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A b s t r a c t  

A  h i g h - e f f e c t i v e n e s s  1  i q u i d  d r o p l e t l g a s  heat  
exchanger (LDHX) concept  f o r  thermal  management i n  
space i s  descr ibed. Heat i s  t r a n s f e r r e d  by d i r e c t  
c o n t a c t  between f i n e  d r o p l  e t s  (-100-300 pm 
d i a m e t e r )  o f  a  s u i t a b l e  low vapo r  pressure  l i q u i d  
and an i n e r t  wo rk ing  gas. Complete sepa ra t i on  o f  
t h e  d r o p l e t  and gas media i n  t h e  ze ro -g  env i ronment  
i s  accompl ished by c o n f i g u r i n g  t h e  LDHX as a  v o r t e x  
chamber. The l a r g e  hea t  t r a n s f e r  area p resen ted  by  
t h e  smal l  d r o p l e t s  p e r m i t s  hea t  exchanger 
e f f e c t i v e n e s s  o f  0.9-0.95 i n  a  compact, 1  i g h t w e i g h t  
geometry which avo ids  many o f  t h e  l i m i t a t i o n s  of 
conven t i ond l  p l a t e  and f i n  o r  t u b e  and s h e l l  hea t  
exchangers,  such as t h e i r  tendency toward s i n s 1  e 
p o i n t  f a i l u r e .  The a p p l i c a t i o n  o f  t h e  LDHX i n  a 
h i g h  temperature  B r a y t o n  c y c l e  i s  d iscussed t o  
i 1 l u s t r a t e  t h e  performance arld o p e r a t i o n a l  
c h a r a c t e r i s t i c s  o f  t h i s  new hea t  exchanger concept.  

I. I n t r o d u c t i o n  

Heat  exchange rep resen ts  o n t  or t h e  most 
c h a l l e n g i n g  problems i n  t h e  des ign  o f  space p r ime  
power systems, Even t h e  most advanced concepts f o r  
t he rma l  management i n  space i nvoke  heat exchanger 
des igns  o f  t he  conven t j ona l  p l a t e  and f i n  o r  t ube  
and s h e l l  type, wh i ch  i n v o l v e  h e a t  t r a n s f e r  t h r o u g h  
s o l  i d  surfaces. Such des i  yns a r e  temperature-  
l i m i t e d  by m a t e r i a l s  c o n s i d e r a t i o n s ,  impose 
s i g n i f i c a n t  p ressu re  drops, and t e n d  t o  be complex 
and heavy. They a r e  a l s o  s u s c e p t i b l e  t o  s i n g l e  
p o i n t  f a i l u r e .  - Compromises i n '  heat exchanger 
e f f e c t i v e n e s z  must u s u a l l y  be made t o  assure l o n g -  
t e r m  r e 1  iab'l l i t y .  These problems present  s e r i o u s  
b a r : ' i e r s  t o  t h e  development o f  successfu l  space 
power systems. 

S tud ies  o f  i n t e r n a l  t he rma l  management i n  
space systems, c a r r i e d  out a t  t h e  U n i v e r s i t y  o f  
Washington, have i n d i c a t e d  t h a t  t h e  c l a s s i c a l  1 i m i -  
t a t i o n s  o f  conven t i ona l  heat  exchangers can be 
c i rcumvented by u s i n g  d i r e c t - c o n t a c t  heat t r a n s f e r  
between f i n e  d r o p l  e t s  o f  a  low-vapor -pressure  
l i q u i d  and an i n e r t  work ing gas.' A  dev i ce  based on 
t h i s  p r i n c i p l e ,  t h e  l i q u i d  d rop l  e t  heat exchanger 
(LDHX), has been conce ived i n  wh i ch  a  u n i f o r m  sp ray  
o f  l i q u i d  d r o p l e t s  f l ows  c o u n t e r c u r r e n t  t o  a  gas 
and t h e  two media, i n  d i r e c t  con tac t ,  exchange 
energy by convect ion.  The l a r g e  hea t  t r a n s f e r  a rea  
p r e s e n t e d  by t h e  m u l t i t u d e  o f  d r o p l e t s  pe rm i t s  h i g h  
hea t  exchanger e f f e c t i v e n e s s  i n  a  very compact, 
l i g h t w e i g h t  gesmetty. 

The avoidance o f  heat t r a n s f e r  t h l  ough s o l  i d  
s u r f a c e s  a l lows o p e r a t i o n  o f  t h e  LDHX a t  tempera- 
t u r e s  be,yond t h e  c a p a b i l i t i e s  o f  conven t i ona l  h e a t  
exchangers. P ressu re  losses a r e  g r e a t l y  reduced 

s i n c e  t h e  hea t  t r a n s f e r  media do n o t  have t o  
t r a v e r s e  a  m u l t i t u d e  o f  l o n g  and nar row passages ov 
tubes. Fur tkermore,  t h e  absence o f  t hese  
components d i m i n i s h e s  t h e  chances o f  s i n g l e  p o i n t  
f a i l u r e  and o f f e r s  s i g n i f i c a n t  r e d u c t i o n s  i n  heat 
exchanger mass. 

The p r i n c i p a l  des ign  requ i rement  o f  a  d i r e c t -  
con tac t  heat  exchanger i s  e f f e c t i v e  sepa:ation o f  
t h e  heat exchange media f o l l o w i n g  hea t  t r a n s f e r .  
To ach ieve t h i s  i n  t h e  zero-g env i ronment  o f  space, 
a  v o r t e x  chamber c o n f i g u r a t i o n  i s  proposed f o r  t h e  
LDHX i n  wh ich  t h e  s w i r l i n g  gas dnduces a  
c e n t r i f u g a l  f o r c e  on r a d i a l l y  i n j e c t e d  d r o p l e t s ,  
d r i v i n g  them t o  t h e  pe r i phe ry ,  where t h e y  a r e  
removed a f t e r  c o a l e s c i n g  i n t o  a  l i q u i d  f i l m .  T h i s  
c o n f i g u r a t i o n  r e s u l t s  i n  ve ry  compact 1  i g h t - w e i  gh t  
des igns which a re  s u i t a b l e  f o r  e f t h e r  h e a t i n g  o r  
c o o l i n g  a  wo rk ing  gas i n  such a p p l i c a t i o n s  as 
Bray ton c y c l e s  o r  c r y o g e n i c  cyc les .  

Th is  paper p resen ts  t h e  r e s u l t s  o f  
i n v e s t i g a t i o n s  o f  t h e  LDHX f o r  a  power c y c l e  
a p p l i c a t i o n ,  i .e., hea t  a d d i t i o n  and heat  r e j e c t i o n  
i n  a  B ray ton  cyc le .  The geometry and p r i n c i p l e  of 
t h e  LDHX a r e  desc r i bed  f i r s t ,  f o l l o w e d  by a  rev iew 
o f  t h e  c h o i c e  o f  d r o p l e t  media and techn iques  f o r  
t h e  g e n e r a t i o n  o f  d r o p l e t s .  The a p p l i c a t i o n  o f  t h e  
LDHX i n  t h e  B ray ton  c y c l e  i s  t h e n  d i scussed  and t h e  
o p e r a t i o n a l  c h a r a c t e r i s t j c s  o f  t h e  LDHX a r e  
presented. F i n a l l y ,  an exper imenta l  program t o  
eva lua te  v o r t e x  chamber f l o w  i s  desc r i bed .  

11. The L i q u i d  D rop le t lGas  Heat Exchanger 

Severa l  c o n f i g u r a t i o n s  f o r  t h e  LDHX have been 
i n v e s t i g a t e d ,  u s i n g  va r i ous  p r i n c i p l e s  f o r  
sepa ra t i on  o f  d r o p l e t s  and gas i n  t h e  zero-g  space 
environment.  Among t h e  most p r o m i s i n g  o f  t hese  i s  
a  c o n f i g u r a t i o n  s i m i l a r  t o  cyc lone  d u s t  separa tors .  
Cyclone sepa ra to rs  a r e  commonly used i n  ear thbased 
i n d u s t r i a l  p l a n t s  and power s t a t i o n s  t o  e f f i c i e n t l y  
and i n e x p e n s i v e l y  sepa ra te  p a r t i c u l a t e s  f rom dus t -  
l aden  gases.2 Sepa ra t i on  i s  due t o  s w i r l  o f  t h e  gas 
and t h e  r e s u l t i n g  c e n t r i f u g a l  f o r c e s  a c t i n g  on t h e  
p b r t i c u l  a tes .  

F i g u r e  1 shows a  schematic o f  t h e  proposed 
LDHX. The work ing  gas i s  i n j e c t e d  t a n g e n t i a l l y  
i n t o  t h e  chamber t h rough  a  s e r i e s  o f  l o n g i t u d i n a l  
i n l e t  p o r t s  a t  t h e  p e r i p h e r y  o f  t h e  chamber, 
p roduc ing a  s w i r l i n g  f low.* The gas s p i r a l s  i nward  
t o  a  c e n t r a l  t u b u l a r  man i fo ld  where i t  e x i t s  t h e  
chamber t h rough  seve ra l  exhaust p o r t s .  The 1  i q u i d  
d r o p l e t s  a r e  i n j e c t e d  r a d i a l l y  outward i l l t o  t h e  
s w i r l i n g  gas f rom an a r r a y  o f  o r i f i c e s  on t h e  w a l l s  

31n a  p r a c t i c a l  d e v i c e  t h e  i n l e t  duc t s  would 
probab ly  n o t  be d i s c r e t e ,  as shown i n  F i g .  1, b u t  
would be p a r t  o f  a  s c r o l l - t y p e  gas i n l e t  man i fo ld .  



of t h e  centra l  manifold. The w a l l s  o f  t h i s  
conlponent are hol low and f u n c t i o n  as t h e  l i q u i d  
i n j e c t i o n  manifold. The d r o p l e t s  ga in  tangen t ia l  
momentum from t h e  drag o f  t h e  gas v o r t e x  and are 
d r i v e n  outward by t h e  r e s u l t i n g  c e n t r i f u g a l  force, 
t h u s  f o l l o w i n g  expanding s p i r a l  paths. During 
t h e i r  t raversa l  of the  LDHX chamber t h e  d rop le ts  
exchange heat convect ive ly  w i t h  the  work ing gas. 
Since the  net gas flow i s  r a d i a l l y  inward and t h e  
n e t  d rop le t  f low i s  r a d i a l l y  outward t h e  LDHX 
behaves as a  counterf low heat  exchanger. Upon 
reaching t h e  per iphery t h e  d r o p l e t s  coalesce i n t o  a  
r o t a t i n g  l i q u i d  f i l m  which i s  drawn o f f  through a  
s e r i e s  o f  shallow skimmers set  i n t o  t h e  curved 
w a l l .  The c o l l e c t e d  l i q u i d  i s  cont inuously  pumped 
back t o  the heat source o r  heat r e j e c t i o n  syst.em, 
depending on the  a p p l i c a t i o n  o f  t h e  LDHX. 

As ind ica ted  above, hea t  t r a n s f e r  i n  t h e  LDHX 
can occur i n  e i t h e r  d i r e c t i o n ,  i.e., gas cpn be 
heated by hot d rop le ts  o r  c o l d  d rop le ts  can be slsed 
t o  e x t r a c t  waste heat from a  working gas. Pac the 
l a t t e r  case the LDHX can be i n t e g r a t e d  w i t h  3 
1 i q u i d  drt  ? l e t  r a d i a t o r  (LDR)3a4 so t h a t  waste heat 
i s  rad ia ted  d i r e c t l y  by t h e  heat exc'langer l i q u i d ,  
i n  t h e  form o f  a  d r o p l e t  cloud. 

A  quasi-one-dimensional, two-phase f l o t l  model 
o f  t h e  LDHX has been formulated f o r  use I n  
parametr ic  s tud ies aimed a t  developing p r a c t i c a l  
and e f f e c t i v e  design con f igu ra t ions .  The model 
inc ludes  two c o n t i n u i t y  equatiuns f o r  t h e  ne t  
r a d i a l  f low o f  gas and d rop le ts ,  f o u r  momentum 
equat ions - one f o r  r a d i a l  momentum and one f o r  
angular  momentum f o r  each o f  the  two media - and 
two energy equations, one f o r  each medium. The 
volume f r a c t i o n  occupied by t h e  d rop le ts  i s  assumed 
t o  be less  than 1%. The i d e a l  gas law i s  assumed 
and curve f i t s  t o  tabu la ted  data5 a re  used t o  
determine the  vl"scosity and thermal c o n d u c t i v i t y  o f  
t h e  gas as function-, o f  temperature. The losses 
caused by shear a t  t h e  end w a l l s  are averaged over 
t h e  t o t a l  f low a t  each r a d i a l  s ta t ion ,  and the  
losses  caused by shear a t  t h e  c y l i n d r i c a l  w a l l  are 
accounted f o r  by a  j e t  recokery f a c t o r  which 
r e l a t e s  the i n l e t  gas v e l o c i t y  t o  the  per iphera l  
v e l o c i t y  o f  the  vortex.6 Wall f r i c t i o n  a t  the  
c e n t r a l  mani fo ld  i s  not inc luded,  as i t s  e f f e c t  on 
t h e  f low i s  small. The i n t e r a c t i o n  o f  t h e  d rop le ts  
and t h e  gas i s  inc luded as drag terms i n  the  
respec t i ve  momentum equations. The standard drag 
c o e f f i c i e n t  curve f o r  s i n g l e  spheres i s  used.2 The 
w a l l  f r i c t i o n  c o e f f i c i e n t  i s  determined from t h e  
B l a s i u s  expression f o r  t u r b u l e n t  f low over  a  f l a t  
p la te.6 Heat t r a n s f e r  between d rop le ts  and gas i s  
assumed t o  f o l l o w  t h e  Nussel t  71mber c o r r e l a t i o n  
f o r  s i n g l e  ~ p h e r e s . ~  

Secondary f lows have n o t  been inc luded  as yet.  
It i s  wel l  known t h a t  i n  s i n g l e  phase (gas on ly )  
con f ined  vortexes wa l l  f r i c t i o n  g ives r i s e  t o  
secondary f lows which, under c e r t a i n  c i  rcumstances, 
such as very low l e n g t h  t o  diameter r a t i o s  and h igh 
mass flows, can s i g n i f i c a n t l y  a l t e r  t h e  gas 
s t reaml ine   pattern^.^ I n  t h e  type o f  two-phase 
counter-current  vor tex considered here t h e  d r o p l e t s  
have a  f i r s t  order e f f e c t  on the  gas v e l o c i t y  
p r o f i l e s .  The drag o f  the  d r o p l e t s  on t h e  gas i s  
much greater  than the  drag a t  the w a l l s  o f  the 
chamber, and dominates t h e  f low. The tangen t ia l  
gas v e l o c i t y  p r o f i l e ,  f o r  example, i s  s u b s t a n t i a l l y  
d i f f e r e n t  from t h a t  o f  a  f r e e  o r  conf ined pure gas 
vor tex.  It i s  expected t h a t  the  presence o f  the  
d r o p l e t s  w i l l  s i g n i f i c a n t l y  a l t e r  t h e  secondary 

f low e f f e c t s  but t h i s  must be v e r i f i e d  by 
experiments. 

The quasi 1-0 computations have shown t h a t  f o r  
a  spec i f i ed  power ra t ing ,  t h e  diameter o f  an LDHX 
i s  governed by many parameters, such as t h e  d r o p l e t  
diameter, d e n s i t y  and s p e c i f i c  heat, t h e  r a d i a l  and 
t a n g e n t i a l  components o f  dropl e t  i n j e c t i o n  velo- 
c i t y ,  t h e  i n 1  e t  v e l o c i t y  and thermodynamic 
p roper t ies  o f  t h e  gas, t h e  temperature drops across 
t h e  two media, t h e  temperature d i f fe rences  between 
t h e  media, t h e  r e l a t i v e  mass f low r a t e s  o f  the  two 
media and t h e  he igh t  o f  t h e  chamber. The i n t e r p l a y  
o f  the  parameters l i s t e d  above i s  complex and has 
been studied e m p i r i c a l l y  f o r  a  v a r i e t y  o f  p o t e n t i a l  
app l i ca t ions .  I n  general,  i t  appears t h a t  d rop le ts  
i n  the 100-300 pm range r e s u l t  i n  LDHX conf igura-  
t i o n s  o f  i n t e r e s t  i n  t h e  m a j o r i t y  o f  cases. 

111. D r o p l e t  Media and Generation 

The d r o p l e t  mate r ia l  must remain l i q u i d  i n  the  
range desi red f o r  an operat ing temperature. It 
must a lso  be i n e r t  a t  h igh  temperature w i t h  respect 
t o  the working $as and should have a  low vapor 
pressure (t2xPO- t o r r )  t o  avoid contaminat ion o f  
t h e  gas i n  the  heat exchanger. L i q u i d  metals and 
e u t e c t i c  a l l o y s  i n  contact w i t h  noble gases 
genera l l y  meet these c r i t e r i a  f o r  temperatures 
above about 350°K.8 For temperatures above 505OK 
and up t o  -1300°K t i n  appears t o  be the most 
s u i t a b l e  m a t e r i a l  due t o  i t s  extremely low vapor 
p r e ~ s u r e . ~  For tempepatures i n  the  350-600°K range 
a v a r i e t y  o f  low m e l t i n g  p o i n t  e u t e c t i c  a l l o y s  are 
a ~ a i l a b l e . ~  L i th ium i s  s u i t a b l e  between 470°K and 
600°K and s i l i c o n e  o i l s  could be used i n  the  
270-350°K range. The media s u i t a b l e  f o r  lower tem- 
pera tu re  app l i ca t ions  would be used i n  heat 
r e j e c t i o n  appl i ca t iens .  These same media have been 
considered f o r  use i n  the  l i q u i d  d rop le t  r a d i a t o r  
concept. 3 94 

Proper operat ion o f  the LDHX requi res t h a t  
d r o p l e t s  be n e i t h e r  c a r r i e d  out of t h e  device w i t h  
t h e  gas stream nor be allowed t o  leave t h e  heat 
exchanger w i thou t  having exchanged t h e  desi red 
amount o f  thermal energy w i th  the gas. The heat 
capaci ty ,  heat t r a n s f e r  ra te,  and t o t a l  t r a n s i t  
t ime  o f  d r o p l e t s  i n  t h e  heat exchanger depend 
s t r o n g l y  on t h e  p roper t ies  o f  the  d r o p l e t  m a t e r i a l ,  
d rop l  e t  size, dropl  e t  i n j e c t i o n  v e l o c i t y  and 
t a n g e n t i a l  gas v e l o c i t y  p r o f i l e .  The generat ion o f  
un i fo rm d r o p l e t s  i s  essen t ia l  f o r  opt imal LDHX 
design and operat ion, p a r t i c u l a r l y  i n  the zero-g 
env i  ronment. 

P r a c t i c a l  techniques e x i s t  which can be used 
t o  produce un i fo rm ly  s ized dropl e t  streanis i n  a  
heat exchanger. The 1 i q u i d  medium i s  i n j e c t e d  
through a  l a r g e  number o f  small o r i f i c e s  anc the  
r e s u l t i n g  streams caused t o  break up i n t o  a  se r ies  
o f  un i form drops by induc ing  regu la r  per tu rba t ions  
i n  the  emerging j e t s  w i t h  a  v ib ra to r . "  Such a  
scheme i s  used i n  i n k - j e t  p r i n t e r s  t o  produce 
accura te ly  aimed streams o f  f r o p l e t s  <50 pm i n  
diameter a t  ra tes  up t o  10 Hz.12 Experimental 
s tud ies  o f  d r o p l e t  format ion w i t h  mercury and 
s i l i c o n e  o i l s ,  c a r r i e d  out a t  t h e  U n i v e r s i t y  o f  
Washington, have demonst ra ted  t h a t  excel 1  ent 
c o n t r o l  o f  d r o p l e t  s i z e  and spacing can be e a s i l y  
achieved by a c o u s t i c a l l y  d r i v i n g  t h o  i n j e c t o r  
plenum w i t h  a  p i e z o e l e c t r i c  c r y s t a l  .4 F igure  2 
shows photographs o f  mercury d r o p l e t  streams 
(200 pm d r o p l e t  diameter) w i t h  and w i thou t  
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obta ined w i t h  s i l i c o n e  o i l s .  

It should be noted a t  t h i s  p o i n t  tha t ,  f o r  
t h o s e  LDHX appl i catiol-1s i n v o l  v i n y  1 i q u i d  metals, 
t h e  compat ib i l i t y  o f  the l i q u l d  metals w i t h  t h e  
m a t e r i a l s  o f  the  pifl lping system and heat exchanger 
has t o  be care fu l  l y  considered. Components exposed 
t o  l i q u i d  metal contact  must be made o f ,  o r  
p ro tec ted  by, m a t e r i a l s  r e s i s t a n t  t o  corrosion, 
such as tungsten, molybdenum, zirconium o r  a1 loys  
t h e r e o f  I n  each appl i c a t i o n  range m a t e r i a l s  
c o m p a t i b i l i t y  must be an impor tant  aspect o f  the  
design. 

I V .  Sample App l i ca t ions  

Since the  performance, s p e c i f i c  mass, and 
long- term re1 i a b i l  i t y  o f  space Brayton cyc les are 
l a r g e l y  governed by t h e  corresponding parameters o f  
t h e  cyc le ' s  heat exchangers, i t  was f e l t  t h a t  t h i s  
i s  an app l i ca t ion  area where t h e  l i q u i d  d r o p l e t  
h e a t  exchanger coul d have a s i g n i f i c a n t  benef i c i  a1 
impact.  Indeed, a primary aim o f  our research 
program i s  t o  i n v e s t i g a t e  the p o t e n t i a l  use o f  t h e  
LDHX i n  Brayton cyc les and t o  develop LDHX c o n f i -  
gu ra t ions  o f  p r a c t i c a l  i n t e r e s t .  To 11 l u s t r a t e  an 
example, we present here the r e s u l t s  o f  numerical 
c a l c u l a t i o n s  f o r  two l i q u i d  drop1 e t  heat exchan- 
gers,  one intended f o r  t h e  heat a d d i t i o n  loop  o f  a 
Brayton cycle and t h e  other  f o r  t h e  heat r e j e c t i o n  
l o o p  of the same cyc le ,  as show i n  Fig. 3. 

Brayton Cycle Parameters 

For present purposes a 100 KWe regenerat ive 
Bray ton  cycle was chosen, modeled a f t e r  a system 
devel  ope, by Ai Research-NASA Lewis. 1 3  L i q u i d  
d r o p l e t  heat exchangers and a l i q u i d  d r o p l e t  rad ia -  
t o r  have been s u b s t i t u t e d  f o r  t h e  conventional heat 
exchangers and r a d i a t o r  normally assumed f o r  
BPayton cycles. A conventional recuperator  having 
an ef fect iveness o f  0.92 was assumed f o r  the  t ime 
be ing ;  however, t h e  poss ib le  use o f  d r o p l e t  heat 
exchangers f o r  t h i s  a p p l i c a t i o n  i s  c u r - e n t l y  under 
s tudy.  (An LDHX recuperator  would r e q u i r e  two 
separate LOHX chambers t o  t r a n s f e r  heat between t h e  
h o t  and co ld gas streams.) 

The re levant  c y c l e  parameters are i l l u s t r a t e d  
i n  F ig.  3. Although the  LDHX i s  capable o f  
o p e r a t i n g  a t  temperatures dp t o  130O0K1 ( t h i s  1 i r n i t  
i s  determined by t h e  maxirym acceptable vapor 
pressure of t i n ,  i .e., ~ 2 x 1 0 -  t o r r  a t  1300°K), t h e  
more modest t u r b i n e  i n l e t  temperature o f  llOO°K was 
chosen t o  be cons is ten t  w i t h  c u r r e n t  s t a t e  o f  the  
a r t .  A1 1 other c y c l e  parameters, such as component 
e f f i c i e n c i e s ,  a re  a l s o  w i t h i n  t h e  s t a t e  o f  t h e  a r t .  
The source o f  h e a t h a s  not  been s p e c i f i e d  but 
could,  f o r  example, be a l i q u i d  metal cooled 
n u c l e a r  reactor. 

The pressure drop i n  t h e  recuperator  was 
assumed t o  be 3% f o r  both t h e  hot  and co ld  sides. 
The gas pressure drop i n  t h e  h o t  LDHX tu rned  ou t  t o  
be l e s s  t l ~ ~ n  0.1% b u t  was assumed t o  be 0.5% i n  t h e  
c y c l e  ca lcu la t ions  t o  account f o r  pressure drops i n  

" f h e v e r y  low pressur5 drops are a r e s u l t  o f  t h e  
low gas flow v e l o c i t y  and d r o p l e t  l oad ing  i n  the 
two devices. For example, t h e  maximum t a n g e n t l a l  
v e l o c i t y  o f  t h e  gas i n  e i t h e r  dev ice i s  on ly  113 t o  
1/10 o f  tha t  found i n  t y p i c a l  cyc lone separators. 

t h e  pressure drop was taken ti be I%.* Under these 
cond i t i ons  the  thermal e f f i c i e n c y  o f  the cycle i s  
39.3%. This  h igh  e f f i c i e n c y  i s  l a r g e l y  a r e s u l t  o f  
t h e  low heat r e j e c t i o n  temperature made poss ib le  by 
t h e  use o f  an LOR. I f  conventional heat exchangers 
w i t h  t y p i c a l  pressure losses o f  3% are  assumed, t h e  
cyc le  e f f i c i e n c y  i s  36.1%. Thus t h e  use o f  d rop le t  
heat exchangers r e s u l t s  i n  an improvement o f  cyc le  
e f f i c i e n c y  o f  more than  th ree  percentage points .  

LDHX Parameters ahd Resul ts  

The working gas i s  a m i x t u r e  o f  72% He and 
28% Xe (molecular weight = 39.6) and i s  heated a t  
10 atm by mol ten t i n  d rop le ts  i n j e c t e d  i n t o  the 
h igh  temperature LDHX a t  1125OK. The gas in !et  and 
e x i t  temperatures are 831°K and llOO°K, respcc- 
t i v e l y .  The t i n  leaves t h e  device a t  856O~. 
Assuming an a l t e r n a t o r  e f f i c i e n c y  o f  0.95, t h e  hot 
LDHX must t r a n s f e r  268 KWth f o r  a net e l e c t r i c a l  
power output  o f  100 KWe. For a l i q u i d l g a s  thermal 
capacitance r a t i o  o f  1.0 t h i s  thermal power leve l  
requ i res  a mass f low o f  t i n  o f  3.84 kg/sec and a 
mass f low o f  gas o f  1.9 kglsec. 

I n  t h e  heat r e j e c t i o n  LDHX, d r o p l e t s  composed 
o f  Dow 705 s i l i c o n e  o i l  are i n j e c t e d  a t  280°K. The 
gas i n l e t  and e x i t  temperatures are 464OK and 
300°K, r e s p e c t i v e l y ,  and t h e  gas e x i t  pressure i s  
4.80 atm. The o i l  i s  heated t o  344OK and pumped t o  
t h e  l i q u i d  d rop le t  rad ia to r .  To r e j e c t  the  163 KW 
o f  waste heat an o i l  mass f low r a t e  o f  1.82 kg/sec 
i s  required. 

For t h e  condi t ions summarized above, a 
parametr ic study f o r  each LDHX has teen c a r r i e d  out  
f o r  a range o f  d r o p l e t  s izes (100-300 pm), 
i n j e c t i o n  v e l o c i t i e s  (5-10 m/sec), chamber heights 
(10-25 cm) , c e n t r a l  mani fo ld  diameters (10-20 cm) 
and t a n g e n t i a l  gas v e l o c i t i e s  a t  the  centra l  
man i fo ld  (5-20 mlsec). Table I summarizes the 
i n p u t  parameters and p e r t i n e n t  r e s u l t s  f o r  the hot 
and co ld  LDHX f o r  one set o f  cases. The r e s u l t s  
presented i n  these examples have no t  been opt imized 
bu t  do r e f l e c t  p r a c t i c a l  designs which are being 
examined f u r t h e r .  

The small dimensions o f  the  LDHX chambers are 
p a r t i c u l a r l y  noteworthy. The external  dimensions 
o f  t h e  devices w i l l  be somewhat g rea te r  due t o  the 
presence o f  s t r u c t u r a l  elements and t h e  1 i q u i d  and 
gas man i fo l  ds. Fur ther  reduct ions i n  s ize appear 
poss ib le  through j u d i c i o u s  choice o f  operat ing 
parameters. Since d e t a i l e d  designs f o r  the LDHX 
and associated components have not y e t  been 
developed f o r  the appl i cat ions presented here, an 
accurate assessment o f  s p e c i f i c  masses i s  d i f f i c u l t  
t o  make a t  t h i s  time. As a f i r s t  est imate, i t  i s  
reasonable t o  assume an LDHX mass equal t o  t h a t  o f  
t h e  outer  pressure s h e l l  o f  a conventional heat 
exchanger o f  equal thermal capacity.  Because the 
LDHX does n o t  incorpora te  the  complex i n t e r n a l  
plumbing o f  a conventional heat excha~ger ,  i t s  
s p e c i f i c  mass may be as low as one-tenth o f  t h a t  o f  
an equiva lent  conventional heat exchanger. 

V e l o c i t y  and temperature p r o f i l e s  i n  the two 
devices are shown i n  Figs. 4-5. I n  both cases the  
t a n g e n t i a l  gas v e l o c i t y  p r o f i l e s  are markedly 
d i f f e r e n t  from those o f  a f r e e  vor tex,  p a r t i c u l a r l y  
i n  the  hot  LDHX (Fig. 4). The tangen t ia l  y e l o c i t y  
o f  the  gas i n  t h e  hot  LDHX decreases r a p i d l y  
immediately upon en te r ing  t h e  chamber periphery. 



Th is  i s  due t o  t h e  drag exer ted  by t h e  l i q u i d  metal 
d r o p l e t s  on the  gas. As t h e  gas s p i r a l s  in, i t s  
t a n g e n t i a l  v e l o c i t y  reaches a  minimum approximately 
ha l fway t o  t h e  cen t ra l  mani fo ld  and t h e n  begins t o  
increase as the  conservat ion o f  anyular  momentum 
overcomes the  drag o f  t h e  droplets. The inward 
r a d i a l  component of gas v e l o c i t y  increases f a s t e r  
t h a n  the inverse  o f  the  rad ius,  because the  gas 
d e n s i t y  decreases w i t h  decreasing r a d i u s  as a  
r e s u l t  o f  t h e  heating. Fo l low ing  t h e  d rop le ts  
outward f r o n ~  t h e  cen t ra l  man i fo ld  one sees t h a t  
t h e i r  tangen t ia l  v e l o c i t y  a t  f i r s t  decreases w i t h  
inc reas ing  radius,  approx imate ly  f o l l o w i n g  t h e  
e lope  of the  tangen t ia l  gas v e l ~ c i t y  curve. About 
midway t o  t h e  periphery, where the d r o p l e t s  begin 
t o  see an increase i n  t h e  t a n g e n t i a l  gas v e l o c i t y ,  
t h e  droplet  tange t l t i a l  v e l o c i t y  i n c r e ~ s e s  a l s o  as a  
r e s u l t  o f  the  increasing drag o f  t h e  gas on the  
d rop le ts .  The r a d i a l  v e l o c i t y  o f  t h e  d rop le ts ,  
a f t e r  a  s l i g h t  increase near the  mani fo ld ,  
decreases w i t h  inc reas ing  rad ius  f o r  a  considerable 
distance. This  i s  due t o  t h e  f a c t  t h a t  over much 
o f  the  r a d i a l  dimension o f  t h e  chamber the  r a d i a l  
d r a g  component on the  d rop le ts  exceeds the  
c e n t r i f u g a l  for4ce. It i s  on ly  uhere t h e  t a n g e n t i a l  
v e l o c i t y  o f  t h e  droplets  begins t o  s i g n i f i c a n t l y  
increase, thus increasing t h e  c e n t r i f u g a l  force, 
t h a t  the d r o p l e t s  un lergo a  r a d i a l  accelerat ion.  

The temperature p r o f i l e s  i n  t h e  ho t  LDHX 
r e f l e c t  t h e  dynamic behavior  o f  t h e  gas and 
d rop le ts .  The steepening o f  the  slope o f  the  tem- 
pera tu re  p r o f i l e s  w i t h  inc reas ing  r a d i u s  i s  a  
r e s u l t  o f  the  d im in ish ing  r a d i a l  v e l o c i t y  o f  the  
d rop le ts ,  

I n  the co l?  I.DHX, t h e  d rop le ts  have l e s s  
i n f l u e n c e  on t h e  gas dynamics. The t a n g e n t i a l  gas 
v e l o c i t y  increases monoton ica l l y  w i t h  decreasing 
rad ius ,  though much more s'lowly than i n  a  f r e e  
v o r t e x  or even a  pure gas vor tex i n  the  same 
chamber. It i s  ev ident  t h a t  t h e  draq o f  t h e  

mate r ia l  through evaporation. Both these 
requirements d i c t a t e  the use o f  m a t e r i a l s  having 
very low vapor pressures. Since the  decrease of 
vapor pressure w i t h  decreasing temperature i s  very 
steep f o r  a l l  media o f  i n t e r e s t ,  most o f  t h e  
evaporat ion occurs a t  the  hot  end o f  the d r o p l e t  
heat exchanger. 

Consider the  vapor i za t ion  o f  t i n  i n  the h igh 
temperature LDHX. Assuming t h a t  the  working gas 
l e a v i n g  t h e  heat exchanger I s  saturated w i t h  t i n  a t  
t h e  vapor pressure corresponding t o  the h ighest  
d r o p l e t  temperature (1125OK) ,* t h e  volume f l o w  
r a t e s  o f  t i n  vapor and working gas w i l l  be i n  the 
same r a t i o  as t h e i r  respect ive p a r t i a l  pressures, 
Psn and Pg. I n  the  present case 
Psn = 3 .5~10-6 to r r9  and Pg = 10 atm. Assuming 
i d e c l  gas behavior i t  can be shown t h a t  the mass 
f l o w  r a t e  o f  t i n  vapor out o f  the  LDIiX i s  only 
2.5~10-9 kg/sec. For a  5  yehr  l i f e t i m e  t h i s  
amounts t o  dn evaporat ion o f  on ly  0,4 kg of t i n .  

Since the  vapor i s  trapped i n  the closed gas 
loop the  t i n  i s  not l o s t  tram t h e  system. The 
vapor w i l l  condense i n  t h e  colde?. ~ornponents o f  the  
system. I f  the  vapor pressure o f  tha t i n  were t o  
ra s i n  i n  e q u i l i b r i u m  w i t h  the gas temperature, 
v i r t u a l l y  a l l  o f  i t  would condense i n  the tu rb ine .  
However, because o f  the r a p i d i t y  o f  the gas flow 
through t h e  tu rb ine ,  t h e  t i n  vapor would l i k e l y  be 
supercooled and condense downstream o f  the  turbqne 
as a  very d i l u t e  m i s t  o f  submicron d rop le ts  which 
would be en t ra ined  i n  t h e  gas f low. 

The evaporat ion loss o f  the  s i l i c o n e  o i l  i n  
t h e  low temperature LDHX can be ca lcu la ted  i n  the 
same manner as above. The va o r  pressure o f  the 
o i l  a t  344OK i s  2 . 8 ~ 1 0 - 7 t o r r l p  and i t s  molecular  
weight i s  546, thus the  mass l o s s  r a t e  of o i l  i s  
ca lcu la ted  t o  be 1.7~10-9kg/sec o r  0.27 kg aver 5  
years, again a  t r i v i a l  amount. 

s i  1  icone o i l  drop1 e t s  i s  no t  s u f f i c i e n t  - t o  cause L iq l r id  Pumping Power Requirements 
t h e  rad ica l  changes observed i n  the  ho t  LDHX, This  
d i f fe rence  i n  the dynamics o f  the hot  and co ld  The power requi red f o r  i n j e c t i o n  o f  the  
devices i s  l a r g e l y  due t o  the  much lower  densi ty  l i q u i d s  i n t o  t h e  two heat exchangers was ca lcu la ted  
(1.09 g/cm3) and rmch h igher  s p e c i f i c  heat by assuming laminar  f l ow through c a p i l l a r y  o r i f i c e s  
(0.334 ",l/g°K) o f  t h e  o i l  d r o  ' le ts  r e l a t i v e  t o  t h e  having l e n g t h  t o  diameter r a t i o s  o f  3.5. The power 

respec t i ve ly ) .  
S t i n  d rop le ts  (6.8 g/cm ; 0.062 cal/g/OK requ i red  f o r  t i n  i n j e c t i o n  i s  383 W and f o r  o i l  

i n j e c t i o n  i t  i s  254 W. 

It i s  we l l  known t h a t  l i q u i d  d r o p l e t s  i n j e c t e d  
i n t o  a  gas stream w i l l  s h a t t e r  i f  t h o  aerodynamic 
f o r c e s  a c t i n g  on the d r o p l e t s  are s u f f i c i e n t l y  
high.14 Such a  s i t u a t i o n  i s  n a t u r a l l y  t o  be avoided 
i n  an LDHX. I n  the  sample cases presented here, 
t h e  s l i p  v e l o c i t y  between t h e  gas and d rop le ts  i s  
1  ow enough a t  a l l  r a d i i  t h a t  no aerodynamic d r o p l e t  
breakup occurs i n  e i t h e r  device. S i m i l a r l y ,  t h e  
c o l l  i s i o n  dynamics o f  t h e  d rop le ts  w i t h  t h e  
r o t a t i n g  l i q u i d  f i l m  a t  t h e  per iphery  o f  t h e  
chamber i s  such tha t  610 sp lashing occurs. 
Estimates o f  l i q b ~ d  f i l m  th icknesses a t  t h e  
pei.,lphery i n d i c a t e  t h a t  i n  t h e  hot  LOHX t h e  f i l m  o f  
l i q ~ i d  t i n  w i l l  b u i l d  up t o  a  maximum o f  -0.5 mn a t  
each skimmer and i n  the c o l d  LDHX t h e  maximum o i l  
f i l m  th ickness w i l l  be -0.8 mm. 

Evaporat ion Losses 

The choice of a  d r o p l e t  medium f o r  a  g iven 
temperatxre range i s  l a r g e l y  determined by t h e  
necessi ty  t o  avo id  s i g n i f i c a n t  contaminat ion o f  t h e  
working gas and t o  minimize the  loss  o f  d r o p l e t  

The t ranspor t  losses i n  in te rconnec t ing  p ipes 
were ca lcu la ted  by assuming t u r b u l e n t  p ipe  f l o w  f o r  
both the t i n  and t h e  o i l .  Assuming a  smooth pipe 
o f  2.5 cm d i a  x  5  m long f o r  each l i q u i d  loop,** 
t h e  power requi red t d  overcome p ipe f r i c t i o n  i s  
-45 W. Thus, t h e  combined i n j e c t i o n  and t r a n s p o r t  
losses amount t o  only -682 W o r  -0.7% o f  the  net 
power output  o f  t h e  Brayton cycle. 

'The gas w i l l  a c t u a l l y  be supersaturated w i t h  t i n  
vapor because the gas temperature i s  25OK co lder  
than  t h e  d r o p l e t  temperature. 
**Only t h a t  p a r t  o f  the o l l  loop i n  the immediate 
v i c i n i t y  o f  t h e  LDHX has been included. The actual  
l e n g t h  o f  p i p i n g  f o r  o i l  t r a n s p o r t  i s  g rea te r  than 
5  m but  i s  considered p a r t  o f  t h e  LDR system. 



V.  Experimental Program 

The quasi -one-dimensi onal  analys is  descr ibed 
e a r l i e r  i n  t h i s  paper i s  o n l y  t h e  f i r s t  s tep  i n  our  
understanding o f  the  gas and d rop le t  dynamics i n  
t h e  LDHX. The model i s  based on a  number of 
assumptions whose v a l i d i t y  must be checked w i t h  
experimental observations. Of p a r t i c u l a r  i n t e r e s t  
i s  t h e  nature o f  secondary flows and t h e i r  e f f e c t  
on t h e  gas and d r o p l e t  s t reaml  ines. 

A  small - sca le  vor tex chamber i s  be ing bui  1  t 
f o r  t h e  purpose o f  i n v e s t i g a t i n g  t h e  two-phase f low 
dynamics o f  t h e  LDHX. Th is  f i r s t  experimental 
d e v i c e  does no t  invo lve  heat  t rans fe r .  F igure 6  
shows a  photograph o f  t h e  p a r t i a l l y  completed 
v o r t e x  chamber. The top and bottom p l a t e s  o f  t h e  
d e v i c e  are made o f  P l e x i g l a s  t o  permi t  f l ow 
v i s u a l i z a t i o n  s tud ies.  One o f  the p l a t e s  w i l l  be 
equipped w i t h  an a r ray  o f  pressure taps t o  measure 
t h e  r a d i a l  s t a t i c  pressure p r o f i l e  i n  the  flow. 
The centra l  man i fo ld  has a  diameter o f  7.8 cm and 
t h e  outer wa l l  o f  the chamber has a  diameter o f  
28 cm. The he igh t  o f  the  chamber i s  5.0 cm. The 
work ing  gas i s  a i r  and i s  i n j e c t e d  i n t o  t h e  chamber 
a t  1-2 atm pressure throbgh four  equal ly-spaced 
0.6 cmxL0 cm l o n g i t u d i n a l  p o r t s  a t  t h e  chamber 
per iphery.  A concen t r i c  gas plenum chamber 
surrounds the vor tex  chamber. The gas f l o w  r a t e  i s  
c o n t r o l l e d  by a  sonic o r i f i c e  i n  t h e  gas supply 
1  ine.  

I n i t i a l  t e s t s  w i l l  be c a r r i e d  out w i t h  wate: 
and/or ethylene g l y c o l  as t h e  d r o p l e t  medium. 
Even tua l l y ,  s i  1  icone o i l s ,  and poss ib ly  mercury, 
may be used. F igure  7 !s a  photograph o f  t h e  
c e n t r a l  dropl e t - i n j e c t o r l g a s - e x i t  mani fo ld .  The 
l i q u i d  i s  i n j e c t e d  from small  o r i f i c e s  (100 urn d i a )  
d r i l l e d  i n  the sides o f  3.2 mm 0.0. brass tubes 
which are held i n  grooves machined i n  t h e  man i fo ld  
wa l l .  There a re  24 such tubes ( f o r  c l a r i t y  on ly  6  
a r e  shown i n  F ig .  7), each one w i t h  15 equa l l y  
spaced o r i f i c e s ,  f o r  a  t o t a l  o f  360 i n j e c t o r  
o r i f i c e s .  Each i n j e c t o r  tube can be r o t a t e d  +45' 
about  i t s  own a x i s  t o  a l low t h e  i n j e c t e d  d rop le ts  
t o  be imparted a  tangen t ia l  v e l o c i t y  component as 
w e l l .  h e  l i q u i d  f low r a t e  i s  measured by a  
rotameter  i n  t h e  l i q u i d  f e e d  l i n e .  Acoust ic  
e x c i t a t i o n  f o r  un i fo rm dropl e t  generat ion w i l l  be 
p rov ided  by a  p i e z o e l e c t r i c  transducer (no t  shown) 
a t tached  t o  t h e  c losed  end o f  t h e  c e n t r a l  mani fo ld .  

F igure 7 a1 so shows the gas e x i t  ports. The 
gas i s  exhausted f rom t h e  bottom o f  t h e  matr i fo ld  
and i s  d i rec ted  t o  a  back pressure con t ro l  valve. 
The l i q u i d  f i l m  which forms a t  t h e  per iphery  o f  t h e  
v o r t e x  chamber i s  removed by means o f  f o u r  skimmer 
s l i t s  (adjacent t o  t h e  gas i n l e t  po r ts )  whose con- 
f i g u r a t i o n  i s  s i m i l a r  t o  t h a t  i l l u s t r a t e d  i n  F i g  1. 
The'spent l i q u i d  i s  c o l l e c t e d  f o r  re-use. 

Gas f low parametei-s i n  t h e  vor tex chamber w i l l  
be measured usi.ng p i t o t  and s t a t i c  pressure probes, 
s t a t i c  wal l  pressure p o r t s  and boundary l a y e r  
probes. Secondary f l o w  e f f e c t s  w i l l  be observed by 
a  f l o w  v i s u a l i z a t i o n  technique s i m i l a r  t o  t h a t  f o r  
v i s u a l i z i n g  t h e  d r o p l e t  f low, descr ibed below. 

Droplet  dynamics w i l l  be v i s u a l i z e d  by a  
s t reak  ve loc imetry  technique. l6 The 1  i q u i d  wi 11 be 
doped w i t h  a  s t rong ly  f l u o r e s c e n t  dye such as 
Rhodamine 6G, and t h e  s w i r l i n g  two-phase f l o w  f i e l d  
w i l l  be i l l u m i n a t e d  by an expanded argon-ion l a s e r  
beam which w i l l  be chopped tempora l ly .  The 

d rop le ts  w i l l  thus be i l l u m i n a t e d  by a  pulsed l i g h t  
source and w i l l  f luoresce only d u r i n g  those times 
t h a t  the  chopper l e t s  the l a s e r  beam through. A 
camera w i l l  record the  moving d rop le ts  as 
f l uo resc ing  streaks. These st reaks w i  11 d e f i n e  t h e  
l o c a l  d r o p l e t  streaml ines. From a  knowiedge o f  t h e  
dura t ion  o f  the  l a s e r  pulse, t h e  s t reak lengths 
w i l l  y i e l d  t h e  d r o p l e t  v e l o c i t i e s  a t  any p o i n t  i n  
t h e  f low. This technique w i l l  a l s o  permi t  an 
assessment o f  the e f f e c t s  o f  turbulence on the 
d r o p l e t  dynamics and t h e  ex is tence o f  d r o p l e t  
c o l l i s i o n s  o r  breakup. An aspect o f  t h e  l i q u i d  
i n j e c t i o n  process which w i l l  r ece ive  p a r t i c u l a r  
a t t e n t i o n  i s  the i n t e r a c t i o n  o f  t h e  emerging 1  i q u i d  
j e t s  w i t h  t h e  c ross f low ing  gas stream and t h e  
e f f e c t  of t h i s  crossf low on the  dropl  e t  formation 
process. 

The gas f low w i l l  be s i m i l a r l y  v i s u a l i z e d  by 
seeding t h e  gas w i t h  a  suspension o f  very f i n e  
p a r t i c l e s ,  such as talcum powder.16 Because the 
flow v e l o c i t i e s  i n  the  device w i l l  be r e l a t i v e l y  
low, t h e  very small (5-10 urn) ta lcum p a r t t c l e s  w i l l  
be i n  veloc,:ty e q u i l i b r i l r m  w i t h  t h e  gas f low. The 
pulsed 1  aser 1  i g h t  s ~ i  t t ,er:  qv, s"" the  talcum 
p a r t i c l e s  w i l l  produce ( '  . :a sn a ~ t \o ;sqgr~ph  o f  
t h e  f low, as descr ibed rru ,e, 

F i n a l l y  t h e  imp' ?<.<fi,is:d. Q'S .: trb~gii.+~ . . * h  
t h e  chamber peripha:?, esr tkt. ! % ~ t i '  i ;' 04 t t ~  ! l ~ p ~ o  
f i l m  w i l l  be stui%h1;.8 S - ; I ~ P  t l t ~ f . t ~  t b ~  ~ J G ' v ~  
v i s u a l i z a t i o n  tecCfi+,$~r ans $7 ,j-c?.g 1i41  
conductance f i l m  dsp.:rl ~ C N  t :$%' t 4 ~  

skimmer height  on tht, r l  as:)! t f : ,g .; ' s,jgu$h 
w i l l  be inves t iga ted .  
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Th is  study shows t h a t  d i l '8 i t  . n f a c t  heat 
exchange between a  gas and a  l i q \ ~ : a  heat t r a n s f e r  
medium dispersed i n t o  f i n e  d r o p l e t s  o f f e r s  an 
a t t r a c t i v e  new approar,it t o  thermal management i n  
space. The a b i l i t y  o f  a  1  i q u i d  d r o p l e t  heat 
exchanger t o  t r a n s f e r  heat d i r e c t l y  from a  l i q u i d  
t o  a  working gas over a  wide temperature range 
avoids many o f  t h e  l i m i t a t ~ o n s  o f  convent ional  heat 
exchangers such as t h e i r  tendency toward s i n g l e  
p o i n t  f a i l u r e .  The d r o p l e t  heat exchanger o f f e r s  a  
l a r g e  sur face t o  volume r a t i o ,  a  very low gas 
pressure drop, and h igh  e f fec t i veness  i n  a  compact, 
1  ightwei  ght  geometry. 

It i s  expected t h a t  d rop le t  heat exchangers 
can be developed us ing  avai 1  ab le  techno1 ogy. 
Considerable work i s  requ i red  on a v a r i e t y  o f  
techn ica l  problems t o  develop a  p r a c t i c a l  device, 
however. These problems inc lude i n v e s t i g a t i o n  o f  
t h e  de ta i  1  s  o f  secondary f lows i n  t h e  two-phase 
vortex, t h e  d e t a i l e d  design o f  the gas and l i q u i d  
i n l e t  and o u t l e t  mani fo lds,  t h e  d rop le t  i n j e c t o r ,  
and the l i q u i d  f i l m  skimmers, and t h e  need t o  
examine m a t e r i a l  c o m p a t i b i l i t y  problems. These and 
other  probiems are c u r r e n t l y  be ing addressed i n  a  
program o f  t h e o r e t i c a l  and experimental research on 
t h e  l i q u i d  d r o p l e t  heat exchanger a t  t h e  U n i v e r s i t y  
o f  Washington. 
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Tab le  I. I.DHX Parameters 

k o t  LOHX - Cold LDHX 

Drop le t  Dia. (vm) 1 SO 300 

Drop le t  I n j e c t i o n  V e l o c i t y  
C g r o n e n t s  (mfrec) 

Rad ia l  7 5 
Tangent ial  7 5 

Tangtn t ia l  CIS V e l o c i t y  
a t  Cent ra l  Man i fo ld  (m/rec) 10 I S  

Cent ra l  h n l f o l d  Dia. (cm) YO 10 

Height o f  Chamber (cm) 20 12.5 

Oiameter o f  Chamber (cm) 61,6 31.2 

Size o f  Gas I n l e t  P o r t s  (cm) 1.9*20 3.58112.5 

Ho. of Gas I n l e t  P o r t s  8 8 

Diameter o f  I n j e c t o r  D r l f i c e s  ( m )  80 168 

No. o t  I n j e c t o r  D r l f t c e s  11,440 10,660 

O r i f i c e  Spaciag (n)' 1.91 1,72 

LOHI E f f ~ c t i v e n e s s  0.92 O,R9 

'It war assmed t h a t  213 o f  the  surface area o f  t h e  c e n t r a l  m n l f o l d  i s  
a v a i l a b l e  f o r  d r o p l e t  i n j e c t i o n  and t h a t  the o r l f l c e $  are arranged i n  a 
square pa?tern. 

LIQUID FlLH 
SKIMER TYPICAL DROPLET TRAJECTORIES - 

IllJECTOR ORIFICES 

/ T G p L E T s  
LIQUID 
WTLET GAS OUTLET 

F i g .  1. Schematic o f  v o r t e x - t y p e  1 i q u i d  d rop le t / gas  
h e a t  exchanger.  (On ly  f o u r  d r o p l e t  t r a j e c -  
t o r i e s  shown f o r  c l a r i t y ) .  

F i g .  2. Mercury  d r o p l e t  s t r e a m ,  gene ra ted  
( a )  w i t h o u t  a c o u s t i c  d r i v e ,  ( b )  w i t h  9 kHz 
a c o u s t i c  d r i v e  ( d r o p l e t  d i a m e t e r  =200 vm). 






