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Abstract:
A unique design for a falling liquid droplet heat exchanger is presented. The major problem associated
with this type of heat exchanger, that of obtaining uniformly sized liquid droplets, has been solved by
utilizing vibration induced atomization of the liquid. With this method the drops are formed by
disturbing a liquid capillary jet by either vibrating a distributor plate through which the liquid flows or
by holding the plate stationary and producing the disturbance with external sound pressure waves.
Specific use of this type of heat exchanger as a direct coal fired air preheater for MHD power
generation is examined. Digital solution of the governing equations has determined the effect of
particle size and size distribution on the chamber size requirement. Comparisons with other MHD
preheater design concepts, including the cored brick, show the present design has numerous
advantages. 
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ABSTRACT

A unique design f o r  a f a l l i n g  l i q u i d  d ro p le t  heat exchanger is  
p resen ted . The major problem assoc ia ted  w i th  t h i s  type  o f  heat 
exchanger, t h a t  o f  o b ta in in g  u n i fo rm ly  s ized  l i q u i d  d ro p le t s ,  has 
been so lved by u t i l i z i n g  v ib r a t io n  induced a tom iza t io n  o f  the l i q u i d .  
With t h is  method the drops are formed by d is tu rb in g  a l i q u i d  c a p i l l a r y  
j e t  by e i t h e r  v ib r a t in g  a d i s t r i b u t o r  p la te  through which the  l i q u i d  
f low s  o r  by h o ld in g  the p la te  s ta t io n a r y  and producing the d is tu rbance  
w i th  e x te rn a l sound pressure waves. S p e c i f ic  use o f  t h i s  type o f  
hea t exchanger as a d i r e c t  coal f i r e d  a i r  p rehea te r f o r  MHD power 
gene ra t ion  is  examined. D ig i ta l  s o lu t io n  o f  the  govern ing equations 
has determined the e f f e c t  o f  p a r t i c le  s iz e  and s iz e  d i s t r i b u t i o n  on 
the  chamber s iz e  requ irem en t.  Comparisons w i th  o th e r  MHD prehea te r 
design concepts , in c lu d in g  the  cored b r i c k ,  show the  p resen t design 
has numerous advantages.



CHAPTER I

INTRODUCTION

The e f f i c ie n c y  o f  a f o s s i l  fu e le d  open cy c le  magnetohydrodynamic 

power gen e ra t ing  p la n t  depends s t ro n g ly  on the temperature o f  the 

work ing  gas. The re q u ire d  combustion tem pera tures, on the  o rde r  o f  

SOOOKj can be achieved by e i th e r ,  p rehe a t ing  the combustion a i r  to  

a high tem pera tu re , around 2000K, o r  by use o f  oxygen en r iched  a i r .  

Because o f  the  amount o f  oxygen t h a t  would be needed in  a la rg e  sca le  

MHD power p la n t ,  the l a t t e r  o f  these methods was n o t  cons idered in  

t h i s  s tu d y .

There are two bas ic  types o f  a i r  p reheaters  f o r  open cy c le  MHD 

a p p l ic a t io n s  -  the  d i r e c t l y  f i r e d  and i n d i r e c t l y  f i r e d .  The d i r e c t l y  

f i r e d  p rehea te r u t i l i z e s  the thermal energy o f  the exhaust gas from 

the  MHD channel to  p reheat the  a i r  w h i le  the i n d i r e c t l y  f i r e d  f a c i l i t y  

uses the  exhaust gas from a s e p a ra te ly  f i r e d ,  c lean fu e l  combuster.

The i n d i r e c t l y  f i r e d  p re h e a te r ,  though no t having to  w ith s ta n d  the 

d e le te r io u s  p ro p e r t ie s  o f  the f l y  ash s la g ,  s u l f u r ,  and potassium 

seed conta ined in  an MHD exhaust gas, would re q u ire  an expensive c lean 

burn ing  fu e l  such as n a tu ra l  gas'and would lower the  o v e ra l l  p la n t  

e f f i c ie n c y .  T h e re fo re ,  the f u l l  e x p lo i t a t io n  o f  the e f f i c ie n c y  

advantages o f  an MHD power .p la n t  i s  dependent on the  employment o f  h igh 

tem pera ture  d i r e c t l y  f i r e d  a i r  p rehe a te rs .

Four types o f  p rehea te r  designs have in  the past been considered 

f o r  coal f i r e d  MHD a p p l ic a t io n s :
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1) the chequerwork packed bed p rehea te r

2 ) the packed pebble bed p rehea te r

3) the cored b r ic k  packed bed p rehea te r

4) the  f a l l i n g  bed p rehea te r

Al I o f  these are re g e n e ra t iv e  type hea t exchangers.

P o lish  re se a rch e rs . have s ized  the chequerwork type p rehea te r and 

found the dimensions q u i te  la rg e  ( I ) .  Creep o f  the ceramic b r ic k s  a t  

the  bottom o f  such a massive chequerwork is  a se r ious  problem. The 

packed pebble bed type  preheate rs  have the  in h e re n t  problem o f  

p lugg ing  up from the  coal s lag  d e p o s i ts ,  though they are fe a s ib le  in  

an i n d i r e c t l y  f i r e d  f a c i l i t y  ( 2 ) .  The cored b r ic k  p rehea te r  o f fe r s
X

both the p o s s i b i l i t y  o f  not p lugg ing  from the exhaust gas coal s lag  

depos its  and good thermal e f fe c t iv e n e s s  (3 ) .

A l l  packed bed type  p reheate rs  (chequerwork, pebble bed and 

cored b r ic k )  opera te  in  a c y c l i c  mode o f  heat-up and blow-down. This 

re q u ire s  la rg e  gas va lves in  th e  MHD exhaust gas f lo w  stream ope ra t ing  

p e r io d ic a l l y  and s e a l in g  a g a in s t  the d i f f e r e n t i a l  pressure between the 

i n l e t  and o u t le t  o f  the  MHD channel (approx im a te ly  7 atmospheres) a t  

h igh temperatures (around 2000K). These va lves rep resen t Targe c a p i ta l  

costs  and ra is e  se r iou s  r e l i a b i l i t y  q u e s t io n s . Th is  problem, teamed 

w i th  the problems o f  f in d in g  a durab le  bed m a te r ia l  and reducing 

p lugg ing  and fo u l in g  to  an accep tab le  l e v e l ,  has caused p rehea te r 

design to  lag  behind development o f  o th e r  MHD components.
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The f a l l i n g  bed concept rep resen ts  one s o lu t io n  to  the problems 

o f  o th e r  d i r e c t l y  f i r e d  MHD p rehea te r design concep ts . .  This design 

employs heat t r a n s fe r  from p a r t ic le s  f a l l i n g  through a c o u n te r f lo w  o f  

gas. In the  MHD a p p l ic a t io n  the p a r t i c le s  would be heated in  one s e t  

o f  chambers by the  exhaust from the  MHD channel. These heated 

p a r t i c le s  would then f a l l  through a c o u n te r f lo w  o f  combustion a i r  in  a 

second chamber. F igure 1.1 shows the  f lo w  process in v o lv e d .  Continuous 

re c y c l in g  o f  th e  bed m a te r ia ls  e l im in a te s  any va lves in  the  exhaust 

gas f lo w .  The la rg e  su rfa ce -a re a -to -m a ss  r a t i o  o f  the  p a r t i c le s  in  the 

f a l l i n g  bed p rehea te r  g ive  i t  p o te n t ia l  f o r  h igh heat t r a n s fe r  ra te s .

Two types o f  bed m a te r ia l '  f o r  the  f a l l i n g  p a r t i c le  p rehea te r have
\

been proposed; s o l i d  p a r t i c le s  o f  a m a te r ia l  l i k e  alumina (4 ,  5) and 

l i q u i d  d ro p le ts  o f  a m a te r ia l  l i k e  coal s la g .  Extens ive research was 

done on the a to m iza t io n  o f  l i q u i d  s la g  by a team o f  E ng lish  engineers 

( 6 ) .  These s tu d ie s  were focused on the use o f  tw in  j e t  a tom ize rs , 

b reak ing .up  a j e t  o f  l i q u i d  s lag  w i th  a j e t  o f  a i r .  Th is type o f  

a tom ize r  had the d isadvantage o f  a wide d is p e rs io n  o f  d ro p le t  s iz e s ,  

causing la rg e  chamber le n g th  requ irem en ts .

I f  the  d ro p le ts  are mono-disperse in  s iz e ,  they  can be p a r t i a l l y  

" f lo a te d "  by the gas and the chambers can be very  compact. As the 

d ro p le t  s iz e  d is p e rs io n  increases the  v e lo c i t y  o f  the  gas must.be 

decreased to  avo id  e lu t r a t i o n  o f  the  s m a lle r  p a r t i c le s  and the chamber 

le ng th  must be increased to  p rov ide  adequate res idence t im e f o r  heat
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t r a n s fe r  to  o r  from the  la r g e r  d ro p le ts .  T he re fo re , the f e a s i b i l i t y  

o f  a f a l l i n g  bed heat exchanger us ing l i q u i d  s la g  as the bed m a te r ia l  

is  dependent on a narrow d is p e rs io n  o f  the  d ro p le t  d ia m e te rs .

Mono-disperse sprays have been achieved by v ib r a t io n  induced 

a to m iz a t io n .  With t h i s  method the d ro p le ts  are fo rm ed.by d is tu rb in g  

a l i q u i d  c a p i l l a r y  j e t  by e i t h e r  v ib r a t io n  (7 ,  8) o r  w i th  ex te rna l 

sound pressure waves (9 ,  10). Experimental data has shown th a t  drops 

un ifo rm  in  d iam eter to  w i t h in  f i v e  pe rcen t o f  the  mean can be ob ta ined  

using l i q u id s  as in v is c id  as w a te r and as v iscous as g ly c e r in .

The concept o f  the above descr ibed d ro p le t  gene ra to r  and the f a l l i n g  

bed hea t exchanger us ing l i q u i d  s lag  as the  heat t r a n s fe r  media are 

combined in  the fo l lo w in g  p rehea te r des ign . I t  is  shown, t h a t  narrow 

d ro p le t  s iz e  d i s t r i b u t i o n s  o b ta in a b le  w i th  the d r o p le t  genera to r can 

render an e f f i c i e n t  and compact d i r e c t l y  f i r e d , h ig h  temperature 

p rehea te r f o r  open cy c le  f o s s i l  fue le d  MHD a p p l ic a t io n s .  Some o f  the 

o f f  design o p e ra t io n a l c h a r a c te r is t i c s  are a lso  cons ide red .
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CHAPTER I I  

ANALYTICAL MODEL

The d i f f e r e n t i a l  equations f o r  the  hea t t r a n s fe r  w i t h in  the heat 

exchanger were ob ta ined  from bas ic  p r in c ip le s .

R a d ia t iv e  T ra n s fe r

R a d ia t iv e  energy exchange between any two d ro p le ts  in  the chamber 

depends upon the  s o l id  ang le subtended by one d ro p le t  as viewed from 

the  o th e r .  The re fo re ,  i t  i s  necessary to  d e r ive  an express ion  f o r  

the  shadowing e f f e c t  o f  the  p a r t i c le s . .

Consider an increm enta l sphere o f  rad ius  £ and th ickness . d£ 

centered about a d ro p le t  o f  d iam eter d / as shown in  F igure 2 .1 .  Assume, 

the sphere is  occupied by d ro p le ts  o f  d iam eter dm lo ca te d  randomly w i th  

an average number d e n s i ty  n. Let (£ )  rep resen t the  t o t a l  s o l id  angle 

subtended by a l l  o f  the  d ro p le ts  w i th in  the sphere. The f r a c t io n  o f  

s o l i d  angle no t y e t  shadowed by these d ro p le ts  is

Then the s o l i d  angle subtended by the  d ro p le ts  w i th in  the  increm enta l 

sphere is

f (£■) = (4fn - fi(£))/4TT 2.01

dO(&) = (-------9— ) (4Tr£2d£.) f (£)
4A

2.02

Th is  y ie ld s  the d i f f e r e n t i a l  equa tion

+ 2.03
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With- the boundary c o n d i t io n

f i(o )  = 0 ,

the s o lu t io n  is

B(Jl) = 4ir( I - B - m d J y 4 2.04

T h e re fo re ,

2.05

To d e r iv e  the equations f o r  the  ne t r a d ia t io n  i t  was assumed th a t  

the  d ro p le ts  are b lack  bod ies . I t  was f u r t h e r  assumed t h a t  the 

d ro p le ts  form an o p t i c a l l y  dense c loud  and the  r a d ia t io n  p e n e tra t io n  

d is tan ce  is  small compared w i th  the  d is tance  over which s ig n i f i c a n t  

tem pera ture  changes occu r .  Thus the  gas was c o n s id e re d . t ra n s p a re n t .  

A f t e r  the  equations were so lv e d ,  t h is  l a t t e r  assumption was checked-and 

the a b so rp t ion  by the  gases was found to  be small (1 1 ) .  The r a d ia t i v e  

t r a n s fe r  from a d ro p le t  o f  d iam eter dm in  the annul us to  the  d ro p le t  

o f  d iam eter d- as shown in  F igure 2 .2  is

2.06

where

2.07

and

2 2 2 J r  = + r 2.08
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FIGURE 2.1 INCREMENTAL SPHERE FOR DERIVATION OF SHADOWING EFFECT

2

I

FIGURE.2.2  INCREMENTAL ANNULUS FOR DERIVATION OF RADIATIVE TRANSFER
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The t o t a l  r a d ia t i v e  t r a n s fe r  from a l l  o f  the  d ro p le ts  is  then

x= °° r— r  

4
2 2 2 now d, dm

8 I
X=- 00

re-(,n7rdnl2(x2+r2)’5 dr

r=o x 2 + r 2
dx

2.09

In te g ra t in g  w i th  respec t to  r  y ie ld s
X= CO

2+1

2 2 2 now d. dm

8 J Tsm4(x) El ( IotxDdx 2.10

X - -  CO

where

a = 1/4 nnd 2.11

and ( x ) is  the f i r s t  exponential in tegra l function

E1(X) 2.12

The in te g r a t io n  o f  equa tion  (2 .1 0 )  re q u ire s  the tem pera ture  o f  the s la g  

d ro p le ts  to  be s p e c i f ie d  as a fu n c t io n  o f  x . Since t h i s  is  not known, 

a T a y lo r 's  s e r ie s  expansion about x=0 t ru n ca te d  a f t e r  the f i r s t  fo u r  

terms o f  the s e r ie s  is  employed.

sm g(x) -  g (o )  + x g ' ( o )  + g" (o) + Qm i(O) 2.13
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S u b s t i tu t in g  (2 .1 3 )  in to  (2 .1 0 )  and us ing  the r e la t io n s h ip

0 , n odd

J x nE1 ( | x | ) d x OO

J-2 I x "  E1( x )d x ,  n even 2.14

y ie ld s  9 9 9
ncnr d.. a_

Qr2+1 = —
Ji m J g(o )E 1(ax)+%x2g " (o )E 1(ax) 2.15

In te g ra t io n  o f  equa tion  (2 .1 5 )  g ives

, 16ad.2

Ji l Sm "Qr^ 1 = a-rrd_.2T. 4 + i
9 4' 

Sm d
2.16

Since the ra te  o f  thermal emission from the d ro p le t  d  ̂ is

Qr1 = OTTd12I 5 .4 , 2.17

the net r a d ia t i v e  hea ting  ra te  o f  the  d r o p le t  is  

io o o :2
Qrne t

IGod1

T T zr
d2<Tsm4 >

Sm d_
+ =TTd1 (Tsm -  Ts1' 2.18

Equation (2 .18 ) represents  the n e t  r a d ia t i v e  h ea t ing  o f  a d ro p le t  

o f  d iam eter d1 by the su rround ing  d ro p le ts  o f  d iam eter d^. This is  

in c lud ed  in  the energy balance f o r  the  f a l l i n g  d ro p le ts .  When the 

energy balance f o r  the  c o n t ro l  volume is  a p p l ie d ,  i t  is  necessary to
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rep resen t the  ne t r a d ia t i v e  heat f l u x .  I f  the  average mean f re e  path 

o f  a photon e m it te d  by a d r o p le t  is  small compared w i th  the  d is tance  

ove r  which s ig n i f i c a n t  tempera ture changes occu r ,  then the ne t r a d ia t i v e  

heat f l u x  is  ob ta ined  by use o f  the  Rosseland d i f f u s io n  equa tion  (1 2 ) .

qr
-IGoT
3a_

3 dT
dx 2.19

where ar  is  the Rosseland- mean a b so rp t ion  c o e f f i c i e n t .  In t h is  case 

a^ would equal a  de f ined  in  equa tion  ( 2 . 11) and T the lo c a l  mean s la g  

tem pera tu re . Then

64oTsm d (Tsm)

Smclm2.!
2.20

Equation (2 .2 0 )  represen ts  the r a d ia t i v e  d i f f u s io n  through the s lag 

d ro p le t  c loud .

D rop le t  Energy Balance

Fine (13) has found the thermal d i f f u s i v i t y  o f  s lags  s im i l a r  to

coal s lag  a t  temperatures o f  1600K to  be on the o rd e r  o f  5 x 10- / (m /s e c )

The r e s u l t in g  B io t  modulus f o r  the  d iameters considered is  between

0 .3  and 0 .8 .  Based on these low B io t  numbers and the  in te r n a l  m ix ing

w i t h in  the d r o p le t ,  an iso the rm a l sphere is  assumed.

Consider a d r o p le t  o f  d iam eter d. f a l l i n g  through a c oun te r f low  o f

gas as shown in  F igure 2 .3 .  Then 

TTdi 3 d(Ts . )

ps cs i ( 6  ̂ d t  ~ ^cov + ^ r n e t  2 ‘ 21
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but
d ( L , )  d(T . ) d ( L , . )

2.22

and

qCOV = - h I dI  (Tg -  Ts 1 > 2.23

24 it,.

- 2vSmdSdm30,-n2
2.24

Combining equations (2 .2 1 )  through (2 .2 4 )  and (2 .18 )

s i  _ 6M W  , qds ( ^ s m dmDi n 2 ) 2 d^ O  +

dx dscs i d i Vs i 18cS id1-vS iltS

(T=m4 -  L , 4 )
ps cs i d i vs i  sm s1

2.25

Equation (2 .2 5 )  represen ts  the d e r iv a t i v e  w i th  respec t to  p o s i t io n  o f  

the  tempera ture o f  the  p a r t i c le s  o f  d iam eter d^ as they f a l l  through the 

chamber. For the id e a l iz e o  case o f  one d ro p le t  d iam eter (mono-d isperse) 

th e re  is  one equa tion  o f  t h is  form , and d. equals d , I  . equals I  ,• III Ol o III

e tc .  When th e re  is  d is p e rs io n  in  the  d ro p le t  d ia m e te rs , t h is  is  

accounted f o r  by l e t t i n g  d^ denote the  d iam eter o f  the  d ro p le ts  o f  the 

i th  d is c re te  s iz e ;  i = l  denotes the s m a l le s t  d ro p le ts  and i=N denotes 

the la rg e s t  d ro p le ts .  Thus, the re  are  N equations o f  the  above form
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(one f o r  each d is c re te  s iz e ) .

Contro l Volume Energy Balance

The equa tion  f o r  the heat exchange between the d ro p le ts  and the 

gas is  de r ived  us ing the  c o n t ro l  volume shown in  F igure 2 .4 .  The 

heat loss  from the  w a l ls  per u n i t  area is  represented by qw . The 

r a d ia t i v e  d i f f u s io n  te rm , qr? is  presented in  equation (2 .2 0 ) .  An 

energy balance f o r  the c o n t ro l  volume y ie ld s

l̂flS icS i1Si Ix " rflS icS i1Si I x+ax n “ qJx+Ax^

+ (c gltgT9 l x+Ax "  W g l Xl "  V 0Oi x  = 0 2.26

Rearranging and using equa tion  (2 .2 0 )

lflS icSl d fxS i1 2lj2opS V i n 4vSm

i=1 V g 9V g cg

d fT 3 d fxSm1 '  . qWll0O 
A v  ' sm dx '

cg%

2.27

Heat Loss From the Wall

Before the  heat loss  can be c a lc u la te d ,  the in s u la t io n  m a te r ia l 

and th ickne ss  has to  be determ ined. The e ig h t  types o f  ceramic 

in s u la t io n  considered are l i s t e d  in  Table 2 .1 .  The in n e r  w a ll
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DROPLET ENERGY BALANCE

I

ltS V  Ag

FIGURE 2.4 CONTROL VOLUME FOR ENERGY BALANCE
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TABLE 2.1 PROPERTIES OF THE INSULATING MATERIALS

M anufacturer Type

Thermal 
C o n d u c t !v i ty  
( j /m -se c -K )

Upper
Temperature 

L im i t  (K)
Standard 
Size (cm)

Norton AN-599 1.290 2140 7.62

Johns-M anv il le JM-3200 0.503 2030 11.43

Johns-Manvi l i e JM-3000 0.475 1920 11.43

Johns-M anv il le JM-2800 0.424 1810 11.43

Johns-M anv llIe JM-2600 0.338 1700 11.43

Johns-M anv il le JM-2500 0.308 1640 11.43

Johns-M anv il le JM-2300 0.144 1530 11.43

Johns-Manvil Ie Cerawool 0.078 1140 5.08
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tem pera ture  is  assumed to  be equal to  the lo c a l mean s lag  d ro p le t  

tempera ture and the  o u te r  w a ll  is  s p e c i f ie d  a t  370K. Because o f  the 

c o r ro s iv e  environment w i th in  the exchanger, Norton AN-599 bubble 

alumina b r ic k  is  used as the f i r s t  la y e r  o f  in s u la t io n .  Th is  la y e r  is  

to  be 7.62 cm. t h i c k .  The o u te r  la y e r  o f  in s u la t in g  m a te r ia l ,  

Johns-M anv il le  Cerawool, is  chosen because o f  i t s  lower thermal 

c o n d u c t iv i t y  and i t s  a b i l i t y  to  absorb any condensation which m ight 

occu r on the in n e r  w a l l  o f  the  e n c lo s in g  pressure ve s s e l .  This la y e r  

is  to  be 5.08 cm t h ic k .  Respective th icknesses  o f  the  remain ing 

in s u la t io n s  are chosen by a computer t r i a l  and e r r o r  techn ique as 

o u t l in e d  below. Thermal re s is ta n c e  o f  the  metal pressure vessel i s '  

igno red . =»

To determ ine the  conve c t ive  f i lm  c o e f f i c ie n t  on the  ou ts id e  w a l l ,  

n a tu ra l convec tion  is  assumed. For an ambient a i r  tem pera ture  o f  

295K and a c h a r a c t e r i s t i c  le ng th  o f  e ig h t  meters the Grashof number 

P rand tl number p roduc t is

Since t h i s  is  in  th e  t u rb u le n t  range f o r  n a tu ra l c o n v e c t io n ,. the 

r e s u l t in g  N usse lt  number is

GrPr = 2 .5  x 1012

Nu = . IS ( G r P r ) '333 (14)

Then

ka
2.28
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The o p t im iz in g  c r i t e r i o n  f o r  de te rm in ing  the in s u la t io n  th icknesses 

is  the o u te r  chamber d ia rt ie te r;  the idea being to  maximize the th ickness  

o f  th e  lower c o n d u c t iv i t y  m a te r ia ls  and thus m in im ize the  o u te r  

d iam e te r.  The design c o n s t ra in ts  are to  keep the temperatures a t  the  

in te r fa c e s  w i t h in  the  l i m i t s  o f  the re s p e c t iv e  in s u la t io n s .  The computer 

r o u t in e  t h a t  chooses and s ize s  the  re s p e c t iv e  in s u la t io n s  begins by 

t r y i n g  on ly  the h igh thermal re s is ta n c e  m a te r ia l  between the  s p e c i f ie d  

in n e r  and o u te r  la ye rs . .  I f  the  in te r fa c e  temperatures are too h igh ,-  

success ive la y e rs  o f  the  low er r e s is t a n t  in s u la t io n s  a re  added u n t i l  

the  in te r fa c e  temperatures are w i t h in  the  l i m i t s  o f  the  re s p e c t iv e

in s u la t io n s .
\

Consider the  case where o n ly  one type o f  in s u la t in g  m a te r ia l  

between the s p e c i f ie d  o u te r  and in n e r  la y e rs  o f  in s u la t io n s  is  used 

as shown in  F igure 2 .5 .  From the s o lu t io n  o f  the  conduction equations 

f o r  r a d ia l  heat t r a n s fe r  w i th  c y l i n d r i c a l  symmetry

T2
Ro ( To -Ta ,h1,,(R2/R l>

2.29

T3 ’  T2
Ro ( To -Ta>h1n<R3/R 2>

Equating the  heat in  and o u t  o f  each face

R, = ( A  -  T s i ^ V V h R ,

2.30

2.31
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These are so lved  by use o f  successive s u b s t i t u t io n  and the 

in te r fa c e  temperatures are checked a g a in s t  the upper tem pera ture  l i m i t  

s p e c i f i c a t io n s  o f  the in s u la t io n  m a te r ia ls .  I f  these are too  h igh ,  

a la y e r  o f  the next h ig h e r  ra te d  tem pera ture  in s u la t in g  m a te r ia l  is  

added, and the  in te r fa c e  tem pera tures are c a lc u la te d  and checked.

Each la y e r  o f  in s u la t io n  added is  11.4 cm t h ic k - - t h e  s iz e  com m erc ia lly  

a v a i la b le .  This method is  repeated u n t i l  a l l  o f  the  temperatures 

were w i th in  the l i m i t s  o f  the  re s p e c t iv e  m a te r ia ls .

A f t e r  these steps are completed, ano the r check i s  made to  see 

i f  any o f  the  in te r fa c e  temperatures are low enough to  rep lace  a la y e r  

o f  in s u la t io n  w i th  the nex t low er conductive  in s u la t i o n .  For in s ta n c e ,  

the above method cou ld  r e s u l t  w i th  a la y e r  o f  JM-2300, a la y e r  o f  

JM-2500, and a la y e r  o f  JM-2600, when the tempera ture  between the 

JM-2500 and the  JM-2600 is  low enough to  rep lace  th e  JM-2500 w i th  

JM-2300. ' .

Once the  in s u la t io n  s izes  are de term ined , the heat f l u x  term is  

c a lc u la te d  us ing an o v e ra l l  heat t r a n s fe r  c o e f f i c ie n t

where qw represen ts  the heat loss  from the  w a ll  as used in  Equation 

(2 .2 7 )  and "

H = I / +  E
i

(15) 2.32



F a l l in g  D ro p le t  Dynamics ■ .

The express ion  f o r  the  dynamics o f  a s p h e r ic a l d r o p le t  o f  

d iam ete r d^ f a l l i n g  through a c o u n te r f lo w  o f  gas is  d e r ive d  by use o f  

the  f re e  body diagram i l l u s t r a t e d  in  F igure 2 .6 .  Ig n o r in g  the 

buoyant fo rc e  (p / ps« 1 )

3
4

CDpgVr i

d iPs^s i
2.33

As w i th  equa tion  (2 .2 5 ) ,  the re  are N equations o f  t h i s  form (one 

equa tion  f o r  each d is c re te  d ro p le t  s iz e ) .

The d iam eter o f  the  chamber depends on the te rm in a l v e lo c i t y  o f
X

th e  s m a lle s t  p a r t i c l e .  The te rm in a l v e lo c i t y  is  c a lc u la te d  from the 

express ion

-Vterm . (

4ap d. is
■) 2.34

Dimensionless R e la t ions

To f a c i l i t a t e  ease o f  s o lu t io n  and use o f  d imension less emperical 

c o r r e la t io n s , the  above equa tions .w ere  norm alized us ing the  fo l lo w in g  

parameters
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FIGURE 2.5 GEOMETRY FOR THE CASE OF THREE LAYERS OF
INSULATION

FIGURE 2.6 DROPLET FREE BODY DIAGRAM



V r l " i

M9
= Reynolds Number



N usse lt NumberNu,
h,-di

Pr = — p—̂ —  = P rand tl Number

Equations (2 .2 5 ) ,  ( 2 .2 7 ) ,  and (2 .3 3 ) tra n s fo rm  re s p e c t iv e ly  in to  

th e  fo llo w in g :

d<pS i  _ 6Nu . U. ( m  + ¥2 -  (J)si.)
*  *  *

( Pr p C1 d, (U1 - U )

d2< V )

1 du2
+ < C  - +si )

dtp,
9 - ( i m ) (  Z c , X *  A & n  + ¥6

i = l ' i  i  dn

3cDuI 1

W V  4 p *d .* (U .-U  )
+ ¥8

d<J>c

where
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- I 0V V

T2gpsdmDin4vsmTl ,s 4 

18 D0 * s =g(T2 , g-T 1>g)

qWn 0 O_____________

V g  (T2 ,g " Tl,g>

T7 '  aV vL r

Y8 W W
P A V l , r

The values fo r  the  N u sse lt number were c o r re la te d  from  pub lished  data 

as

Nu. = ^ g R e V 630P r-333 (15) 2.38

The drag c o e f f ic ie n t  was determ ined from  the  Reynolds number

18 .5 /R e -600 Re<200

O O

Il 5 .7 4 /R e -372 200<Re<1000 (16) 2.39

0.44 Re>1000
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The above parameters and equa tions  app ly  to  th e . to p  chamber bu t 

would be id e n t ic a l f o r  th e . lo w e r  chamber w ith  the  excep tion  th a t

T2 ’ V1 anc* V2 would be rep laced  by T3 , T^, V3 and re s p e c t iv e ly .

Method o f  S o lu tio n

The n o n - l in e a r  s e t o f  o rd in a ry  d i f f e r e n t ia l  equa tions (2 .3 5 ) 

th rough (2 .3 7 ) re p re se n t a boundary va lue  system w ith  one known 

boundary. A lthough the  boundary va lues a re  known a t  x=L, L i t s e l t  is  

unknown. Assuming th e  equa tions are w e ll behaved, th e  system can be 

so lved  by an i n i t i a l  va lue  num erica l method. An energy balance o f  the 

e n t ir e  hea t exchanger system is  used, to  f in d  th e  tem pera tures a t the  

to p  o f  th e  chambers and th e  mass f lo w  ra te s .  Thus (.2N+1) i n i t i a l  

va lues a re  known, le a v in g  o n ly  one to  be app ro x im a te d --th e  f i r s t  

d e r iv a t iv e  o f  th e  mean s la g  tem pera tu re .

The problem a r is e s  from  the  form  o f  equa tion  (2 .2 5 ) .  For the 

mean s la g  tem pera tu re  the  equ a tion  is

d<Tsm>
C1 (Tg-Tsm) + c2

d2(Tsm

where Cl and C2 re p re se n t th e  v a r ia b le  c o e f f ic ie n ts .  I f  th e  system is  

so lved  w ith  the  second term  to  the  r ig h t  o f  the equal s ig n  equal to  

z e ro , the  tem pera tu re  p r o f i le s  are n e a r ly  l in e a r .  The a d d it io n  o f  the  

second term  renders the  tem pera ture  s o lu t io n ,  and i t s  d e r iv a t iv e s ,

exp o n e n tia l in  n a tu re  and ex tre m e ly  s e n s it iv e  to  the i n i t i a l  va lue

f t '
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app rox im a tion  and num erica l t ru n c a tio n  e r ro r .  Any s l ig h t  e r ro r  w i l l  

compound i t s e l f  e x p o n e n t ia lly  and dominate the e q u a tio n s , rende ring  

the  s o lu t io n  m eaning less.

The second d e r iv a t iv e  term  rep resen ts  a p o r t io n  o f  the  ra d ia t iv e  

t ra n s fe r  w h ile  the f i r s t  term  to  the  r ig h t  o f  the  equal s ig n  rep resen ts  

the  co n ve c tive  t r a n s fe r .  D e fin in g  e as the  r a t io  o f  these two terms 

and em ploying an o rd e r o f  magnitude a n a ly s is  y ie ld s

d2< C >
dx^ C2 12L

sm
■) + 4 T 3 d2<Tsm>

Sm dx2

C1 t V V T r g-TsmT

w I th

and

L

AT
2

Cf AT
L

For the upper chamber using q u a n t i t ie s  from  a num erica l s o lu t io n  

o b ta in e d  w ith  the ra d ia t iv e  term  neg lec ted  re s u lts  in

E = 0.030

and f o r  th e  low er chamber

E = 0.002

Since these ra t io s  a re  much le ss  than one, the ra d ia t io n  term is  

sm all in  comparison to  the  convec tion  te rm . T h e re fo re , th e  ra d ia t io n
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second d e r iv a t iv e  term  in  equa tion  (2 .3 5 ) was ig n o re d . in  o rd e r to  so lve  

th e  e q u a tio n s . T h is  is  n o t to  say th a t  therm al r a d ia t io n  is  ignored  

in  th e  a n a ly s is ; b u t ra th e r ,  the  second d e r iv a t iv e  term  in  equation  

(2..18) was dropped.

The i n i t i a l  c o n d it io n s  a t  th e  to p  o f  th e  chamber are

♦st - V 1

V 0

The i n i t i a l  va lue fo r  the  second d e r iv a t iv e  term  in  equa tion  (2 .3 6 ) 

had to  be approxim ated in  o rd e r to  i n i t i a t e  the num erica l i t e r a t io n .

S ince th is  term  had l i t t l e  e f fe c t  on th e  re s u lts  ( le s s  than one p e rcen t) 

th e  app rox im a tion  d id  n o t have to  be ve ry  a ccu ra te . •

A fo u r th  o rd e r Runge-Kutta in te g ra t io n  techn ique  was employed to  

so lve  th e  system o f  e q u a tio n s . In th e  bottom  chamber the  le n g th  was 

determ ined by in te g ra t in g  u n t i l  ^  equaled one, w h ile  in  the  top 

chamber the  predeterm ined s la g  e x i t  tem pera tu re  was used as the 

param eter to  determ ine the  le n g th .

E rro r  a n a ly s is  f o r  h ig h e r o rd e r Runge-Kutta schemes is  very 

d i f f i c u l t  o r  im poss ib le  to  implement f o r  systems o f  n o n lin e a r  d i f fe r e n -  

t i a l  equa tions  o f  th is  type  (1 7 ) . To check the  convergence and s t a b i l i t y  

seve ra l d i f f e r e n t  s tep  s ize s  were used. No apparent problems arose.
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DROPLET FORMATION

A c r i t i c a l  e lem ent in  the  design o f  a f a l l in g  bed c o u n te rflo w  

hea t exchanger is  c o n tro l o f  the, d is p e rs io n  o f  th e .d ro p le t  d ia m e te rs .

To p reven t any o f  th e  p a r t ic le s  from  be ing  blown ou t o f  th e  to p , 

the  v e lo c ity  o f  th e  gas through the chamber must be l im i te d  by the  

te rm in a l v e lo c ity  o f  the  s m a lle s t p a r t ic le s .  I f  the  d ro p le t  s izes 

are  c h a ra c te r iz e d .b y  a wide d is p e rs io n , the la rg e r  p a r t ic le s  w i l l  f a l l  

much fa s te r  than the  s m a lle r  ones and the le n g th  o f  th e  chamber w i l l  

become u n fe a s ib ly  la rg e .  For example, the p a r t ic le  s iz e  d is t r ib u t io n  

ob ta ined  from  Heywood and Womack (6 ) us ing  a tw in  j e t  a tom ize r would 

re q u ire  chamber le n g th s  in  excess o f  100 meters f o r  an MHD p re h e a te r. 

F igure 3 .1  fu r th e r  i l lu s t r a t e s  the  e f fe c t  o f  p a r t ic le  d is p e rs io n  on 

the  chamber d im ens ions. One conceptual s o lu t io n  to  t h is  problem 

is  the fo rm a tio n  o f  th e  s la g  d ro p le ts  by v ib ra t io n  a to m iz a tio n .

In  the  proposed atom izer,, re fe r re d  to  as a drop g e n e ra to r, the 

l i q u id  is  fo rc e d  th rough a c a p i l la r y  which is  v ib ra te d  a t  a p re­

determ ined frequency to  produce u n ifo rm ly  s ized  d rops. Th is  techn ique 

has been used p r im a r i ly  in  research a p p lic a t io n s  such as combustion (.8) 

and drop coalescence s tu d ie s . (1 8 ) . The f i r s t  q u a n t i ta t iv e  a n a ly s is  o f  

l iq u id  j e t  d is in te g r a t io n  was made in  1878 by Lord R ayle igh  (1 9 ). His 

r e s u lts ,  which are  a p p lic a b le  to  an in v is c id  f l u i d  w ith o u t any aero­

dynamic fo rc e s  a c t in g  on i t ,  showed th a t  th e  frequency f o r  maximum 

in s t a b i l i t y ,  and hence the  optimum frequency f o r  u n ifo rm ly  s ize d  d rops.
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is  g iven by

Fopt -  Y 4-508 Do 3.01

This a n a ly s is  was extended by Levich  (2 0 ) - to  in c lu d e  the  e f fe c ts  o f  

f l u i d  v is c o s ity  and s u rfa ce  te n s io n  fo rc e s  re s u lt in g  in

'V1- S o p  %

Fop t = ( 13 ) ( r ~ T 3  )
y _ .  U j

The minimum frequency f o r  the  fo rm a tio n  o f  n e a rly  u n ifo rm ly  s ized  

drops was d e te rm in e d .e m p ir ic a lly  by Rajogopalan and T ien (7 ) as

3.02

Fmin 0-4 Fop t 3.03

These same researchers  a lso  determ ined the  th e o re t ic a l exp ress ion  fo r .  

th e  drop s iz e  r e s u lt in g  from  the j e t  d is in te g ra t io n

V, 1/3 2 /3
d = 1.145 ( - J l H  D- 3.04

The minimum average v e lo c ity  in  the  c a p i l la r y  necessary to  form  a 

s ta b le  j e t ,  as determ ined by L in d b a ld  and Schneider (18) is

8 or . %

Vc,min = ( - T -1 3-05

Harmon (21) has re la te d  the  c a p i l la r y  d iam ete r to  the  f re e  stream  j e t  

d iam e te r by.

D- = 0.867 D„ 3.06
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The above equations were used to  s im u la te  th e  drop g e n e ra to r fo r  

the  hea t exchanger a p p lic a t io n .  There a re  two methods o f  d is tu rb in g  

the  l i q u id  j e t :

1) F low ing the  l iq u id  through c a p i l la r ie s  in  a p la te  which 

is  v ib ra te d  w ith in  a predeterm ined frequency range

2) F low ing the  l iq u id  through c a p i l la r ie s  in  a s ta t io n a ry  

p la te  w ith  th e  d is tu rb a n ce  produced by e x te rn a l sound 

pressure  waves.

U n ifo rm ly  s ize d  drops ( to  w ith in  f iv e  pe rcen t o f  the  mean) have 

been achieved by the  f i r s t  method ( 7 ,8 ) .  The second method was 

in v e s tig a te d  by Miesse (9) bu t no s iz e  d is t r ib u t io n s  were p ub lished .

A m ajor fa c to r  in  the  v a r ia t io n  o f  d ro p le t  d iam eters is  the 

v a r ia t io n  in  th e  c a p i l la r y  d iam e te rs . The re q u ire d  number o f  

c a p i l la r ie s  is  in  th e  d is t r ib u to r  p la te  at. th e  chamber top  is

4 til
Number o f  C a p il la r ie s  = ---------------------- p— 3.07

pSvC T Dc,m ■

Because o f  the  h igh tem pera tu res , extruded ceram ic tu b in g  is  

suggested f o r  th e  c a p i l la r ie s .  The s tandard  to le ra n ce s  f o r  th is  

tu b in g  w ith  in s id e  d iam eters rang ing  from  1 .3  x 10 to  1.3 x IO "'3 m eters 

is  ±3% o r  1 .3  x 10 4 m e te rs , w h ichever is  g re a te r . These to le ra n ce s  

were used to  f in d  the minimum c a p i l la r y  d iam eter f o r  a s p e c if ie d  

mean c a p i l la r y  d iam e te r. For la m in a r f lo w  the pressure  d rop .across  

the  s m a lle s t c a p i l la r y  is  g iven by
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AP
£

C

3 2 ] i

TT

s Vc , min

c,m in

3.08

where Vc mi-n is  the minimum v e lo c it y  re q u ire d  to  

s m a lle s t c a p i l la r y .  S ince the  c a p i l la r y  le ng ths

v e lo c i t y  in  the  mean c a p i l la r y  d iam e te r is  g iven

V . D 2 
V = Cjl Inm  c ,m

c,m n 2
c,m in

form  a j e t  in  the 

a re  equal j, the 

by

3.09

The optimum o p e ra tin g  frequency is  c a lc u la te d  us ing  equa tion  (3 .0 2 ) . 

From equ a tio n  (3 .0 4 ) the mean d ro p le t d iam e te r from  the  s m a lle s t 

c a p i l la r y  and the  mean d ro p le t,  d iam e te r from  the mean c a p i l la r y  are 

o b ta in e d . Assuming th e  d ro p le t  d iam eters from  any c a p i l la r y  vary 

w ith in  5%  o f  the  mean d ro p le t  d iam e te r o f  th a t  c a p i l la r y ,  the  s m a lle s t 

d ro p le t  w i th in  the  exchanger is  c a lc u la te d  from  the  mean d ro p le t 

d iam e te r o f  the  s m a lle s t c a p i l la r y .  That is

min .95 dm,min

dm dm,m

The c a p i l la r y  d iam eters and th e  d ro p le t  d is p e rs io n s  a re  assumed 

to  fo l lo w  a normal d is t r ib u t io n .  In  o rd e r to  c a lc u la te  th e  standard 

d e v ia t io n ,  i t  was f u r th e r  assumed th a t  99% o f  a l l  o f  th e  d ro p le ts  

w i th in  th e  chamber are  w i th in  th e  d iam e te r range a s .c a lc u la te d  above 

This re s u lts  in  a s tandard  d e v ia t io n  o f
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dmin
Sd "  ;-------- 27576 ( 22) 3.10

The frequency fu n c t io n  fo r  the  p a r t ic le  d is t r ib u t io n  was then generated 

by

- S d V Z T r
f ( d . ) ,(d r dn. )2/ 3.11

For th e  d is c re te  number o f  d ro p le t  s ize s  as modeled in  the computer code 

the re s p e c tiv e  number f ra c t io n s  were ob ta ined  by in te g ra t io n  o f  the 

frequency fu n c t io n .

y



CHAPTER IV 

RESULTS

The equa tions presented in  Chapter I I  and Chapter I I I  w e re .a p p lie d  

to  the  design o f  an MHD a i r  p rehe a te r system . The’ computer program 

o u t lin e d  in  Appendix I I  was used to  n u m e ric a lly  in te g ra te  the  e q u a tions . 

The o p e ra tin g  c o n d it io n s  f o r  the  3000 MW therm al open c y c le  f a c i l i t y  

cons idered  were s im i la r  to  those o f  the  ECAS Base Case One Open Cycle 

s tudy  (23) bu t w ith  h ig h e r o p e ra tin g  tem pera tu res . H ighe r tem pera tures 

in c rea se  the  therm al e f f ic ie n c y  o f  th e  p la n t .  The p ressure  a t  the 

ing ress  o f  the  channel was a lso  h ig h e r than th a t  o f  the  ECAS s tu d y ; th is  

be ing a p p ro p ria te  f o r  the  h ig h e r o p e ra tin g  tem peratures (2 4 ). A f te r

the  chambers were s ize d  us ing  these o p e ra tin g  c o n d it io n s ,  p a r t ia l  load
\

o p e ra tio n  was s tu d ie d .

F u ll Load Design

The d iam eters o f  the  chambers are  dependent on the  mass f lo w  ra te  

o f  th e  gas th rough th e  chamber and the  te rm in a l v e lo c ity  o f  the  s m a lle s t 

d ro p le t .  In  o rd e r to  keep these d iam eters reasonab le , i t  was necessary 

to  use three, se ts  o f  p re h e a te rs . Each o f  these se ts  c o n s is ts  o f  th re e  

upper chambers and one low er chamber as shown in  F igure  1 .1 . The 

pa ram eters-T9 T9 , T 1 , Iiiri, and rh. were s p e c if ie d .  Chamberg b

le n g th , s la g  mass f lo w  ra te ,  and pressure  drop through, th e  c a p i l la r ie s  

were the  design c r i t e r i a  w h ile  th e  s la g  tem pera tu res , c a p i l la r y  

d iam e te r and d is tu rb a n ce  frequency were th e  v a r ia b le  design param eters.



. I

The e f fe c ts  o f  the o p e ra tin g  s la g  tem pera tures on th e  design 

c r i t e r i a  a re  shown in  F igu re  4 .1 , F igu re  4 .2 , and F igu re  4 .3 .

F igu re  4 .1  was ob ta ined  by a r b i t r a r i l y  choosing a c a p i l la r y  d iam e te r o f  

2mm and th e  o p e ra tin g  frequency a t  th e  correspond ing ,op tim um  d is tu rbance" 

freq uency . The mass f lo w  ra te  o f  th e  s la g  was ob ta ined  by an energy 

balance on the  low er chamber w ith  the hea t lo ss  from  the  chamber w a lls  

assumed n e g l ig ib le .  I t  was a lso  assumed th a t  the  heat lo s s  from  the 

p ip in g  th a t  tra n s p o r ts  the  s la g  from  one hea t t r a n s fe r  chamber to  

a n o th e r was n e g l ig ib le ;  th a t  is ,  T1 c equals T„ and T9 _ equals T9
X j b  4 j  S £ j S  d j  S

The exhaust gas. tem pera tu re  a t  the  e x i t  o f  the  upper exchanger was 

c a lc u la te d  from  an energy balance f o r  the. e n t ir e  system and checked 

to  be sure  th a t  i t  was h ig h e r than the dew p o in t o f  th e  potassium  

s u l fa te  (abou t 1600 K).

Decreasing the  tem pera tu re  v a r ia t io n  o f  th e  s la g  inc reases  the 

s la g  mass f lo w  ra te  re q u ire d  and decreases th e  aggregate chamber le n g th .

(The aggregate le n g th  re fe rs  to  th e  le n g th  o f  one upper chamber p lus

th e  le n g th  o f  the  low er chamber). In  o rd e r to  keep th e  le ng ths  

reasonable w ith o u t th e  f lo w  ra te  o f  th e  s la g  becoming exce ss ive , the 

t o ta l  tem pera ture  d if fe re n c e  f o r  th e  s la g  media was chosen a t  270K.

S ince th e  .s lag becomes ve ry  v iscous a t  lo w er tem pera tu res , th e  pressure  

drop th rough the  c a p i l la r ie s  a t th e  to p  o f  the  upper chamber is  c r i t i c a l .  

T h e re fo re , the low es t w o rk ing  s la g  tem pera tu re  was. chosen a t  1650K.

Though the  pressure  drop would be le ss  i f  a h ig h e r tem pera tu re  were
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Slag Temperature (K e lv in s )

FIGURE 4 .1  EFFECT OF SLAG TEMPERATURE AND CAPILLARY DIAMETER ON 
THE PRESSURE DROP THROUGH THE CAPILLARY
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AT = 260K
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FIGURE 4 .3  EFFECT OF SLAG TEMPERATURE ON CHAMBER LENGTH
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chosen, the chamber le n g th  increases ra p id ly  above t h is  tem pera tu re .

The next design v a r ia b le  cons idered  was the  mean c a p i l la r y

d ia m e te r . . F igu re  4 .4  and F igure  4 .5  i l l u s t r a t e  the  e f fe c t  o f  the

c a p i l la r y  d iam ete r on the  re s p e c tiv e  chamber le n g th s . F igure  4 .6  g ives

th e  optimum d is tu rb a n ce  fre q u e n c ie s  f o r  th e  upper and low er chamber

a t  th e  va rio u s  c a p i l la r y  d iam e te rs . The pressure drop through the

c a p i l la r ie s  and c lo g g in g  aga in  become c r i t i c a l .  To keep these a t  a

minimum, the  mean c a p i l la r y  d iam ete r f o r  the  upper chamber was chosen

a t  2.2mm. In  the case o f  the  low er hea t exchange chamber, the  s m a lle r

c a p i l la r y  d iam eters re q u ire  h igh d is tu rb a n ce  freq uenc ies  because o f

the  lo w er s la g  v is c o s ity .  Because th e  le n g th  o f  the  low er chamber 
x 1 ■

v a r ie s  by le s s  than two meters a t  optimum frequency f o r  the c a p i l la r y

d iam eters co ns ide red , a la rg e r  c a p i l la r y  d iam eter o f  2.5mm was s e le c te d .

The optimum frequency re fe rs  to  the  fo rm a tio n  o f  th e  d ro p le ts  by 

th e  d ro p .g e n e ra to r.a n d  no t th e  design o f  the heat exchanger. The 

optimum frequency f o r  j e t  d is in te g ra t io n  is  n o t n e c e s s a r ily  the  best 

cho ice  f o r  the o p e ra tin g  frequency o f  th e  des ign . U n ifo rm ly  s ized  drops 

have been produced by fre q u e n c ie s  h ig h e r and low er then the  optimum 

d is tu rb a n ce  frequency . The l i m i t  on low er freq uenc ies  has been found to  

be 40% o f  optimum bu t no upper l i m i t  has been s e t (7 ) .  I t  was assumed 

th a t  in c re a s in g  the fre q u e n c ie s  by 50% s t i l l  re s u lts  in  u n ifo rm ily  s ize d  

d ro p le ts .  To decrease the  le n g th  o f  the  upper chamber, the  o p e ra tin g  

frequency was se le c te d  a t  50% above th e  optimum d is tu rb a n ce  frequency , O
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FIGURE 4 .4  EFFECT OF CAPILLARY DIAMETER AND DISTURBANCE FREQUENCY ON THE UPPER
CHAMBER LENGTH
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FIGURE 4 .5  EFFECT OF CAPILLARY DIAMETER AND DISTURBANCE FREQUENCY ON THE
LOWER CHAMBER LENGTH
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In  the  low er chamber, the  o p e ra tin g  frequency was chosen as the 

optimum d is tu rb a n ce  frequency .

The design s p e c if ic a t io n s  f o r  the  upper and low er chambers and 

t h e i r  re s p e c tiv e  dim ensions fo r  th e  SOOOMWt MHD f a c i l i t y  s tu d ie d  are 

presented in  Table 4 .1  and Table 4 .2 . F igure  4 .1  and F igure  4 .8  show 

the  tem pera tu re  and v e lo c ity  p r o f i le s  w ith in  the  re s p e c tiv e  chambers.

The d ro p le ts  in  th e  upper chamber a c c e le ra te  f o r  about th e  f i r s t  h a l f  

o f  the  chamber then d e ce le ra te  in  th e  bottom  h a l f .  Th is  is  due to  the  

in c re a s in g  v e lo c it y  o f  th e  gas. as i t  r is e s  through th e  chamber.

The s la g  is  pumped to  th e  top  o f  the  upper chamber by the  pressure 

from  th e  low er chamber. Assuming th a t  each upper chamber is  fed  by 

th re e  20cm d iam e te r s la g  l in e s ,  the  t o ta l  f r i c t i o n  lo s s  .is  on the  o rd e r 

o f  2 x IO4 pasca ls . The head lo s s ,  assuming a to ta l  h e ig h t o f  30 m ete rs ,
5

is  7 .7  x 10 pasca ls and the  p ressu re  drop through the  c a p i l la r ie s  is  

1.1 x 10 p a sca ls . T h e re fo re , the  t o ta l  p ressure  requ ired , to  push 

the  s la g  through the  p ip in g  and c a p i l la r ie s  is  app ro x im a te ly  9 .0  x IO5 

pasca ls . S ince the  pressure  d if fe re n c e  between the  upper and low er 

chambers is  1.09 x 10®, n o .s la g  pumps are re q u ire d .

T ra n s fe r r in g  th e  s la g  from  th e  upper chamber to  th e  lo w e r is  

ach ieved by use o f  th re e  re s e rv o irs  as shown in  F igure  1 .1 . W hile 

one re s e rv o ir  is  be ing f i l l e d  by i t s  re s p e c tiv e  upper hea t exchange 

chamber, the second is  be ing p re ssu rize d  and the  t h i r d  is  being em ptied 

in to  the low er heat exchanger. In  th is  manner a con tinuous  f lo w  o f  s la g

-  42 -
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TABLE 4 .1  DESIGN SPECIFICATIONS FOR 3000 MWt MHD PREHEATER

Upper Chamber Lower Chamber

Number o f  Chambers 9 3

Gas I n le t  Temperature 2200K 1200K

Gas O u tle t  Temperature 1816K 1800K

Slag I n le t  Temperature 1650K 1920K

Slag O u tle t  Temperature 1920K 1650K

Gas Mass Flow Rate 150 kg /sec 375 kg/sec

Slag Mass Flow Rate 288 kg/sec 864 kg/sec

Chamber Pressure .11 MPas 1.2 MPas

Chamber Inne r D iameter 6.65 m 5.31 m

Chamber O uter Diameter 8 .28  m 6.93 m

Chamber Length 16.80 m 4.32 m

Mean C a p il la ry  Diameter 2.2  mm 2.5  mm

O pera ting  Frequency 245 H ertz 411 Hertz

Mean D ro p le t Diameter 3.02 mm 2.70 mm

C a p il la ry  Pressure Drop .022 MPas/cm .002 MPas/cm
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TABLE 4 .2  INSULATION SPECIFICATIONS FOR HEAT EXCHANGER
CHAMBERS

Type

Upper Chamber 

T h ickness

Lower Chamber 

Thickness

N ortran  AN-599 .076 m .076 m

Johns M a n v ille  JM-3000 . 114 m .114 m

Johns M a n v ille  JM-2800 .114 m .114 m

Johns M a n v ille  JM-2600 .229 m .114 m

Johns M a n v ille  JM-2300 .229 m .342 m

Johns M a n v ille  Cerawool .051 m .051 m
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FIGURE 4 .7  VARIATION IN PROPERTIES FROM THE TOP OF THE
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is  s u p p lie d  to  th e  low er chamber.

P a r t ia l Load O pera tion

I t  may be necessary a t  tim es to  opera te  an MHD f a c i l i t y  a t  le ss  

than f u l l  lo a d . The o p e ra tin g  c h a ra c te r is t ic s  o f  an MHD channel a t  

p a r t ia l  load  has been s tu d ie d  by Rosa (2 5 ) . As an example o f  how the  

p rehe a te r would opera te  in  such a case, a th re e -q u a r te r  load o p e ra tio n  

was cons ide red .

The a i r  tem peratures in  the  low er exchanger a re  th e  same as in  

th e  f u l l  load s i tu a t io n ,  w h ile  th e  tem pera ture  o f  the  exhaust from 

th e  MHD channel is  s l i g h t ly  h ig h e r . The mass f lo w  ra te  o f  th e  s la g  

Was kept the  same as in  th e  f u l l  load s i t u a t io n .  An energy balance 

was employed to  f in d  the  tem pera tu re  o f  the  s la g  a t th e  bottom  o f  the 

low er chamber. Since th e  le n g th  o f  the cham ber.is  s p e c if ie d ,  i t  was 

necessary to  c o n tro l the  hea t t r a n s fe r  by c o n t r o l l in g  the  d ro p le t  

d iam e te r. The c o r re c t  o p e ra tin g  frequency o f  the  drop g e n e ra to r was 

determ ined by t r i a l  and e r ro r  us ing  a computer p ro g ra m "s im ila r  to  the 

one employed in  th e  f u l l  lo ad  des ign . The frequency was v a r ie d ,  and 

thus the  drop, d iam e te rs , u n t i l  the  s p e c if ie d  tem pera tures a t  the  

bottom o f  th e  exchanger were reached.

The procedure f o r  th e  upper chamber was much the  same. The 

exhaust gas tem pera ture  a t  the  e x i t  o f  the  heat exchanger was determ ined 

by an energy balance and the  d is tu rb a n ce  frequency was found by t r i a l
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and e r ro r .  The re s u lts  f o r  both chambers a re  presented in  Table 4 .3 .

In  the  lo w e r chamber the  h ig h e r s la g  tem pera tures compensate fo r  

the decreased a i r  mass flo w  ra te  and th e  mean d ro p le t  d iam e te r and 

th e  d is tu rb a n ce  frequency are n e a r ly  the  same as in  th e  f u l l  load 

case. In  the  upper chamber the  mean d ro p le t  d iam e te r is  s m a lle r  and 

the  d is tu rb a n ce  frequency is  la rg e r  than th e  f u l l  load s i tu a t io n .

Th is is  due m a in ly  to  th e  decreased f lo w  ra te  o f  th e  gas.

O ther o p e ra tin g  loads are  achieved by frequency v a r ia t io n  in  

the same manner as above o r  by removing one o r  two sets., o f  the  p re h e a te r 

systems from  o n - l in e .  For in s ta n c e , h a l f  load  is  ob ta ined  by o p e ra tin g  

two se ts  o f  the  heat exchanger systems a t  th re e -q u a r te r  lo a d . The 

o p e ra tin g  c h a ra c te r is t ic s  would be th e  same as in  T a b le ,4 .3  except th e re  

would be o n ly  s ix  upper chambers and two low er chambers in  o p e ra tio n .
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TABLE 4 .3  OPERATING SPECIFICATIONS FOR 3000 MWt MHD 
PREHEATER AT 3/4  LOAD

Upper Chamber Lower Chamber

dumber o f  Chambers 9 3

Gas I n le t  Temperature 2230K 1200K

Gas O u tle t Temperature 1850K 1800K

Slag I n le t  Temperature 1734K 1935K

Slag O u tle t Temperature 1935K 1734K

Gas Mass Flow Rate 113 kg/sec 281 kg/sec

Slag Mass Flow Rate 288 kg/sec 864 kg /sec

Chamber Pressure .110 MPas 1.16 MPas

O perating Frequency 433 Hertz 394 H ertz

Mean D ro p le t Diameter 2.50 mm 2.74 mm

C a p il la ry  Pressure Drop .010 MPas/cm .002 MPas/cm



CHAPTER.V

SUMMARY

The f a l l i n g  bed heat exchanger has many advantages ove r the  

cored b r ic k  heat exchanger f o r  h igh  tem pera tu re  d i r e c t  f i r e d  MHD 

a p p lic a t io n s .  These in c lu d e  th e  compact s iz e ,  the  e l im in a t io n  o f  

massive h igh  tem pera ture  v a lv in g ,  the u n in te r ru p te d  f lo w  o f  th e  exhaust 

gas and preheated a i r ,  and the a b i l i t y  to  a d ju s t  e a s i ly  to  p a r t ia l  load  

o p e ra tio n . U t i l i z a t io n  o f  t h is  type o f  p re h e a te r in  a c o rro s iv e  

environm ent such as coal s la g  has the added advantage o f  re q u ir in g  

p e r io d ic  rep lacem ent o f  o n ly  th e  d is t r ib u to r  p la te  ra th e r  than 

re p la c in g  th e  e n t ir e  bed as would be necessary w ith  th e  cored b r ic k  

exchanger.

P re v io u s ly , the f a l l i n g  bed p re h e a te r us ing  l iq u id  s la g  as the 

heat t r a n s fe r  media had n o t been considered a v ia b le  a l te r n a t iv e  to  

th e  cored b r ic k  heat exchanger because o f  the  la rg e  chamber dimensions 

th a t  would be re q u ire d . These la rg e  chamber s ize s  were due to  th e  la c k  

o f  c o n tro l o f  th e  drop s ize s  and drop s iz e  d is t r ib u t io n .  T h is  s tudy 

has shown, a t  le a s t  co n ce p tu a lI y , th a t  t h is  problem can be so lved  by 

em ploying v ib ra t io n  a to m iz a tio n  o f  the  l iq u id  to  produce u n ifo rm ly  

s ize d  d ro p le ts .  The re s u lt in g  heat exchangers a re  e f f i c ie n t  and compact.

The m a jo r problem in h e re n t w ith  th is  concept is  the  design o f  the  

d is t r ib u to r  p la te .  The creep and therm al s tre s s  asso c ia te d  w ith  a 

loaded p la te  a t  e leva ted  tem pera tures are  m ajor c o m p lic a tio n s . W hile 

i t  is  p robab le  th a t  the  f i r s t  g e n e ra tio n  o f  d i r e c t - f i red p rehea te rs  f o r
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MHD a p p lic a t io n  w i l l  b e .o f the  cored b r ic k  des ign , w ith  advancing h igh  

tem pera ture  m a te r ia ls  techno logy  the f a l l i n g  bed p rehe a te r w i l l  

p robab ly  become a v ia b le  a l te r n a t iv e .  Be fore  fu r th e r  work can be done 

on the  design o f  a l iq u id  s la g  p re h e a te r system, expe rim enta l s tu d ie s  

on the  v ib ra t io n  a to m iza tio n  o f  l iq u id  s la g  are  necessary to  e i th e r

re in fo rc e  o r  a l t e r  the  assum ptions used in  t h is  s tu d y .
, '

There a re  many a d d it io n a l a p p lic a t io n s  fo r  the  l iq u id  d ro p le t 

heat exchanger which should be pursued. By adding the equa tions  f o r  

mass t r a n s fe r ,  compact c o o lin g  towers cou ld  be designed us ing  a 

w ater to  a i r  system. O ther a p p lic a t io n s  can be found in  coal 

g a s i f ic a t io n  o r  in  any area in v o lv in g  c o rro s iv e  l iq u id s  o r  gases.
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APPENDIX I 

MATERIAL PROPERTIES

F o llow ing  are the p ro p e r t ie s  as fu n c t io n s  o f  tem pera ture  f o r  a i r ,  

exhaust gas, and coal s lag  as used in  the design o f  the  heat exchanger 

system. A l l  temperatures are in  K e lv in s .

A i r

ca = 967.+9.60 x IO-2 T +1.29 x IO-4 T 2- 4 . 37 x IO-8 T 3( jo u le s / k g - k )  (26)
a  d a  a

P3 = 1.62 x !C f6! - 513 (p a sca l-se c )  (26)

(I +

2.65 x IO3T3^  

- P -  IO-12^ a )

( jo u le s /m -s e c -K ) (27)

Exhaust Gas

Cg = 917.+.031Tg ( jo u le s /k g -K )

Pg = 7.46 x IO-7 Tg -582 (pasca l-se c )

k = .029+2.9 x IO-4 T + .80 x IO-8 T 2
9 g g

(28)

(28)

( jo u le s /m -s e c -K )

Coal Slag

Cg = 871 .+ .180Tg ( jo u le s /k g -K )  ( 2 9 )

P = 1.49(10(1 -47x1()4/(1-8Ts-460)-6-5))

( 2 8 )

(30)



/  . ■

The v i s c o s i t y  o f  the  s la g . i s  f o r  coa ls  w i th  a h igh ca lc ium  con ten t 

and a low s i l i c a  r a t i o  (abou t 35) s im i l a r  to  Montana sub-b itum inous 

c o a l .  For b itum inous coal as would be.found in  the eas te rn  Un ited 

States the s i l i c a  r a t i o  is  around 55 and t h e 'v i s c o s i t y  i s  increased 

by te n fo ld .  In  o rde r  to  use t h i s  type o f  s lag  in  a drop gen e ra to r ,  

i t ' s  v i s c o s i t y  must be lowered by the a d d i t io n  o f  CaO.
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F o llow ing  is  an o u t l in e  o f  the  computer program used in  

s iz in g  the  heat exchanger chambers.
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