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THE CIRCULATING BALLS HEAT EXCHANGER (CIBEX) 

Nahum Gat 
TRW, Space and Technology Group 

Redondo Beach, CA 

Abstract 

The CIBEX heat exchanger consists of a gas 
cooling section (gas generator) and an air 
heating section (air preheater) coupled with a 
stream of solid particles. The stream of 
particles falls through a hot gas stream, picking 
up heat and cooling the gas, then through the air 
stream, heating the latter. The cooled particles 
are then returned to the top of the device and 
the heating/cooling cycle repeated. The paper 
describes the two-phase equations of motion for 
the flow of the spherical particles through the 
fluid. The solid phase is treated as a 
pseudo-gas by using concentrations instead of 
density. The equations are then 
non-dimensionalized and solved by numerical 
integration. The solution gives temperature and 
velocity profiles for the two phases for 
parametric variations in the solid loading and 
the fluid flux rate. The solution i s  applied for 
the design of a heat exchanger for a hypothetical 
2500 tons/day coal gasification plant. The 
dimensions of the CIBEX heat exchanger are much 
snialler than those o f  a comparable conventional 
heat exchanger. 

Nomencl ature 

Flow cross section area 
Variables , defined in 
Table 5 
Drag Coefficient 

Specific Heat of Gas 

Specific Heat of Particle 

Particle Diameter 

Gravitational Acceleration 
Heat Transfer Coefficient (Combined 
convective and radiative effects) 
Enthalpy 
Gas Thermal Conductivity 

Particle Thermal Conductivity 

Heat Exchanger Length 
Gas Flow Rate 

Particle Flow Rate 

Particle Number Density 

Pressure 
Heat Loss to Wall 

Gas Constant 
Temperature 
Velocity 

Greek Letters 
Y 
c Volume Fraction of Solids 
1 ,  Loading Factor 
11 Viscosity 
P Density 

e Dissipation Tensor 

Specific Meat Ratio for Gas 

Concentrat.ion 

Subscriuts 
Gas 
Inlet 
Particle 
Wall 
at x=O bot.ton of heat exchanger 
at x=l ton o f  heat exchanger 

Superscripts 

( j  
* Dimensional quantity 

Vector Quantity 
Derivative with respect to x 

Introduction 

The paper describes a concept of a direct contact 
heat exchanger/regenerator in which one medium 
(gas) flows through a moving bed of a second 
medium (solid particles) and exchanges heat with 
it. The concept may be utilized for regenerative 
heat transfer between the high temperature 
combustion gas stream and the cold cambustion air 
of, for instance, a combustor for a MHO 
generator', or for enhancing chemical reactions 
between a flowing gas stream and a solid material 
in the metallurgical, chemical or petroleum 

indu~tries~,~. Schpmaticallv shown in Fiaure 
~ .~ .~ ~. 

1, the solid particles fall through a couiter 
flowing hot gas stream in the gas generator. The 
qas cools down by heat transfer to the 
particles. The particles then fall through the 
air preheater in which they give off heat to the 
combustion air. The particles are then 
recirculated back into the gas generator via a 
pneumatic or mechanical lift. The concept is of 
interest because of its high potential to provide 
relatively maintenance free heat exchange in a 
compact package and is particularly suitable for 
a stream of dirty combustion products such as in 
coal combustors and gasifiers. In addition such 
a heat exchanger is smaller in size than 
similarly rated conventional heat exchangers, it 
provides greater heat recovery, low pressure drop 
and easy access for cleaning. 

1. Mathematical Formulation 

The two phase counter flow in the heat exchanger 
can be described by writing the conservation 
equations (mass, momentum and energy) for each 
phase separately, including the terms f o r  

interaction between the phases . In theory, 
the gas flows in the open spaces between the 
particles. As the number density of the 
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p a r t i c l e s  changes, so does the  a v a i l a b l e  
c ross-sec t ion  area f o r  t h e  gas f low.  To avoid 
the  issue o f  dea l ing  w i t h  a v a r i a b l e  area f low, 
the problem i s  formulated i n  terms o f  
concentrat ions r a t h e r  than dens i t ies .  Several 
d e f i n i t i o n s ,  l i s t e d  i n  Table 1, are h e l p f u l .  
With these d e f i n i t i o n s .  the  stream of D a r t i c l e s  
i s  t r e a t e d  here as a pkeudo-gas, o r  a cbntinuum; 
having a "dens i ty "  spec i f ied by i t s  
concentrat ion. The f o l l o w i n g  i s  a l i s t  o f  
assumptions under ly ing  the  analys is .  

1. Steady 1-0 f low.  

2. P a r t i c l e s  are un i fo rmly  d i s t r i b u t e d  over 
each cross sect ion.  

3. P a r t i c l e s  are spher ica l  and o f  a un i form 
s ize.  

4 .  The volume occupied by the  p a r t i c l e s  
cannot be neglected. 

5. P a r t i c l e s  are spread f a r  enough so t h a t  
the  motion of each one i s  unaffected by 
the  motion o f  i t s  neighbors o r  by the  wake 
of the  preceeding p a r t i c l e s .  

6. The p a r t i c l e s  are l a r g e  enough and no 
random motion (Brownian type motion) 
e x i s t s .  The pressure i n  t h e  mix tu re  i s  
t h a t  of the  gas. 

7. P a r t i c l e s  do no t  i n t e r a c t  w i t h  the 
boundaries and i n  t h e  case o f  un i form s ize 
d i s t r i b u t i o n ,  p a r t i c l e s  do no t  i n t e r a c t  
w i t h  each other .  

8 .  The boundary l a y e r  e f f e c t  on the  f l o w  i s  
neglected. 

9. Gas i s  per fect ,  compressible and i t s  
phys ica l  p r o p e r t i e s  are a f u n c t i o n  of 
temperature only .  

10. The temperature o f  each p a r t i c l e  i s  
un i form w i t h  no i n t e r n a l  gradients .  

Table 1: Basic 

Diillension- Voluiiie f r a c t i o n  E = n* 
occupied by the  P 6  1 ess 
p a r t i c l e s  

Volume f r a c t i o n  1 - E  Dimension- 
3ccupied by the less 

Gas concentra- G* = I)* ( 1 - c )  Weight/ 
t i o n  9 9  voluiiie 

gas 

Equations o f  Motion 

The equations of motion are l i s t e d  i n  Table 2 f o r  
the gas and s o l i d  phases. In equation ( 3 ) ,  the  
change i n  momentum i s  a t t r i b u t e d  t o  the  body 
forces a c t i n g  upon the  pseudo-gas phase. The 
second term on the  r i g h t  hand s ide i s  the  drag 
force per  u n i t  volume. In equat ion (5), i t  i s  

p a r t i c l e s  occurs s o l e l y  due t o  heat exchange w i t h  
the environment. The heat t r a n s f e r  c o e f f i c i e n t ,  
h*, may be composed of both a convective and a 
r a d i a t i v e  terms. Present ly  on ly  the  convective 
term i s  taken i n t o  account. 

assumed t h a t  the  change i n  the  energy of the  v 

I n  eauation (6). O* i s  the  r a t e  of heat l o s s  t o  

and (1 designates the  f r a c t i o n  loss .  Other terms 
i n  the gas energy equation stand fo r  the  pressure 
work, thermal conduct iv i t y ,  viscous d i s s i p a t i o n  
and heat exchange w i t h  the  p a r t i c l e s .  

The Eauation of State: It can be shown t h a t  the 
pressure i n  the  system i s  composed of the  p a r t i a l  
pressures o f  the  two phases. For a mix ture i n  
thermal equ i l ib r ium,  

p *  = a* R *  T *  rn 

Thus, f o r  a mix tu re  i n  which the p a r t i a l  volume 
o f  s o l i d s  i s  small ( c < <  1) the  p a r t i a l  pressure 
o f  the s o l i d s  may be neglected and the  equation 
of s t a t e  f o r  t h e  gas and s o l i d  phases are g iven 
on Table 2. 

F igure 1. The CIBEX concept 
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Table 2b: Equation o f  i i iot ion f o r  
the two phase floJ 

SOLID P H A S E  

:onti- .. .- 

3* u* A*  = lip 
P IJ IJ 

tnergy 

D* 4 = - I)* A; n* ( T *  - T * )  
P U t  I’ P [J 

S l a  l e  

DH* 

__ 

)* = constant  
P 

I r a  11 spor t  Proper 1 i ES 

-* = constant 
’PP 

( 7 )  

TransDort ProDert ies: For s i m p l i c i t y  i t  i s  
assumed t h a t  the  s p e c i f i c  heat o f  the  s o l i d  phase 
i s  constant. F o r  t h e  gas the dependence o f  the 
t ranspor t  p r o p e r t i e s  on the  temperature i s  g iven 
i n  Table 2. 

I n  sumyary,* t h $  nu$berpf unknowns i s  seven 
(o;, Tg, Pg, Tg, Ug, UP,F), same as  the  number 
of equations (1, 2, 3 ,  4 ,  5 ,  6, and 8 ) .  

fo l low ing  r e l a t i o n s h i p s  are usefu l  dxp=Updt, 
dr =U dt ,  and g=-gS;. 

9 9  
Nondimensional eauations: The f o l l o w i n g  terms 
are used t o  nondimensional ize the  equations: 

G A S  P H A S E  ~- 

nerqy __ 

* 970.85 l.OO3xIO” PA = 11.7692 - - + -_ 
:* T; 

0 5  

u* = 1.78 x (&-I [L\ 9 in sec 
- 

k* = 4 . 9 8 2 ~ 1 0 - ~ +  5 . 1 6 4 ~ 1 0 - ~  (I* - 700) [$K](12) 
9 9 

Next, t o  reduce t h e  number o f  equations and 
var iab les,  t h e  two c o n t i n u i t y  equations are  
subs t i tu ted  i n t o  the  corresponding momentum and 
energy equations. S i m i l a r l y ,  the  equation of 
s ta te  i s  s u b s t i t u t e d  i n t o  the  momentum and energy 
equations. Using t h e  coord inate system and the  
dimensionless parameters, and a f t e r  some 
rearrangement, the  f o u r  equations w i t h  four 
unknowns T U , T and U can be w r i t t e n  as 

shown i n  Table 3. The t a b l e  a lso  g ives  the  
d e f i n i t i o n  o f  t h e  dimensionless numbers appearing 
i n  the  problem. F i n a l l y ,  the  drag coef f i c ien t ,  
heat t rans fer  c o e f f i c i e n t ,  and a d d i t i o n a l  
q u a n t i t i e s  which are ca lcu la ted  a t  the  l o c a l  
condi t ions are g iven i n  Table 4 .  

g ’  9 P P 
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Moiiien tu 

. -~ 

Enerqy 

Diiiiens 
l e s s  

Referel  
Quanti1 

dT 
dx Re Pr 9 p r  S u 9 6 .Nu k c 

P 

u* .? * *  
I/ . c 

Mach nuiliber M .  = -~!!-.- Prundt l  nuiliber Pt. = ol$- 1 yR* T ? 
k g i  Y l  

d* 
Pe = lli. I'r fiusselt number Nu = h* if. 

'J 
P e c l e t  nunrber 

u* .I' NI S t  = r"u--- = - Fraud number Fr = , .':I* RePr Pi Stanton nuiiiber 

Table  4: U l !  h e d t  t r a n s i e r - L o e f f i c i e n t s  
~~ 

C = ?!! & 4.5 lo r  0 c i t e  c I 
1) P 

U Ile 

7 '' 'J IRe I I!.(IGY19 ( 1 9  I?(! ) f o r  I 6 l l e  < GO 
IJ I )  

1 y  C" = l g  28.5 - T";5 1 

z 
l g  Cu = 2.0065 - 1.3830 l g  IIe 1 0.19887 (19  lle,,) f a r  G O  4 R e ~ 3 0 0  

I> 

CD = 0 . 4  

Heat t r a n s f e r  c o e r i i c i e n t  

112 113 
Nu = 2 + O . G  Re Pr 

I] 11 

- Local Prundt l  nuiiibei' 
C 

9 
PrP = Pr + 

f o r  Cu 2 3000 

(.oca1 Visco- 
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Boundarv Condit ions: The boundary condi t ions are 
spec i f ied  f o r  t h e  gas a t  the  bottom ( i .e . ,  a t  x = 
0) and f o r  the  p a r t i c l e s  a t  the  t o p  (x  = 1) of 

of the s o l i d  phase. 

Sol u t i  on: An order  o f  magnitude analys is  

5 t o  2500. The heat exchanger dimension, L*/d*, 
i s  o f  the  order  of 1,000 t o  10,000, The quant i f y  
S i s  between 1 t o  50, and the Mach number i s  
smaller than 0.001. Accord ing ly ,  on ly  meaningful 
terms are keDt i n  t h e  eouations o f  motion. The 

ind ica tes  t h a t  t h e  Reynolds number may vary from 

the heat exchanger. The nondimensional boundary 
cond i t ions  are therefore,  

CU T g . = [ - A q - F -  s 

T '  = 6 St CPr 0 $ 
( 6 s  t :  - k  s ( # ) q - 9 ) B ] / A  

( 2 4 )  

(25) 
k 

Uhere 

a t  x = 0, Tg = 1 and U = 1 

a t  x = 1, T = Tpl and Up = 0 

Here Tp l  = T;l/TGi i s  the  i n l e t  temperature 

(17)  
9 

P 

CU (19) O + B U ' + C T ' + O  = - A - - - n  9 Y S 

( 2 0 )  
0 + 0  + O  t T ' = 6 S t k g C p r T  U 

P 

0 + F u' + E T '  t 0 = 6 St  k g  
9 9 

where 

second d e r i v a t i v e  o f  v e i o c i t y  term i s  dropped 
(Eq. 14), the  thermal c o n d u c t i v i t y  term and the 
d i s s i p a t i o n  term i n  Equation 16 are dropped, but  
the pressure work terms are re ta ined ( E q s .  14 and 
16). BY f u r t h e r  d i f f e r e n t i a t i o n  and 
rearrangement, Equations 13 t o  16 may be 
expressed as four equations w i t h  fourunknowns 
w;ich\ are the  fo l low ing  d e r i v a t i v e s :  U;, U;, 

TP. i 9  

Table 5: The reduced equation of imotion 

J 

A = CF - BE (26 

( the prime denotes t h e  d e r i v a t i v e  w i t h  respect  t o  
the  x coord inate)  as shown i n  Table 5 .  F i n a l l y ,  
t o  f a c i l i t a t e  numerical i n t e g r a t i o n ,  equations 18 
t o  21 can be solved, and the  f o u r  unknowns 
expressed i n  terms of the  independent var iab les  
as  shown i n  Table 6 .  This  formulat ion i s  
p a r t i c u l a r l y  convenient f o r  use i n  numerical 
i n t e g r a t i o n  once the  boundary cond i t ions  are 
specif ied. 

2- 

The set  of equations (22) t o  (25) has been solved 
numerical ly, us ing boundary cond i t ions  (17). The 
i n t e g r a t i o n  fo l lows the  Runge-Kutta technique and 
i t  requi res a guess o f  t h e  s o l u t i o n  a t  x=l so 
t h a t  the  i n t e g r a t i o n  may proceed from x = l  down t o  
x=O. If the  der ived  cond i t ions  a t  the  bottom 
(x=O) do no t  match t h e  g iven B.C.s, a new guess 
i s  made and t h e  i n t e g r a t i o n  i s  repeated. An 
i n t e l l i g e n t  new guess can be made on t h e  bas is  o f  
the  r e s u l t s  o f  t h e  in tegra t ion .  This  "shooting" 
technique i s  repeated u n t i l  a l l  6.C.s are 
matched. 

I n  order t o  ob ta in  a r e a l i s t i c  s o l u t i o n  t o  t h e  
problem, the  heat  exchanger has been matched w i t h  
a hypothet ica l  coal g a s i f i c a t i o n  p lan t .  A b lock  
diagram o f  t h e  complete p l a n t  i s  shown i n  F igure 
2. The heat exchanger model i s  solved then t o  
se lec t  the  opt imal  dimensions o f  t h e  gas 
generator, the  a i r  preheater, and the  b a l l s '  
mater ia l  and s ize.  The parameters v a r i a t i o n  
inc luded the  fo l low ing :  

- pressure: 
- b a l l s  mater ia l :  s t a i n l e s s  s tee l  (densi ty  

8330 kg/m3, Cp - 461 J/kgK) and ceramic 

(densi ty  3717 kg/m3, Cp - 1047 J/Kg K) 

6 and 30 atm. 

- b a l l s  s i z e  1, 1.6, 2.0 mm 
- load ing  parameter from 0.8 t o  2.0 
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Figure 2 .  Approximate sizing o f  a 2500 
ton,'day coal gas i f ica t ion  
plant operating a t  3 0  atm 
a n d  u t i l i z ing  a CIBEX.  

'8) I I I IIIJL I 1 1 1  

1.0 , ( I  - 
0.1 

i (meter1 

Figure 3. T and T variation w i t h  length 
o f  gas generator, d =1.6mm, Pres- 
sure is  6 and 30 atm., s t a in l e s s  
s tee l  ba l l s .  

g1 PO 
P 

Typical r e su l t s  of these calculations are shown 
i n  Figures 3 throuah 8. These r e su l t s  have been 
used ?or the sizing-of the heat exchanger u n i t  in 
Figure 2. Figure 3 shows the heat exchange 
between the gas and s t a in l e s s  s tee l  ba l l s  i n  the 
gas generator; The figure shows the  ba l l s '  
temperature a t  the bottom of the  gas generator, 
and the gas temperature a t  the t o p  of the 
generator fo r  d i f fe ren t  lengths of generator. 
Similarly, Figure 4 shows the ba l l s  temperature 
a t  the bottom, and the a i r  temperature a t  the t o p  
of the a i r  preheater. In  both f igures ,  the 
parameters are the operating pressure and the 
air/gas flow ra t e .  The maximum air/gas flow ra t e  
i s  limited by the  terminal velocity o f  the 
ba l l s .  At  a too  h i g h  velocity t h e  ba l l s  are 
blown out of the unit .  The velocity of the ba l l s  
and of the  gas in the gas generator and in the 
a i r  preheater i s  shown in Figures 5 and 7 .  The 
ba l l s  i n i t i a l  velocity ( a t  the  top) i s  always 
zero and they reach t h e i r  terminal velocity i n  a 
short distance. The terminal velocity changes 
however along the  way, because o f  variations in 

0 ,-1 

W 

- .  
Y 
~? . '2 

n.: 1.0 10.0 
L (meter: 

and TpO variation w i t h  length 
o f  a i r  preheater, d =1.6mm, 6 and 
30 atrn., s ta in less  steel  ba l l s .  
(legend as  in Figure 3 )  

Tg 1 Figure 4. 

P 

5 1 _ _ _  I 

1 1.0 
0. I 

-. - 
. . , . . , . . . . 

0 . 0  0.2 0.9 0.6 0.8 1.0 

W 

L/L*  

Figure 5 .  Gas velocity a n d  pa r t i c l e  velocity 
in gas generator, s ta in less  steel  
ba l l s ,  d =1.6mn, P=30 atm., 
IIi/A=43.95 Kglm sec. p 2  
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Figure 6. Gas temperature and pa r t i c l e  temp- 
e ra ture  i n  gas generator, s ta in-  
l e s s  s tee l  ba l l s ,  d =1.6mm, P.30 

a t e . ,  h/A=43.95 Kg/m sec. 
(legend as  in Figure 5) 

P% 

Figure 7 .  Gas velocity and pa r t i c l e  veiocity 
i n  a i r  preheater, s t a in l e s s  s tee l  
ba l l s ,  d =1.6m, P=30 atm., 
lii/A=53.43 Kg/m' sec. 
(legend in Figure 5) 

P 

L / L *  

Figure 8. Gas temperature a n d  pa r t i c l e  temp- 
e ra ture  in a i r  preheater, s t a in i e s s  
s tee l  ba l l s ,  d =1.6mm, P.30 a t m . ,  
;/A=53.43 Kg/m sec. 
(legend a s  in Figure 5 )  

P2 

gas temperature. The gas and ball temperature 
variations i s  shown in Figures 6 and 8 fo r  the 
gas generator and a i r  preheater, respectively.  
Based on these calculations the  heat exchanger in 
Figure 2 was sized t o  meet the plant 
requirements. 

3. Conclusions 

o A heat exchanger based on the CIBEX concept 
i s  smaller i n  s i ze  than a comparably rated 
conventional heat exchanger. 

o The computer code can be exercised t o  s i ze  
and t o  design both units of the heat 
exchanaer: the aas aenerator and the a i r  
prehealer . Some f6atures t h a t  the code 
indicates are: 

Small ba l l s  a r e  preferable t o  la rge  ones 
since they have a l a rge r  surface area per 
unit  weight and they have a longer 
residence time (smaller terminal 
velocity).  B u t  too small ba l l s  l imi t  the  
mass flux and therefore an optimal ball  
s ize  e x i s t s  f o r  each application. 

Increased operating pressure reduces the 
overall s i z e  of the  heat exchanger. 
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