 cfm i n  panel C. The previous 
ef f ic iency r e s u l t s  i n d i c a t e  t h a t  as the mass loading i s  increased ( i .e .  f a b r i c  
f i l t e r  c leaning cyc les)  t he  e f f i c i e n c y  decreases. This corresponds t o  an increase 
i n  CN ( o r  a decrease i n  D32, Eqs. 1 and 3)  a t  t he  downstream loca t i on .  The f a c t  
t h a t  D32 i s  increased a t  the K2/S r a t i o  o f  1.04 (Fig. 5 panel C) i nd i ca tes  t h a t  the 
excess K2CO3 (panels A and 6) has a s i g n i f i c a n t  e f f e c t  on ESP performance. 

Cn values o f  2.5 x 10 s (ou t l e t )  and 5.98 x IO6 ~ m - ~  ( i n l e t )  i t  i s  poss ib le  t o  

The decreased ESP performance at  l a r g e  K /S r a t i o s  may ind i ca te  t h a t  the K2CO3 
p a r t i c l e s  are nuc leat ing t o  smaller pa r t i c?e  diameters than K2SOq. Changes i n  
p a r t i c l e  r e s i s t i v i t y  do not  appear t o  be responsible for  the observed behavior. 
Further s tud ies are i n  progress. 

I n i t i a l  Studies o f  ESP Temporal Performance - The standard means o f  
cha rac te r i z ing  ESP operat ion invo lves the e x t r a c t i o n  o f  sample, p re fe rab ly  
i s o k i n e t i c a l l y ,  from the  gas stream. The e x t r a c t i o n  requi res some t ime and, thus, 
events occurr ing over periods o f  seconds o r  even minutes cannot be quan t i f i ed .  Such 
events are thought t o  be those due t o  c o l l e c t i o n  p l a t e  rapping and the  v i b r a t i o n  
of the w i r e  racks. Experiments were i n i t i a t e d  t o  evaluate the extent  o f  p a r t i c l e  
re-entrainment from the CFFF ESP. 

For these experiments conducted du r ing  t e s t  LMF4-U the e l e c t r i c  f i e l d  meter 
(EFM) was i n s t a l l e d  a t  the e x i t  duct o f  t he  ESP and the TCLT was located s l i g h t l y  
downstream. The K2/S r a t i o  was held constant a t  1.0. Figure 6 i l l u s t r a t e s  the 
average Sauter diameters ( top t race)  and the  raw EFM s lgna l  ( lower t race )  over a 
t y p i c a l  c o l l e c t i o n  per iod.  The average p a r t i c l e  s ize i s  s i m i l a r  t o  t h a t  observed 
i n  panel C o f  Fig. - 5. O f  i n t e r e s t  i n  F ig .  6 i s  the increase i n  f i e l d  meter voltage 
and the decrease i n  D32 observed a t  approximately 1217. The.locations o f  the peaks 
are sh i f t ed  r e l a t i v e  t o  one another owing t o  the f a c t  t h a t  the computer c locks were 
no t  synchronized ( t h e  residence time between the instrument l oca t i ons  has been 
ca lcu lated a t  I sec.). 
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Examination of t he  f a c i l i t y  data records l e d  t o  the assignment o f  the increase 
i n  CN t o  the v i b r a t i o n  o f  t he  f i e l d  4 w i re  rack. Although there could be s i m i l a r  
information.on the e f f e c t s  o f  the v ib ra to rs  f o r  f i e l d s  1, 2 and 3 as we l l  as on 
p la te  rapping the noise i n  the  data precludes unequivocable assignment. The apparent 
lack o f  p a r t i c l e  re-entrainment from rapping may a r i s e  from the 2 min. frequency 
for t h i s  process. Fur ther  s tud ies wherein the frequency o f  rapping and w i re  rack 
v ib ra t i ng  are var ied are i n  progress. 

CONCLUSIONS 
Our studies o f  t h e  CFFF p i l o t  p lan t  ESP have y ie lded  some valuable in format ion 

concerning the performance o f  the component under d i f f e r e n t  MHD f a c i l i t y  operat ing 
condit ions. To our  knowledge, t h i s  i s  the f i r s t  r e p o r t  of t he  determination o f  ESP 
e f f i c i ency  i n  near- rea l - t ime.  Studies on the r a t i o  K2/S ind i ca te  t h a t  ESP performance 
degrades as the  r a t i o  i s  increased. Work i s  i n  progress t o  fu r the r  quan t i f y  t h i s  
e f f e c t  and t o  es tab l i sh  the condi t ions f o r  e f f i c i e n t  ESP operation a t  overseeding 
condit ions. I n i t i a l  temporal s tud ies conducted downstream o f  the ESP ind i ca te  t h a t  
p a r t i c l e  re-entrainment from v i b r a t i o n  o f  the w i r e  racks i s  more pronounced than 
increased emission from c o l l e c t i o n  p l a t e  rapping. 
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Figure  1. Experimental conf igurat ion and t h e o r e t i c a l  response curve 
f o r  the Two-Color Laser Transmissometer. 

Figure 2 .  Instrument locat ions wi th  respect t o  
components o f  the Coal -F i red Flow 

t h e  downstream f a c i l i t y  
F a c i l i t y .  
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Figure 3. Average particle sizes (D32 values) at the baghouse/ESP inlet. 

140 

130 i 
I 

+ 
+ ++*+* ++#+ 

utc 100 
#+++ +@+ + 
+ ++ ++++++ + :+++ + +  , 

P 
++ + + +  

++ + Pee + 

t +  .- - F ++' 

+ +  
+ 

j 50 L 

40 , I  
1228 1W 1328 1555 14x24 14552 

Tim 
Figure 4. Near-real-time ESP efficiencies measured during LMF4-N. The decrease 

in efficiency around 1355 corresponds to a 
baghouse cleaning cycle with all flow diverted to the ESP. 
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Figure 5. Average Sauter diameters measured a t  the  o u t l e t  o f  t h e  ESP dur ing  
f a c i l i t y  t e s t  LMF4-S. Values o f  the  r a t i o  K p / S  decrease 

i n  going from panel A t o  panel C. 
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Figure 6. Average Sauter diameter ( tap t race)  and EFM vol tage measured dur ing 

corresponds t o  p a r t i c l e  re-entrainment o r i g ina t i ng  from 
v ib ra t i on  o f  the  f i e l d  4 w i r e  racks. 

time 

f a c i l i t y  t e s t  LMF4-U. The decrease i n  032 and increase i n  EFM vol tage 
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