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The Circulating Balls Heat Exchanger (CIBEX)

Nahum Gat*
TRW Space and Technology Group, Redondo Beach, California

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, pick-
ing up heat and cooling the gas, then through the airstream, 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 concentraiions 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 is 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
smaller than those of a comparable conventional heat exchanger.

Nomenclature

=flow cross-sectional area

=variables, defined in Table 5

=drag coéfficient

=specific heat of gas

=specific heat of particle

=particle diameter

= gravitational acceleration

= heat-transfer coefficient (combined con-
vective and radiative effects)

=e¢nthalpy

=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

=quantity defined.in Table 3

= temperature

= velocity

=longitudinal coordinate

=0<a<1 defines the fraction of sensible
heat loss to the wall

=defined in Eq. (26), Table 6

=specific heat ratio for gas

=volume fraction of solids

=loading factor

=viscosity

= density

= concentration

=dissipation tensor
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) =vector quantity

« ) =derivative with respect to x
Subscripts

g =gas

i =inlet

m =mean

J = particle

w =wall

0 =at x=0 bottom of heat exchanger
1 =at x=1 top of heat exchanger

Introduction

HIS paper describes a concept of a direct-contact heat ex-

changer/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 com-
bustion gas stream and the cold combustion air of a com-
bustor for a magnetohydrodynamic (MHD) generator® or for
enhancing chemical reactions between a flowing gas stream
and a solid material in the metallurgical, chemical, or
petroleum industries.?3 Schematically shown in Fig. 1, the
solid particles fall through a counterflowing hot gas stream in
the gas generator. The gas cools by heat transfer to the par-
ticles. 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 ex-
changer is smaller in size than similarily rated conventional
heat exchangers and provides greater heat recovery, low-
pressure drop, and easy access for cleaning.

Mathematical Formulation

The two-phase counterflow in the heat exchanger can be
described by writing the conservation equations (mass,
momentum, and energy) for each phase separately, including
the terms for interaction between the phases.* In theory, the
gas flows in the open spaces between the particles. As the
number density of the particles changes, so does the available
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cross-sectional area for the gas flow. To avoid the issue of
dealing with a variable-area flow, the problem is formulated in
terms of concentrations rather than densities. Several defini-
tions, listed in Table 1, are helpful. With these definitions, the
stream of particles is treated here as a pseudo-gas, or a con-
tinuum, having a ‘“density’’ specified by its concentration.
The following is a list of assumptions underlying the analysis:

1) Steady one-dimensional flow.

2) Particles are uniformly distributed over each cross
section.

3) Particles are spherical and of a uniform size.

4) The volume occupied by the particles cannot be
neglected.

5) Particles are spread far enough so that the motion of
each one is unaffected by the motion of its neighbors or by the
wake of the preceeding particles.

6) The particles are large enough and no random motion
(Brownian-type motion) exists. The pressure in the mixture is
that of the gas.

7) Particles do not interact with the boundaries and in the
case of uniform size distribution, particles do not interact with
each other. ‘

8) The boundary-layer effect on the flow is neglected.

9) Gas is perfect and compressible and its physical proper-
ties are a function of temperature only.

10) The temperature of each particle is uniform with no in-
ternal gradients.

11) Radiative exchange between the balls and the bound-
aries or among the balls is neglected. '
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These assumptions are meant to simplify the mathematical
formulation, but are not quite always met. The corrections for
the nonideal effects can be estimated and shown to be small.
Assumption 2 depends on the mechanical design of the balls’
distribution system. Assumption 5 allows a simple treatment
of the drag laws. In reality, the drag is modified by the prox-
imity of the particles. Once a different drag force model is
selected, it may be substituted into the model. Assumption 7
also depends on the mechanical design and the actual drag
force acting on the balls. Assumption 10 indicates a small Biot
number (i.e., the internal heat transfer is higher compared
with the heat transfer between the solid and gas phases). In
assumption 11, the radiative exchange between the balls and
the wall may be neglected since the wall is hot. Radiative ex-
change among the particles, however, may cause a deteriora-
tion in performance. For the conditions described in this
paper, the balls’ number density is between 2-4 balls/cm3,
which make the optical depth for extinction less than 50-25
cm, respectively. The resulting small effect of longitudinal
radiative diffusivity can be added to the model.

Equations of Motion

The equations of motion are listed in Table 2 for the gas and
solid phases. In Eq. (3), the change in momentum is attributed
to the body forces acting upon the pseudo-gas phase. The sec-
ond term on the right-hand side is the drag force per unit
volume. In Eq. (5), it is assumed that the change in the energy
of the particles occurs solely due to heat exchange with the en-
vironment. The heat transfer coefficient 2* may be composed
of both convective and radiative terms. Presently, only the
convective term is taken into account.

In Eq. (6), Q} is the rate of heat loss to the walls

Uz
L*

O =05Coai Ty

pgi o

and o designates the fraction loss. Other terms in the gas
energy equation stand for the pressure work, thermal conduc-
tivity, viscous dissipation, and heat exchange with the
particles.

Equation of State

It can be shown that the pressure in the system is composed
of the partial pressures of the two phases. For a mixture in
thermal equilibrium,

Fig. 1 The CIBEX concept. p*=a} R*T*
Table 1 Basic definitions of two-phase flow quantities
Quantity Definition Units
Number density of my/A* Particles/volume
N nre—— P
particles P o3 (vd2s/6)U
Volume fraction occupied . 'lrtz';;3 Dimensionless
by the particles e=ny, 6
Volume fraction occupied 1—¢ Dimensionless
by the gas
Gas concentration oy =pz( 1—¢) Weight/volume
Particles concentration 0y =ppe Weight/volume
m} ohu
Loading ratio g=—_=LFL Dimensionless
m aiu
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Table 2 Equation of motion for the two-phase flow

Solid phase Gas phase
Continuity Continuity
opusA* =1} 1) oRuzA* =} Q@
Momentum Momentum
. PUp of (- DU; . =§—--* e .
G —a;E"-Tg(U;—U;) |T%— T2 1CpAzng O G =~ VPV \Up=Ug ) WU -G 1 CpApm; @
Energy Energy
H .DHy  dp* L LTy 4 dur 2
o} -~ P _p*y (T —T2) 5) oy or —Ug o +h* Ay (Ty— T“‘)+Q +k; o +Tu e (6)
State State
p} = const g DP*=0,R*T} ®)
Transport properties Transport properties
o Che _ 4 7692 7085 1803 10° 10
C;p, =const o T ng (10)
73 \%5| k
pE=1.78x10" 5( ) [ g] 1n
300 m-s

ky=4.982x 1072 +5.164 X 10> (T} —700) [
: m

v ] (12)
K

where
om=0g+0,=(1—¢€)p;+epp

Thus, for a mixture in which the partial volume of solids is
small (e < 1), the partial pressure of the solids may be neglected
and the equation of state for the gas and solid phases are given
on Table 2.

Transport Properties

For simplicity, it is assumed that the specific heat of the
solid phase is constant. For the gas, the dependence of the
transport properties on the temperature is given in Table 2.
The specific heat (e.g., Eq. 10) is that of N, after units conver-
sion of the data in Ref. 5. The viscosity and thermal conduc-
tivity are obtained by linear regression of the data in Ref. 6.

In summary, the number of unknowns is seven (o}, T3, Py,
Py, U3, Uy, e), same as the number of equations [(Eqgs.1-8)].

Coordinate System

The positive x direction is chosen in the upward direction
and the velocity vector can be expressed in terms of the scalar
speed as U U,xand U U,X. Similarly, the followmg rela-
tionships are useful dx,=U, dt dx, =U,d¢, and g§= —g2x.

Nondimensional Equations

The following terms are used to nondimensionalize the
equations:

x* a* U T*
X= L*’ 0‘:—*’ U:—*’ T:—-
Pgi Ugi T;i
wo, Kk c,
Bg = > = =
g ”g’ g k;i > pg C;gx

Next, to reduce the number of equations and variables, the
two continuity equations are substituted into the correspond-

ing momentum and energy equations. Similarly, the equation
of state is substituted into the momentum and energy equa-
tions. Using the coordinate system and the dimensionless
parameters, and after some rearrangement, the four equations
with four unknowns T,, U,, T,, and U, can be written as
shown in Table 3. The table also gives the definition of the
dimensionless numbers appearing in the problem. Finally, the
drag coefficient, heat-transfer coefficient, and additional
quantities calculated at the local conditions are given in Table
4. The correlations for the drag coefficients have been derived
in Ref. 7 to fit the experimental data of Ref. 8. The heat-
transfer coefficient is expressed by the Nusselt number accord-
ing to the Ranz-Marshall correlation.

Boundary Conditions

The boundary conditions are specified for the gas at the bot-
tom (i.e., at x=0) and for the particles at the top (x=1) of the
heat exchanger. The nondimensional boundary conditions

gas 1260 K
T mechanical or
Gas 2 hydraulic 1ift
Coal Coal gas generator m
24 Kg/s gasifier 1700 K om -L
pmE 176 Ka/s
1107 K air steel balls
Air T
preheater §4,7 m
le—1. 70— _L

383 K
air

compres-
sor

480 K balls

air
92 Kg/s

Fig. 2 Approximate sizing of a CIBEX for a 2500 ton/day coal
gasification plant operating at 30 atm.
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Table 3 Reduced equations of motion and the dimensionless quantities

Momentum (13)
U, 1 3 (Up+Up)? Cp
dx  UFr 4 UU, 5
2 2
v, 1 _d_(Tg)_i WptUp? 1 4 ?U, )
dx M odx \U,/ 4 U, § 3Re(L/d,) dx*
dT, _ Nu_ . (T,=Ty) as)
dx RePr &7 Su,
Energy
_d_[(_%) T ] -U i[T_s] AL (&).’LM
ax L\R*/ 21 “faxluy, RePr *\R*/ S U,
2 2 *
(Coo/R") &T,  vM; (dUg>2_ (c,,g) T .
RePr(L/d) dx! Re(L/d) \ dx R*/¥
Dimensionless
reference U d* */4*d* % *
quantities Reynolds number  Re= Pgi g2 ' —= S= (&) ( Pp )
Rgi Rgi L* pgl
U,/U, +1
Re,=Re—2"—£——
K
xC* . U*_z
Prandt! number pr=tei el Mach number ~ M;=—2%—
kg,- yR* Tg,-*
dp
Peclet number Pe=RePr Nusselt number  Nu =h*?
g
.U Nu  Nu
Froude number Fr=——— Stanton humber  St= =—
L*g~ RePr  Pe
re,
are, therefore Results
atx=0,T,=1andu,=1 The set of Eqgs. 22-25 has been solved numerically, using the
amn boundary conditions of Eqs. (17). The integration follows the

atx=1,7T,=T, andu,=0

Here T, = T,,/ T, is the inlet temperature of the solid phase.

Solution

An order-of-magnitude analysis indicates that the Reynolds
number may vary between 5-2500. The heat exchanger dimen-
sion L*/d}, is of the order of 1000-10,000. The quantity S is 1
to 50 and the Mach number is smallef than 0.001. Accord-
ingly, only meaningful terms are kept in the equations of mo-
tion. The second derivative of velocity term is dropped [Eq.
(14)] and the thermal conductivity term and the dissipation
term in Eq. (16) are dropped, but the pressure work terms are
retained [Egs. (14) and (16)]. By further differentiation and
rearrangement, Eqs. (13-16) may be expressed as four equa-
tions with four wunknowns, which are the following
derivatives: Uy, U;, T,, and T, (the prime denotes the
derivative with respect to the x coordinate) as shown in Table
5. Finally, to facilitate numerical integration, Eqs. (18-21) can
be solved and the four unknowns expressed in terms of the in-
dependent variables as shown in Table 6. This formulation is
particularly convenient to use in numerical integration once
the boundary conditions are specified.

Runge-Kutta technique and it requires a guess of the solution
at x=1 so that the integration may proceed from x=1 down to
x=0. If the derived conditions at the bottom (x=0) do not
match the given boundary conditions, a new guess is made and
the integration is repeated. An intelligent new guess can be
made on the basis of the results of the integration. This
‘‘shooting’ technique is repeated until all boundary condi-
tions are matched.

In order to obtain a realistic solution to the problem, the
heat exchanger has been matched with a hypothetical coal
gasification plant. A block diagram of the complete plant is
shown in Fig. 2. The heat exchanger model is solved then to
select the optimal dimensions of the gas generator, the air
preheater, and the balls’ material and size. The parameter
variations included the following:

Pressure: 6 and 30 atm

Balls’ material: stainless steel (density 8330 kg/m?,
C, =461 J/kg-K) and ceramic (density 3717 kg/m?,
C,=1047 J/kg-K) ’

Balls’ size: 1, 1.6, 2.0 mm

Loading parameter: 0.8-2.0

Typical results of these calculations are shown in Figs. 3-8.F

1The curves in these figures are drawn between discrete calculated
points. Therefore, the sharp flexures have no physical significance.
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Table 4 Drag and heat transfer coefficients

Drag coefficient

24 .
Cp= +4.5 for 0<Re, <1
b Re‘, P
24 5
4Cp =1428.5 _—2_8_5&**Re" +0.06919 (4Re,) for 1<Re<60
4Cp =2.0065—1.3830 {Re, +0.19887 (lZg;Rep)2 for 60<Re< 3000
Cp=0.4 for Re=3000
Heat-transfer coefficient Local viscosity
Nu=2+0.6 Re,” Pr," pg=Ty"
Local Prandtl number Ratio of specific heats between gas and particles
_ #eCpg . O
Pr,= Pr——k— Cpr=Cpi/Cpp

£

LEGEND l A __lgng Table 5 Reduced equations of motion
—_ m
P=6 atm 17.55 1 Cp
——— 14,65 Uy+0+ 0+0=— +A—— (18)
P=30 atm —-— 43,95 UgFr. S '
—--— 21.98
S e 14,65 CD
g 0+BU} +CT}+0= — A—q (19)
1. 1= S
gl
> D
g 0+0+0+T; =65k, Cpr— 0)
©
]
. - Che\ D
= ] 0+ FUy +ET; +0=65k, |2 ) —n-0 @
g8
z A where
]
. 2
4> Upt U pTr=Te
] 4 UU, U,
T
P o) B T, Ee 37692 L83 10°
1 i I S =l=—=" =3, —_——
0.1 1.0 10.0 M Ug T;
L (meter) 1 T
Fig. 3 T,y and T, variation with length of gas generator: d, =1.6 C=—or F=-_£.
mm, pressure is 6 and 30 atm, stainless steel balls. M Ug Ug
Chai
Q=a—Rp f’ T,
g' T T T T | S S N g
_§:-— - These results have been used for the sizing of the heat ex-
Tpo‘g changer unit in Fig. 2. Figure 3 shows the heat exchange be-
lg,‘ tween the gas and stainless steel balls in the gas generator. The
= = figure shows the balls’ temperature at the bottom of the gas
o o generator and the gas temperature at the top of the generator
e 38 for different lengths of generator. Similarly, Fig. 4 shows the
z balls temperature at the bottom and the air temperature at the
§ top of the air preheater. In both figures, the parameters are
the operating pressure and the air/gas flow rate. The max-
2 imum air/gas flow rate is limited by the terminal velocity of
( the balls. At a too high velocity, the balls are blown out of the
gt (‘§ unit. The velocity of the balls and of the gas in the gas
< generator and in the air preheater is shown in Figs. 5 and 7.
0.1 1.0 10.0 e . .
L (meter) The balls initial velocity (at the top) is always zero and they

reach their terminal velocity in a short distance. However, the
Fig. 4 T, and T, variation with length of air preheater: d, =1.6 terminal velocity changes along the way, because of variations
mm, 6 and 30 atm, stainless steel balls (legend as in Fig. 3). in gas temperature. The gas and ball temperature variations
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steel balls, d, =1.6 mm, P=30 atm, rn/4=43.95 kg/m2 ‘S,

*
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Fig. 5 Gas velocity and particle velocity in gas generator: stainless
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Fig. 6 Gas temperature and particle temperature in gas generator:

*
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Fig. 7 Gas velocity and particle velocity in air preheater: stainless
steel balls, d, =1.6 mm, P =30 atm, 7z/A = 53.43 kg/m? -s (legend as

-

in Fig. 5).
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Fig. 8 Gas temperature and particle temperature in air preheater:
stainless steel balls, dp =1.6 mm, P=30 atm, m/A4=53.43 kg/m2 'S

(legend as in Fig. 5).

stainless steel balls, dp =1.6 mm, P=30 atm, m/A =43.95 kg/m2 'S

(legend as in Fig. 5).

Table 6 Equations of metion in a convenient form for numerical integration

1 ..

UFR =~ S

D C*..
(657’%(155') ‘Q)B]/A

22 U=

i=[ s

29

where

2) 3-0)crar ||
D8l

- C+Ap——E| /A
/)57 9 s
’ kg
T} =65,Cp D-E

A=CF—-BE

@3

@5)

(26)
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are shown in Figs. 6 and 8 for the gas generator and air
preheater, respectively. Based on these calculations, the heat
exchanger in Fig. 2 was sized to meet the plant requirements.

Conclusions

1) A heat exchanger based on the CIBEX concept is smaller
in size than a comparably rated conventional heat exchanger.

2) The computer code can be exercised to size and to design
both units of the heat exchanger—the gas generator and the
air preheater. Some features that the code indicates are:

a) Small balls are preferable to large ones, since they have a
larger surface area per unit weight and a longer residence time
(smaller terminal velocity). But too small balls limit the gas-
phase mass flux (blow off of small balls by too high a gas
velocity) and therefore an optimal ball size exists for each
application.

b) Increased operating pressure reduces the overall size of
the heat exchanger.

¢) On a unit mass basis, ceramic balls are more effective
than stainless steel balls. However, the durability of ceramic
may not be as good as that of the stainless balls.

3) The CIBEX concept is uniquely capable of recovering
very high level heat from effluent gases that may contain very
reactive gas species such as H,S, COS, CO, etc. In this case,
ceramic balls are the preferred heat transfer material.

CIRCULATING BALLS HEAT EXCHANGER mn
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