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An i n v e s t i g a t i o n  of a  new C o r i o l i s  mass f low mete r  was c a r r i e d  o u t  t o  
d e t e r m i n e  t h e  f e a s i b i l i t y  of u s i n g  i t  t o  meter  th.e mul t i -phase  f low of 
p u l v e r i z e d  c o a l - t r a n s p o r t  g a s  mix tu res .  ' The C o r i o l i s  me te r  a c c u r a t e l y  

measured dense  phase  c o a l  f lows  on a  c o n t i n u o u s  b a s i s ,  p roduc ing  a n . o u t p u t  
which w a s  a  l i n e a r  f u n c t i o n  of t h e  c o a l  f low. I n  l e s s  dense  f l o w s  t h e  

m e t e r  moni to red  f l o w  . f l u c t u a t i o n s  and s l u g g i n g ,  . b u t  when s l u g g i n g  became 
s u b s t a n t i a l  t h e  mete r  behaved e r r a t i c a l l y .  Because t h e  mete r  i n d i c a t e s  
f l o w  f l u c t u a t i o n  and s l u g g i n g .  it promises  t o  be a  v a l u a b l e  i n s t r u m e n t  f o r  
e v a l u a t i n g  new c o a l  d e l i v e r y  sys tems a s  w e l l  a s  f o r  m o n i t o r i n g  and 
a d j u s . t i n g  f l o w  i n  e s t a b l i s h e d  sys tems.  



In large scale coal conversion and combustion systems, process 
control requires a continuous high frequency monitoring of the mass flow 
of pulverized coal in its gas or liquid carrier., This multi-phase mass 
flow measurement represents a key parameter of,-coal systems, particularly 
for. research systems like coal-fired Magnetohydrodynamic (MHD) energy 
conversion. A number of techniques have been considered for implementing 
the measurement of multi-phase flows. For coal, a timed measurement of 
the change in either the supply hopper weight or the volume of the supply 
has been used to measure the average mass flow in situations where high 
frequency fluctuations in flow are not critical. Other techniques rely on 
measuring ultrasonic Doppler shift, optical density, gamma-ray absorption, 
flow density, flow capacitance, and correlation techniques. 1 However, 
none of these techniques have been demonstrated to be applicable to the 
high frequency measurement of coal flow on a continuous basis. 

. ,Recently a new type of mass flow meter showed promise for. applica- 
bility to coal flow measurements by successfully measuring. the ,high 
frequency flow of high viscosity fluids in solid-liquid mixtures. . This 
.mass flow meter monitors the Coriolis force gene'rated by the mass flux of 
any substance in a vibrating U-shaped tube.2,3 This measurement is 
l~inearly proportional to mass flow rate and is independent of pressure, 
ve.locity, temperature, viscosity or density of the flowing medium. Thus, 
.this mass flow meter appears well suited .for applications where many 
parameters characterizing the coal flow are unknown. In addition .this 
meter measures the approximate density of the flowing medium while 
measuring its mass flow. 

The purpose of this investigation was to evaluate the Coriolis flow 
meter for high frequency, continuous metering of the mass flow of coal and 
-N2 carrier gas mixtures in coal-fired MHD supply systems. To identify 
and correct operational problems, the Coriolis meter was installed in the 
coal feed system of the University of Tennessee Space Institute (UTSI) MHD 
Research Facility and compared, under MHD power generation conditions, to 
load cell measurement of changes in the coal hopper weight. Next, a 
series of calibration experiments was performed over a range of flow rates 
and for several coal-to-transport gas ratios, R. Since then the cali- 
brated meter has been used to establish, steady, and monitor fuel flow in 
the UTSI MHD Research Facility experiments. 



F A C I L I T Y  D E S C R I P T I O N  

2.1 Coriolis Meter 

Figure  1 shows t h e  C o r i o l i s  mass flow meter purchased from Micro 
Motion Inc.  of Boulder, Colorado. The meter e s s e n t i a l l y  c o n s i s t s  of a  
U-shaped tube clamped a t  i t s  t o p  and v i b r a t e d  a t  a  cons tan t  f requency by a  
magnet ic  o s c i l l a t o r .  Mass, M, flows i n  t h e  tube with both an o s c i l l a t i n g  
angu la r  v e l o c i t y ,  0, and a  bulk flow v e l o c i t y ,  v ,  along r a d i i  of t he  a r c  
desc r ibed  by t h e  o s c i l l a t i n g  tube,  thus  gene ra t i ng  o s c i l l a t i n g ,  oppos i t e ly  
d i r e c t e d  C o r i o l i s  f o r c e s  on t h e  tube legs .  The C o r i o l i s  f o r c e s  t w i s t  the  
t ube  about i t s  a x i s  of symmetry by an amount which is  l i n e a r l y  proport-  
i o n a l  t o  t h e  f o r c e s ,  and thus t o  the  mass flow r a t e .  The mass flow r a t e  
i s  measured by measuring t h e  t w i s t  of t h e  U-tube.1,2 For increased  
s e n s i t i v i t y ,  t h e  Micro-Motion Inc. meter  o p t i c a l l y  measures the  tube t w i s t  
a t  t h e  c e n t e r  of t h e  o s c i l l a t i o n  a r c  where t he  angular  v e l o c i t y ,  C o r i o l i s  
f o r c e s ,  and tu4e  t w i s t  a r e  maximized. 

The d e n s i t y  of t h e  flowing medium can a l s o  be determined by measuring 
t h e  v i b r a t i o n  t requency of t h e  U-shaped tube Ll~~srugli i t s  r e l a t i o n s h i p  t o  
t h e  e l a s t i c  c o n s t a n t s  of t h e  tube and t h e  d e n s i t y  of t he  flowing 
medium. This  measurement may be somewhat approximate,  however, 
because the  e l a s t i c  cons t an t s  of the tube ,  which depend on the  temperature  
of  t h e  tube and i t s  c o n t e n t s ,  can only be approximated when s p a t i a l  and 
temporal temperature  v a r i a t i o n s  occur. 

The U-tube i s  s i z e d  f o r  a  p a r t i c u l a r  flow range t o  o b t a i n  a  dense 
f lowing medium whi l e  minimizing tube .  p ressure  drop. The tube s i z e  i n  t he  
tested u n i t s  i s  112" I* D. f o r  a  flow range of 0  t o  1.5 l b / s ec .  
Furthermore, based on t h e  Nyquist c r i t e r i a ,  t h e  flow r a t e  can 
t h e o r e t i c a l l y  be measured up t o  a  frequency which is hal f  t he  U-tube 
v i b r a t o r  f requency,  a l lowing  a  t y p i c a l  response range o f  0  t o  24 Hz. 

2.2 Coal Flow System 

The c o a l  flow system is  shown i n  Figures  2  and 3. The system was 
designed t o  d e l i v e r  pu lver ized  c o a l  to '  t he  UTSI MHD Research F a c i l i t y  
combustor a t  a d j u s t a b l e  r a t e s  between 0.3 and 1.1 l b l s ec .  The system has 
two c o a l  hoppers,  each wi th  2000 l b  capac i ty .  By p r e s s u r i z i n g  the hopper 
w i t h  n i t r o g e n ,  c o a l  i s  forced  through 314" diameter  (0.652" I. D.) 
s t a i n l e s s  s t e e l  tubing. Near t he  base of the coal hoppers, t r a n s p o r t  
n i t r o g e n  can be i n j e c t e d  i n t o  t he  tubing t o  he lp  t r a n s p o r t  t he  pulver ized 
c o a l  through t h e  supply tubing. 'me c o a l  flow ra te  Is cuut i -o l led  by 
adjusting t h e  hopper preu8ure ( up  t o  I00 p s l g )  and thc  t r a n c g o r t  gas 
pres su re  (up t o  115 ps ig ) .  For most of t he  t e s t s  the C o r i o l i s  flow meter 
was i n s t a l l e d  i n  t h e  supply tub ing  j u s t  downstream of t he  t r a n s p o r t  gas 
i n j e c t i o n .  For s e v e r a l  tests, however, t he  C o r i o l i s  nieter was i n s t a l l e d  
upstream of t h e  t r a n s p o r t  gas  i n j e c t i o n .  

To c a l i b r a t e  t he  C o r i o l i s  meter f o r  coa l - t ranspor t  gas flows the  coa l  
f low system was used t o  d e l i v e r  pu lver ized  coa l  t o  the c a l i b r a t o r  shown i n  
F igure  4. Coal flowed from the  coa l  l i n e  through a  v a r i a b l e  b a l l  va lve  



which was used i n  c o n j u n c t i o n  w i t h  t h e  c o a l  hopper p r e s s u r e  t o  c o n t r o l  t h e  
f l o w  r a t e .  Two o t h e r  b a l l  v a l v e s  d i r e c t e d  t h e  c o a l  f low i n t o  e i t h e r  t h e  

drum s t o r a g e  o r  t h e  we igh ing  b a r r e l ,  which s a t  on a  s c a l e  used t o  measure 
t h e  g a i n  i n  b a r r e l  weight .  Dur ing c a l i b r a t i o n  t h e  c o a l  f low i n i t i a l l y  was 
s e n t  t o  t h e  drum s t o r a g e .  When t h e  C o r i o l i s  me te r  i n d i c a t e d  coa; f low a t  

a  p r e s e l e c t e d  f low r a t e ,  t h e  c o a l  was d i v e r t e d  t o  t h e  weighing b a r r e l  f o r  
two minutes.  The a v e r a g e  c o a l  f low was c a l c u l a t e d  from t h e  weight  change 
o f  t h e  b a r r e l ,  and compared t o  t h e  C o r i o l i s  me te r  o u t p u t ,  t o  c a l i b r a t e  t h e  
meter.  

2 .3  Data A c q u i s i t i o n  

Both of t h e  C o r i o l i s  me te r  a n a l o g  o u t p u t  v o l t a g e s ,  i n d i c a t i n g  mass 
f l o w  r a t e  and f l u i d  d e n s i t y ,  were recorded.  I n  a d d i t i o n  a n a l o g  s i g n a l s  
were recorded  t o  moni to r  c o a l  hopper p r e s s u r e  and w e i g h t ;  c o a l  l i n e  
p r e s s u r e s ;  t r a n s p o r t  g a s  t o t a l  p r e s s u r e ,  t e m p e r a t u r e ,  and o r i f i c e  p r e s s u r e  
d i f f e r e n t i a l ;  a s  w e l l  a s  v a l v e  p o s i t i o n s  i n  t h e  c o a l  d e l i v e r y  system. A l l  

d a t a  were recorded  by d i g i t i z i n g  t h e  a n a l o g  s i g n a l s  a t  s c a n  r a t e s  of 
e i t h e r  1 Hz o r  10  Hz. The d i g i t a l  d a t a  a c q u i s i t i o n  sys tem c o n s i s t e d  of 
s i g n a l  c o n d i t i o n i n g  a m p l i f i e r s ,  a  s i g n a l  m u l t i p l e x e r ,  a n  a n a l o g  t o  d i g i t a l  
c o n v e r t e r ,  and a  Data Genera l  E c l i p s e  S l239  computer. The computer s t o r e d  
t h e  d a t a  on magnet ic  t a p e  d u r i n g  a c q u i s i t i o n  f o r  later  a n a l y s i s .  

The c o a l  l i n e  p r e s s u r e s  and t r a n s p o r t  g a s  d a t a  were a l s o  r e c o r d e d  on 
magne t i c  t a p e  u s i n g  a  Iloneywell Model 5600C t a p e  r e c o r d e r  w i t h  a  f r equency  
response  of 5  KHz. 

3. R E S U L T S  

Before  a t t e m p t i n g  t o  measure c o a l  f low r a t e s ,  t h e  C o r i o l i s  msss f low 
m e t e r  was a d j u s t e d  and c a l i b r a t e d  u s i n g  w a t e r  a s  t h e  f l o w i n g  medium. The 
mete r  o u t p u t  v o l t a g e  was a d j u s t e d  t o  0  w h i l e  t r y i n g  t o  m a i n t a i n  0  f low i n  
t h e  v i b r a t i n g  tube.  Then t h e  o u t p u t  was recorded  f o r  f low r a t e s  r a n g i n g  
from 0.17 t o  1.25 l b l s e c  and a  l e a s t - s q u a r e s  curve  f i t  r e s u l t e d  i n  t h e  
c a l i b r a t i o n  e q u a t i o n :  

where H i s  t h e  w a t e r  mass f low r a t e  i n  l b l s e c  and V is  t h e  f low m e t e r  
o u t p u t  i n  v o l t s .  Equa t ion  ( 1 )  conf i rmed  t h e  p r e d i c t e d  l i n e a r i t y  of t h e  
meter  response .  

To i d e n t i f y  and a t t e m p t  t o  c o r r e c t  problems i n  C o r i o l i s  me te r  behav io r  
under  MHD t e s t  c o n d i t i o n s  t h e  mete r  was i n s t a l l e d  i n  t h e  UTSI MHD r e s e a r c h  
f a c i l i t y  c o a l  supp ly  system. The supply  sys tem was o p e r a t e d  
a t  c o n d i t i o n s  which were s e l e c t e d  t o  s i m u l a t e  MIID power g e n e r a t i o n  c o a l  
f lows.  However, f low was n o t  s u p p l i e d  t o  a  p r e s s u r i z e d  combustor,  b u t  was 
d e l i v e r e d  t o  a n  open b a r r e l .  T h e r e f o r e ,  normal r e s e a r c h  f a c i l i t y  
o p e r a t i n g  p a r a m e t e r s  cou ld  n o t  be used and c o n s i d e r a b l e  e x p e r i m e n t a t i o n  
w i t h  o p e r a t i n g  pa ramete r s  was r e q u i r e d .  



For t h e  problem i d e n t i f i c a t i o n  t e s t s  t h e  C o r i o l i s  meter was 
c a l i b r a t e d  by comparing t h e  meter output  with load  c e l l  measurements of 
c o a l  hopper weight l o s s .  Because the coa l  l i n e  and hoppers v i b r a t e  under 
MHD gene ra t i on  c o n d i t i o n s  the  load  c e l l  measurements were averaged over 7 
sec. i n t e r v a l s  t o  e l i m i n a t e  v i b r a t i o n  measurements from weight 
measurements. Since t h e  weight change of t he  coa l  hopper i n  7 sec.  is 
on ly  a  smal l  f r a c t i o n  of t h e  t o t a l  hopper weight t h i s  c a l i b r a t i o n  is 
r a t h e r  imprec ise ,  bu t  load  c e l l  c a l i b r a t i o n  could s t i l l  he lp  t o  i d e n t i f y  
and c o r r e c t  problems which might be encountered when using the  C o r i o l i s  
meter  a s  MHD power g e n e r a t i o n  ins t rumenta t ion .  These problems might 
i n c l u d e  e r r a t i c  response,  unco r r e l a t ed  response t o  c o a l  flow, o r  
non-l inear  response. 

I n  t he  i n i t i a l  phase of load  c e l l  c a l i b r a t i o n  t he  C o r i o l i s  meter was 
i n s t a l l e d  beneath t h e  c o a l  hoppers j u s t  downstream of the  t r a n s p o r t  gas 
i n j e c t i o n .  Tables  I and I1 i n d i c a t e  t he  r e s u l t i n g  e r r a t i c  behavior of the 
meter. To determine i f  s l u g s  of n i t rogen  and coa l  t low might be causing 
t h i s  behavior  t h e  flow meter  was moved upstream of the  t r a n s p o r t  n i t rogen  
i n j e c t i o n .  The metered flow r a t e s  agreed wel l  with the load c e l l  measure- 
ments,  i n d i c a t i n g  t h a t  "s lugging" of t h e  c o a l  and t r a n s p o r t  gas  was 
r e s p o n s i b l e  f o r  t h e  e r r a t i c  meter behavior. S imi la r  e r r a t i c  behavior had 
been observed f o r  t h e  C o r i o l i s  meter with f l u i d  flows having a  l a r g e  
bubble  conten t .  This  was t r aced  t o  a damping of t he  U-tube o s c i l l a t i o n s  
w i t h  extreme s lugging  flow.4 Therefore ,  a d d i t i o n a l  c a l i b r a t i o n  of t he  
meter mounted downstream of t h e  t r a n s p o r t  gas i n j e c t o r  was c a r r i e d  out  
wh i l e  monitor ing t h e  U-tube o s c i l l a t i o n .  The o s c i l l a t i o n s  proved to  be 
damped when e r r a t i c  meter behavior  occurred,  p revent ing  the  meter from 
p rope r ly  responding t o  flows wi th  extreme s lugging.  However, s i n c e  
s lugg ing  is  no t  d e s i r e d  i n  combustor c o a l  supply systems the  meter should 
be  a  good ins t rument  f o r  eva lua t ing  such supply systems because it w i l l  
i n d i c a t e  s lugging  of t h e  flows up t o  the  onse t  of extreme slugging. It 
should  be noted t h a t  s lugging  has been obsetved f a  t he  Researcli f a c i l l ~ y  
c o a l  f low system i n  t he  past .  Flow system redes ign ,  such a s  p lac ing  a  
l i n e  s i z e  change o r  o t h e r  d i s c o n t i n u i t y  i n  the  c o a l  l i n e  p r i o r  t o  the  
combustor i n j e c t i o n  has s o  f a r  been succes s fu l  i n  e l imina t ing  the s lugging 
problam. 

The C o r i o l i s  meter  was subsequent ly  i n s t a l l e d  upstream of the  
t r a n s p o r t  ga s  i n j e c t o r  and observed i n  two a c t u a l  MHI) power gene ra t i on  
experiments.  Although t h e  meter flow r a t e s  compated favorab ly  t o  load  
c e l l  measurements s e v e r a l  a d d i t i o n a l  ope ra t i ona l  problems were i d e n t i f i e d .  
F i r s t ,  a  d r i f t  i n  t h e  c a l i b r a t i o n  zero was i d e n t i f i e d  and t raced  to  meter 
v i b r a t i o n  s e n s i t i v i t y .  This problem was co r r ec t ed  by r i g i d l y  ~uuuat iag  i t  

t o  two l a r g e  welded I-beams. Second, mois ture  c o l l e c t e d  i n s i d e  the  meter 
and corroded t h e  c i r c u i t  board. To c o r r e c t  t h i s  problem the  meter was 
redesigned by t h e  manufacturer ,  t o  b e t t e r  p r o t e c t  the eXec t r n n i  r s, and the 
meter  was moved i n t o  t h e  test a r e a  f o r  weather p ro t ec t i on .  Although 
i n s t a l l a t i o n  of t h e  meter i n  t he  t e s t  a r ea  prevented meter ing coa l  flow 
upstream of t h e  c a r r i e r  gas  i n j e c t i o n ,  where t he  flow remains s t a b l e ,  the  
tes t  a r e a  i n s t a l l a t i o n  should al low the  C o r i o l i s  meter t o  be used t o  
a d j u s t  t he  flow t o  t h e  d e s i r e d  c o a l  r a t e  while avoiding s lugging  and o the r  
f low o s c i l l a t i o n s .  



To a c t u a l l y  c a l i b r a t e  the  redesigned C o r i o l i s  meter f o r  coa l  flow the  
meter  was operated wi th  t he  c o a l  flow c a l i b r a t o r  a t  up t o  1.34 l b l s e c  flow 
a t  s e v e r a l  t r a n s p o r t  gas-to-coal r a t i o s  ranging from near  0  t o  1/50 by 
weight. Because pu lver ized  c o a l  has some gaseous conten t  i t  was not  
p o s s i b l e  t o  p r e c i s e l y  determine the  gas conten t  of the coal-gas flow, but 
i t  was assumed t h a t  e s s e n t i a l l y  a l l  the  t r a n s p o r t  gas  was in t roduced  .by 
t h e  i n j e c t i o n  of n i t rogen  i n t o  the  c o a l  flow. Therefore ,  t he  f low of 
n i t rogen  t o  both t he  c o a l  hoppers and the  t r a n s p o r t  gas l i n e  was measured 
t o  de f ine  t he  t r a n s p o r t  gas  conten t  of the  coal-gas flow. 

With no t r a n s p o r t  gas i n j e c t i o n  the  C o r i o l i s  meter was c a l i b r a t e d  f o r  
c o a l  mass flows of 1.34, 0.78 and 0.45 lb / s ec .  Figure 5  shows t i m e  p l o t s  
of. t he  C o r i o l i s  mass flow meter output  f o r  the  t h r e e  flow r a t e s .  Although 
some f l u c t u a t i o n  i n  t he  output  is  apparen t ,  t he  flow r a t e  appears  t o  be 
r e l a t i v e l y  cons tan t .  The d e n s i t y  ou tput  of t he  C o r i o l i s  meter a l s o  
i n d i c a t e d  f a i r l y  cons tan t  dens i ty  of the  flowing medium. The average mass 
f lows  and average C o r i o l i s  meter vo l tages  c a l c u l a t e d  f o r  the  c a l i b r a t i o n  
p o i n t s  a r e  p l o t t e d  i n  Figure 6. The c a l i b r a t i o n  obta ined  is l i n e a r  and a  
l ea s t - squa re  curve f i t  gave t he  equat ion:  

where M i s  the  mass flow r a t e  i n  l b l s e c  and V i s  t he  average meter output  
i n  vo l t s .  The c o r r e l a t i o n  f a c t o r  of t h e  curve f i t  was 0.99, and the  
expected va r i ance  of t he  meter was 0.135 v o l t s 2 .  

The c o a l  supply system da t a  were a l s o  examined during c a l i b r a t i o n  
without  t r a n s p o r t  gas i n j e c t i o n .  Figure 7  i s  a  p l o t  of t he  p re s su re  
d i f f e r e n t i a l  between t h e  coa l  hopper and the  downstream coa l  l i n e  vs. 
average  mass flow. The l i n e a r  r e l a t i o n s h i p  exh ib i t ed  sugges ts  t h a t ,  f o r  
no t r a n s p o r t a t i o n  gas i n j e c t i o n ,  c o a l  l i n e  pressure  drop could be used to  
meter average mass flow r a t e s .  Measurements of the  bulk flow of pressur -  
i z i n g  n i t rogen  i n t o  the  c o a l  hopper were a l s o  compared to  bulk coa l  flow. 
These flows were e s s e n t i a l l y  equa l ,  i n d i c a t i n g  t h a t  the  n i t rogen  used t o  
p r e s s u r i z e  t h e  c o a l  hoppers d id  not mix wi th  the  pu lver ized  coa l  and the  
d e n s i t y  of t h e  pu lver ized  coa l  was not decreased when t r a n s p o r t  gas was 
n o t  i n j e c t e d  i n t o  t h e  coa l  l i n e .  

By vary ing  t h e  t r a n s p o r t  gas i n j e c t i o n ,  the  C o r i o l i s  meter response 
was examined f o r  d i f f e r e n t  c o a l  t o  i n j e c t e d  t r a n s p o r t  gas r a t i o s ,  R. 
Figures  8 and 9  show time p l o t s  of the  C o r i o l i s  meter ou tput  f o r  fou r  
coal-to-gas r a t i o s .  A comparison wi th  Figure 5  shows t h a t  the  metered 
f low f l u c t u a t i o n s  g r e a t l y  i nc rease  wi th  i n c r e a s e s  i n  t h e  amount of 
t r a n s p o r t  gas i n j e c t e d  ( i . e .  a s  R decreased) .  In f a c t  the  C o r i o l i s  meter 
ou tput  exceeds i t s  l i m i t  a t  mixture  r a t i o s  l e s s  than 12811. For moderate 
mixture  r a t i o s  t h e  C o r i o l i s  meter i nd i ca t ed  the e x i s t e n c e  of per iods  of 
f a i r l y  uniform frequency f l u c t u a t i o n s  i n  t h e  flow. Figure 10  shows one of 
t h e s e  per iods  compared to  the  measured coa l  l i n e  pressure  and the C o r i o l i s  
metcr  flow d e n s i t y  s igna l .  Tlie observable  c o r r e l a r i o n  of flow r a t e ,  l i n e  
p re s su re ,  and flow d e n s i t y  i n  Figure 10  seems to  i n d i c a t e  t h a t  s l u g s  of 
t r a n s p o r t  gas  and c o a l  a l t e r n a t e l y  flow i n  the  coa l  l i n e  between the  flow 



meter  and t h e  l i n e  p re s su re  t ransducers .  The observable  c o r r e l a t i o n s  a l s o  
i n d i c a t e  t h a t  t h e  flow meter has a good frequency response t o  v a r i a t i o n s  
i n  mass flow f o r  h igh  t o  moderate mixture  r a t i o s ,  where flow s lugging  i s  
n o t  s eve re  enough t o  cause e r r a t i c  response. 

Following i d e n t i f i c a t i o n  of meter ope ra t i ng  c h a r a c t e r i s t i c s  and 
c a l i b r a t i o n ,  procedures  were e s t a b l i s h e d  t o  use the meter t o  c o n t r o l  the  
c o a l  flow i n  UTSI MHD Research F a c i l i t y  experiments.  Coal f low is  
i n i t i a t e d  by s t a r t i n g  t r a n s p o r t  n i t rogen  f low while p r e s s u r i z i n g  the  c o a l  
hoppers. Once a con t inu ing  coal-gas flow is  e s t a b l i s h e d  the  c o a l  and 
n i t r o g e n  f lows a r e  a d j u s t e d  so t h a t  t he  C o r i o l i s  meter i n d i c a t e s  approxi- 
mately t h e  d e s i r e d  average  c o a l  flow rate. Then by observing the  meter, 
t h e  n i t r o g e n  flow is  reduced u n t i l  t h e  flow becomes s teady.  F ina l  flow 
r a t e  ad jus tments  a r e  made by changing hopper p re s su re ,  and the  C o r i o l i s  
meter is  used t o  monitor t he  flow s t ead ines s .  The C o r i o l i s  meter has been 
used i n  t h i s  manner jvn all. r ecen t  Research F a c i l i t y  c o a l  burning 
ex,per iments , without problems. 

The C o r i o l i s  meter was s u c c e s s f u l l y  used t o  eva lua t e  the  UTSI MHD 
Research F a c i l i t y  c o a l  supply system and promises t o  be u s e f u l  f o r  
e v a l u a t i n g  new c o a l  d e l i v e r y  systems. Such an eva lua t ion  is planned tu 

map out  t he  flow range and s lugging  l i m i t s  of new coa l  systems f o r  the  
Coal-Fired Flow F a c i l i t y ,  a l a r g e  MHD f a c i l i t y  p r e s e n t l y  being completed 
a t  UTSI. During t h i s  e v a l u a t i o n  the  meter w i l l  be used f o r  monitor ing 
c o a l  flows a t  c o a l  t o  t r a n s p o r t  gas  i n j e c t i o n  r a t i o s  ranging from dense 
phase t o  below 50:l. C o r i o l i s  meters w i l l  a l s o  be used f o r  c o a l  flow r a t e  
c o n t r o l  and monitor ing i n  t he  Coal-Fired Flow F a c i l i t y ,  a s  is p r e s e n t l y  
done i n  t h e  Research F a c i l i t y .  



4. C O N C L U S I O N S  

A C o r i o l i s  mass f low meter has  demonstrated t he  c a p a b i l i t y  of h igh  
frequency cont inuous meter ing of the  mass flow of pu lver ized  coa l  i n  a  
coa l - f i r ed  MHD supply  system. A l i n e a r  c a l i b r a t i o n  was ob ta ined  f o r  the 
meter ing  of dense phase c o a l  flow ( i .e .  wi th  no t r a n s p o r t  gas  i n j e c t i o n ) .  
The C o r i o l i s  meter followed t h e  f l u c t u a t i o n s  of c o a l  and t r a n s p o r t  gas 
f lows f o r  l i m i t e d  t r a n s p o r t  gas  i n j e c t i o n ,  but f o r  low coal-to-gas r a t i o s  
t h e  meter behavior became e r r a t i c  when s lugging  was s u f f i c i e n t  t o  damp the  
meter U-tube o s c i l l a t i o n s .  Since s lugging is not des i r ed  i n  coa l  d e l i v e r y  
systems t h e  C o r i o l i s  meter shows promise f o r  system eva lua t ion  by 
d e t e c t i n g  s lugging  i n  t he se  systems a s  wel l  a s  by determining ope ra t i ona l  
cond i t i ons  when t h e  c o a l  and t r a n s p o r t  gas a r e  w e l l  mixed. (It should be 
noted t h a t  s lugging  has been experienced i n  t he  pas t  coa l  flow system and 
has  been e l imina t ed  wi th  redes ign  of t he  flow system.) The meter i nd i -  
i c a t e d  t h a t  exces s ive  s lugging  could occur  i n  t he  UTSI MHD Research 
F a c i l i t y  c o a l  supply system and i t  has been used s u c c e s s f u l l y  f o r  
e s t a b l i s h i n g  t h e  des i r ed  c o a l  flow r a t e s  without s lugging  o r  o the r  flow 
o s c i l l a t i o n s .  
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TABLE I 

I n i t i a l  Load-Cell C a l i b r a t i o n  

Hopper kopper  Value T r a n s p o r t  
P r e s s u r e  S e t t i n g  Gas P r e s s u r e  Behavior  of Mass 

( p s i g )  ( %  Open) ( p s i g )  Flow Meter 

I n d i c a t e d  f low 
beg inn ing  a t  0.7 
l b l s e c  and i n c r e a s i n g  
t o  3 l b l s e c  a t  f low 
t e r m i n a t i o n  

Randon 0-1.5 l b l s e c  
mass f lows  

F u l l  S c a l e  Reading 



TABLE I1 

Summary of Experimental Resu l t s  
. - 

Hopper Coal Line Coal Mass Nitrogen 
Flow !.lass Flow Ra t io  P re s su re  P re s su re  

( l b l s e c )  ( l b l s e c )  (Coal/N3) ' ( p s i g )  ( p s i g )  Meter Response 

0.78 0  - ' 80 4  6 very s t a b l e  

1.34 0  - 8 0  ' 3 7  ' very s t a b l e  

1.2 0.0048 25011 7  8  17 s t a b l e  

0.94 0.0073 12811 7  8  23 : u n s t a b l e  

0.76 0.0087 8711 78 25 e r r a t i c  

0.6 0.01. 6011 7  8  2 5 e r r a t i c  

0. 6 0.012 4911 7  8 54 er ra t i c  



Figure 1. Coriolis Mass Flow Meter 
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Figure 2. Coal Delivery System 



Figure 3. Coal System ~Ahernatic 
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Figure 4 .  tiass Flow Eleter Calfbrator 
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Figure 5. Coriolis Meter Fluctuations for Pulverized Coal Flow 
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Figure 6. Mass Flow Meter Calibration 
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Figure 7. Pressure Differential Calibration 
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