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Abstract--lt is well known that heat transfer characteristics can be improved by immersing the heat 
exchanger tubes into a fluidized bed. However, conventional fluidized beds are rather unstable and the 
comparatively large bed height causes a high pressure drop. To address this problem, one of the authors 
developed a very shallow fluidized bed heat exchanger which is composed of a horizontal array of tubes 
and a special designed multislit distributer that produces several two-phase jets. The solid particles carried 
in the jet impinge against the tubes and cause continuous defrosting by abrading ice formation. Here we 
shall present theoretical predictions for the flow properties within the jet. the impingement rate against 
the tube and calculations of the granular flow of particles on the inclined bottom chute that feeds the 
solids back into the jet. The theoretical models are based on experimental observations and data which 
we also present here. © 1997 Elsevier Science Ltd. All rights reserved. 
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1. I N T R O D U C T I O N  

Usually, humidi ty  o f  air produces  a thick layer o f  frost on conventional  finned tube heat exchangers 
o f  heat p u m p  and LNG-gasif icat ion systems. The frost layer reduces heat transfer, increases 
pressure loss and eventually causes total failure o f  the system. 

Within the last decades several authors  studied the frosting mechanism and the resulting heat 
transfer (Yamakawa  et al. 1972; Hayashi  et al. 1977; Seki et al. 1985; Aoki  et al. 1985). More  
recently, Fukusako  et al. (1985, 1989), and Torikoshi  et al. (1990) have investigated the 
heat- transfer  characteristics due to frosting o f  horizontal  tubes immersed into a fluidized bed. This 
technique utilizes solid particle impingement  onto  frost layers and one can expect effective 
defrosting and an increase in heat transfer. 

Here we study experimentally and theoretically the particle mot ion  in a very shallow fluidized 
bed heat exchanger. The heat exchanger is composed o f  a horizontal  array o f  tubes and a special 
two-dimensional  multislit distr ibutor producing several gas-solid particle jets impinging on each 
tube (Aihara et al. 1988; M u r u y a m a  et al. 1988, 1989). Since the system under  investigation has 
been presented in great detail in Aihara  et al. (1995), we shall just describe the main features here. 
Figure 1 shows a sketch o f  just one tube, the pertinent two-phase jet, the orifice and the inclined 
bo t tom walls which feed back the solid particles into the jet. Fo r  our  purposes we divide the whole 
flow field into five regions (figure 1): 

(1) mixing region, 
(2) two-phase jet region, 
(3) impinging region, 
(4) surroundings,  
(5) granular  flow, 

which are all interrelated but for the sake o f  simplicity are treated separately in this paper. 
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By means of high speed video recordings, we first measure the particle-velocities on the inclined 
bottom walls (figure 1, region 5). This information provides the diagrams for the main particle 
velocity at three different locations and an estimate for the appropriate granular temperature. The 
video recordings also help us to estimate the spreading angle of the jet and the particle velocity 
inside the jet. This data enables us to calculate the flow characteristics of the sliding particles on 
the bottom walls, the particle flux inside the jet and the average impingement rate of particle on 
the tube. The theoretical investigation of the granular flow on a chute is a direct application of 
a model suggested by Johnson et al. (1990) while the calculation of the two-phase jet is based on 
global conservation of momentum (Laats and Frishman 1970; Schneider 1985). In the mixing 
region 1 (see figure 1) the mass flux of particles in the granular bed towards the jet is assumed to 
be independent of crosswise direction )'5 which causes the solids mass flux in the jet to linearly 
increase from zero to its final value. The actual defrosting mechanism as well as the surroundings 
of the jet have not yet been studied in detail and are subject to further investigations. 

2. EXPERIMENTAL RESULTS 

Using a high speed video film of a single jet (2250 frames/s) we measured first the velocity profiles 
of glass beads moving down the two-dimensional chute. Particles used in the experiments were glass 
beads with diameter dp = 1.5 mm and density pp =- 2400 kg/m 3. Experiments were recorded for 17 
different superficial velocities u~ in a range from 1.24 to 5.02 m/s. The velocity profiles were 
measured at three distinct positions (figure 2) for four different superficial velocitiest (1.47, 2.26, 
3.07 and 4.50 m/s). Evaluation of the video was made possibly by a transparent sheet with a 
5 ram-grid which was placed on the video screen. This made it possible to trace a distinct particle 
over a distance of roughly 200 frames which equal a length of approximately 3 mm in the real 
experiment. For  each profile the velocity of about 80 spheres was determined. Since the width of 
the gap was 7 mm in the real experiment and 46 mm on the screen, scaling was possible. Due to 
the resolution of the monitor, the actual position of a single sphere could be measured within 
4- 1 mm on the screen which led to a maximum error of + 10%. It is possible that the velocities 
were slightly underestimated systematically as the glass beads observed were those moving close 
to the side plates of the set-up. In order to obtain a block average velocity Us,, the arithmetic average 
was calculated of particle velocities within layers of 0.8 particle diameters d. Eventually, the 
granular temperature u~ 2 was calculated as the fluctuations in us. 

At relatively low superficial velocities u~ = 1.24 and 1.47 m/s the corresponding jets did not have 
sufficient energy to drag the glass beads up to the tube. The two-phase jet broke down and the 

~'For o u r  expe r imen ta l  se tup  the  r e l a t ionsh ip  be tween  the  superf ic ia l  veloci ty  u~ a n d  the jet  veloci ty  at  the orifice u0 is s imply  
given by  u0 = 7.14 u~. 
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Figure 3. Experimental observation, us = 1 47 m,;s. 

Figure 4. Experimental observation, u~ = 2.26 m/s. 
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Figure 5. Experimental observation, u~ = 3.07 m/s. 

particles fo rmed  a mushroom- l ike  shape (figure 3) with slight spout ing on top. The  corresponding 
spreading angle of  the jet was measured  as O ~ 4 5 .  Occasionally,  the glass beads did not slide 
uniformly down the slope and clusters o f  particles moved  slower than adjacent  particles, in the 
case of  small superficial velocities the upper  layers of  sliding particles moved  clearly faster than 
the lower ones (figure 7). 

With increasing superficial velocity, i.e, u~ = 1.76 to 3.07 re~s, the glass beads were a lmost  
uniformly distr ibuted in the whole area between the bo t t om and the tubes (figures 4 and 5) which 
led to the assumpt ion  that  the volume concentra t ions  of  solid particles :~_, and :~4 are the same inside 
the jet region 2 and in the surroundings  (region 4) (see figure 1) if u~ >~ 1.76 m/s. The spreading 
angle of  the two-phase  jet was est imated at O ~ 2 8 .  

The  above  ment ioned  clustering of  glass beads did not occur for larger values of  u ,  i.e. 
u~ = 2.76.-3.07 m/s. 

A further  increase in u~, i.e. u~ = 3.27 5.02 m s ,  caused the jets to strongly oscillate in the plane 
of  observat ion (figure 6). A distinct frequency could not be est imated f rom the video-fihn since the 
recording time was too short.  

Figure 6. Experimental observation (oscillating jet). u, = 4.50 m/s. 
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Figure 7. Measurements (u~ = 1.47 m/s). (a) particle velocity at x5 = 5.3 mm; (b) particle velocity at 
x s  = 12.7 mm; (c) particle velocity at xs = 18.4 mm; (d) granular temperature at x5 = 5.3 mm; (e) granular 

temperature at x5 = 12.7 ram; (f) granular temperature at x5 = 18.4 ram. 

At low superficial velocities the sliding particles slightly accelerated while moving towards the 
jet (figures 7 and 8). With increasing Us, however, the velocity inside the granular bed became almost 
independent of the location in xs-direction (figures 9 and 10). We observed unstable jet conditions 
for a superficial velocity u~ = 4.5 m/s. In this case we were not able to accurately measure the 
particle velocity distribution us(ys) at xUL = 0.23 with L being the total length of  the chute. 

As a general result we found that the average velocity profiles are almost linear with a distinct 
slip velocity on the bottom and maximum velocity on top (figures 7-10). In most cases the granular 
temperatures u~ 2 (figures 7-10) are largest on top. Occasionally, however, they show an inverse 
trend (figure 7d, e) probably caused by the clustering of particles. In figure 11 the average velocity 
usa of  the particles is plotted vs the superficial velocity us. Enhancing u~ from 1.46 to 4.5 m/s caused 
the appropriate average velocity us, to increase approximately as much as three times. 

Using high speed video frames we also determined the particle velocity distribution of  the solid 
particles inside the two-phase jet in a very similar manner as described above. Figure 12 shows 
non-dimensionalized measured particle velocities us/uo at two different locations x2/bo. The symbol 
bo refers to the width of  the orifice (see figure 1) and in figure 12 the symbol xv denotes the virtual 
origin of  the jet. The solid curves shown in figure 12 are Gaussian fits. 

3. TWO-PHASE JET 

Here we investigate, by theoretical means, a plane turbulent two-phase jet in which the volume 
concentration of  particles ~2 is very small whereas the mass fraction of solids is of order unity. The 
model presented below is based on conservation of overall momentum and on the assumption 
that no particles cross the edges of  the jet (ZierfuB and Schneider 1992). This means that the 
particle mass flux remains constant in the jet above the mixing region (Laats and Frishman 1970). 
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Figure 13 sketches the jet region. Conservation of  momentum yields: 

d ~ -~ "- d ~ Up v2 
d,ve (1 -:(2)p,-bu~,2 d q- ~ g2ppbup~2 d + (:x2 - ~ 4 ) p p b g  = 0,  [1] 

where the density is denoted by p, the symbol b is the width of the jet and u signifies the velocity 
in x2 direction. The subscript f indicates fluid properties, while the index p refers to the solid 
particles. Properties at the centerline are marked with an additional subscript c. Since the presence 
of  solid particles causes a significant change in the turbulence structure of the carrier phase and 
thus reduces the gas turbulence kinetic energy (Mostafa eta[.,  1989), momentum transfer between 
the two phases due to interaction by drag and gravity forces can be written as: 

£,2( 
, u~ v2 = 3 ~ Ups] b - (1 - ~4)c~2ppbg. [2] d [o::ppbu;c2 [,'2( ~:d ~-I ~,pf~-~%(u,-~- u,,~)22 u f -  Up "~2 d y: 

dx2 L j,, \Up,.l o j  

The last term on the right hand side of [2] represents the gravity force acting on the particle phase, 
reduced by possible buoyancy of the surroundings. The drag coefficient % is given by the empirical 
relationship employed by Richardson and Zaki (1954) 

co,  = c , , ( l  - ~ )  ", [3] 

where Cd is the drag coefficient of a single particle in pure fluid. For fluidized beds the exponent 
n = 2.39 (Wallis 1969). For the problem under investigation, however, an actual value of n is not 
yet known. In our case we assumed c,~ = 0.4, which requires a Reynolds number larger than 1000 
and hence an air velocity larger than 7 m/s for glass particles with a diameter d = 1.55 mm. This 
condition was practically always fulfilled. For  an approximate value e2 ~ 0.05, [3] yields % = 0.5. 
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Figure  8. Measu remen t s  (u, = 2.26 m/s). (a) par t ic le  velocity at .v~ = 5.3 mm; (b) part icle  velocity at 
-'~s = 12.7 mm;  (c) part icle  veloci ty at  x~ = 18.4 ram; (d) g ranu la r  t empera tu re  at  v~ = 5.3 ram; (e) g ranu la r  

t empera tu re  at  x~ = 12.7 ram; (f) g ranu la r  t empera tu re  at x~ = 18.4 mm. 
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Figure 9. Measurements  (u, = 3.07 m/s). (a) particle velocity at x5 = 5.3 mm; (b) particle velocity at 
x5 = 12.7 ram; (c) particle velocity at x5 = 18.4 mm; (d) granular  temperature at x5 = 5.3 mm; (e) granular  

temperature  at x5 = 12.7 mm; (f) granular  temperature at x5 = 18.4 mm. 

If  we assume that the mass flux of the particle phase in the granular bed towards the jet is 
independent of y5 it follows that the axial particle flux in the jet (mixing region 1; see figure l) 
increases linearly from zero to the final value 

I/2 fT/;/p, X2 ~> h 
y2 o~2ppbup¢2 1 up d = &p 

Jo ).-E x:, x: < h. 
[4] 

In [4] rhp denotes the mass flux of particles per unit depth which has been taken from experiments 
by multiplying the measured value us~ (figure 11) for the lowest superficial velocity u~ = 1.47 m/s 
with the height h of the granular bed, the density of the particles pp = 2400 kg/m 3 and an estimated 
value for ~5 = 0.55: 

rhp = 2us c~spph. [5] 

The importance of various possible modes of particle-fluid interactions in the vicinity of the 
orifice is not clear and no attempt was made to incorporate them into the present model. From 
visual observations it appears that shear induced lift and Magnus forces are of some importance 
(Melville and Bray 1979). 

As shown in figure 12 the particle velocity inside the jet can be represented by a Gaussian 
distribution. Thus, we assume that this is also true for the fluid phase and we write 

uf = up = e_,,,:, [6] 
/dfc Upc 
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where the parameter  k is calculated from the measured condit ions at the jet edge given by the 
observed spreading angle ®, 

=.  0 . 2 u  w up ,, [7] 
4 = +  5 

The velocity profiles o f  both phases are self-similar when scaled with the distance from the virtual 
jet origin. For  a measured spreading angle ® = 2 8 ,  the virtual origin is at Xv = - 2 b 0  (figure 13). 

Due to similarity o f  the velocity profiles all the integrals in [1], [2] and [4] are reduced to two 
different constants  which are determined by the parameter  k. Then, [1] and [2] the volume 
concentra t ion c~2 was eliminated by means o f  [4]. Eventually, a method of  finite differences was 
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Figure 12. Particle velocities within the jet. (a).v2/bo = 5.4; (b)A-2/b,, ~ 3.3. 

applied to solve the resulting system o f  two non-l inear  ord inary  differential equat ions  for  the 
velocity at the centerline up¢ and uf~ for a given air velocity u0 at the orifice. Subsequently,  the volume 
concent ra t ion  ~2 follows f rom [4]. 

In table 1 the exper imenta l  pa ramete rs  which were used for calculating the velocity and the 
concent ra t ion  within the jet are presented.  Since the mass  flux of  particles rhp was assumed to be 
cons tant  for  all exper imental  runs, the volume concentra t ion  ~5 in the granular  flow was calculated 
f rom the measured  value of  the average particle velocity us, (figure 11). Here we note that  the 

X2 Uf. 

uf,pJ --0.2urc,~ 

I ~  I L Y2=::l:b]2 

Figure 13. Sketch of the jet model. 
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Table I+ Parametric values 

U~ llu h Cd~ ~5 

[m/s] [m/s] [mm] 

1.47 10.5 8.0 0.5 0.55 
2.26 16.0 6.6 0.5 0.42 
3.07 22.0 6.6 0.4; 0.5 0.26 

h + = 7 m m  d r =  1.5mm; O = 2 8 :  t i+p=0.48kg/ms  
p. = 2400 kg/m3: p; = 1.21 kg/m 3. 

experimentally obtained values of as are in reasonable agreement with the calculations to be 
presented in section 4. 

Figures 1418  show the numerical results according to the parameters obtained from 
experiments. In figures 14-16 the dimensionless center velocity upc/u, and the volume concentration 
e2 are plotted as a function of x2/bo. From experimental observation we assumed the volume 
concentration of particles in the surroundings of  the jet (region 4, see figure 1) to be either zero 
(figure 14) or equal to e2 (figures 15, 16). In all cases, the volume concentration ~2 increased within 
the mixing region according to [4]. The following spreading of  the jet caused a decrease of  e2 until 
the volume concentration became almost constant over a wide range of  x2/bo, a results confirmed 
by all experiments (figures 3-6). Finally, the air velocity became too small in order to further 
accelerate the particles which caused ~2 to increase sharply. This fact made the assumptions for 
the model invalid. For a relatively small superficial velocity (figure 14) this breakdown occurred 
before the particles reached the tube (x2/bo ~ 5). This theoretical prediction was in good agreement 
with the experimental observation (figure 3) from which we estimated x2/bo ~ 6. In figure 16 we 
varied the value of ca,. Apparently, the drag coefficient is a very crucial parameter  and ca~ = 0.4 
yields better agreement with measurements than Cd, = 0.5. However, if one takes into account the 
roughness of  the model, overall agreement is reasonable. Figure 17 shows numerical results for the 
centerline velocity u,+/uo as a function of x:/bc~ and with the superficial velocity u+ as a parameter. 
The initial increase of  ufc/uo for u~ = 1.47 m/s is due to relatively strong buoyancy within the mixing 
region. 
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Figure 14. Particle centerline velocity and volume fraction (u~ = 1.47 m/s). 
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Figure 15. Particle centerline velocity and volume fraction (u~ = 2.26 m/s). 
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Figure 16. Particle centerline velocity and volume fraction (u~ = 3.07 m/s). 
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Table 2. Physical parameters used in the present calculations 

grain-grain coefficient of restitution 0.89 
grain-wall coefficient of  restitution 0.87 
particle diameter 0.15 cm 
particle density 2.4 g/cm ~ 
inclination angle 15 
dimensionless height of the layer (H/do) 5.0 

The impingement rate per unit depth N [m ~ s ~] is needed to further investigate the impingement 
region 3 (see figure 1) and the defrosting mechanism. N can be easily estimated from the jet 
quantities, the jet width and the geometry of the tube: 

f 
R h 

trip up d )'A 
0() ~Pc b 

N - [8]  

i i 2 b/p Y 2  

m,p d 
b/p~ 

In [8], rasp is the mass of one particle and R is the radius of the heat exchanger tube. With the 
width of  the jet at the heat exchanger tube b / b =  3.86, the given mass flux of particles 
rnp = 0.48 kg/s and for a superficial velocity u~ = 3.07 m s ~, the impingement rate 
N ~  100000m -~s -~. 
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Figure 19. Volume concentration profiles for different boundary conditions on top. 
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Figure 21. Granular temperature for different boundary conditions on top. 

4. GRANULAR FLOW 

Johnson et al. (1990) developed a theoretical model to calculate the granular flow on chutes. 
The theory is based on rheological criterions for the material, which take into account both 
collisional and frictional mechanisms for the granular stress. Even though such a theory cannot 
predict all experimentally observed phenomena, numerical results for the problem under 
investigation at least provide important information about the influence of material properties such 
as the coefficient of restitution (see table 2) on the flow quantities. Since this section mainly follows 
the paper by Johnson et al. (1990), we recapitulate their frictional-collisional model here and discuss 
in detail modified boundary conditions on top of  the granular bed for both the granular 
temperature T and the stress. These boundary conditions account for the additional contribution 
to kinetic energy and momentum by the surroundings region 4 (see figure 1). The governing 
equations for continuity, momentum and granular temperature are: 

Dp5 
D---f + psV'u5 = 0, [91 

O n 5  
p s - ~  = p s g  - v-(,~f + cro) [10] 

3 D T  
~p5 Dt = --V'qPT + a~:V'u5 - I. [11] 

In the equations above p5 is the l~ulk density of solid particles. The symbols ~rr and ac refer to 
the stress in the granular material due to friction and collision, respectively. The gravitational 
constant is denoted by g, while u5 is the mean velocity as already defined earlier. Equation [11] 
is a local balance of pseudo-thermal energy given by the flux divergence V'qPT, the rate of  
generation due to shearing -ac:V'u5 and the rate of dissipation/volume I due to inelastic collisions. 
It should be noted that the latter quantity depends on the particle-particle coefficient of  restitution 
ep. 

According to Johnson et al. (1990) the boundary condition for the relative (slip) velocity 
us~ = (us - u~,,) at a wall can be derived from the stress exerted by the moving particles on solid 
boundaries: 

. u~ q~*rtPP~sx/~ [u~,l + Nftan ~ 0. [12] (af + o ' j - ~ . n  + = 

6~m~xl-I- ( c~5 ~..3~ 
\ZSI j L 
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Here n is the unit normal vector directed from the boundary into the material. The maximum 
solid fraction of particles for random packing is assumed to be ~n,~x = 0.65. The first term in [12] 
represents the limit of the stress in the material on approaching the boundary, while the second 
and third terms account for the stress acting on the boundary caused by particle-wall collisions 
and friction, respectively. The second term is proportional to a coefficient qS*, defined as the average 
fraction of relative tangential momentum transferred in a particle-boundary collision, The 
magnitude of  the tangential frictional contribution to the stress is assumed to be Nftan 6, where 
N,- is the normal frictional component of stress and 6 is the angel of friction between the surface 
and the solid particles. 

Another boundary condition at the wall is the flux of pseudo-thermal energy, which equals the 
difference between the rate of pseudo-thermal energy dissipation/area due to inelastic particle-wall 
collisions, 9 ,  and the rate of energy generation that occurs as particles slip along the boundary, 
i.e. 

--n'qpT = ~ + UsI" ( ] ~ * ~ P p ~ 5 ~  [Usl I [13] 

60(max[l -- ( 0~5 ) l'3 ]\0(max / J 

with 

= ~(1 - e~)ppo~,T,~ ,  [141 

4~m~x[ 1 - ( 0~5 "]tS]\~axj J 

where ew is the particle wall coefficient of restitution. 
Equations [12] and [13] provide ad hoc expressions that are reasonably faithful to situations 

where both frictional and collisional mechanisms of stress generations are significant. More 
rigorous boundary conditions for rapid granular flow were derived by Jenkins (1992) and later 
improved by Louge (1994) and Louge and Jenkins (1994). 

Furthermore, we need additional stress and pseudo-thermal energy boundary conditions at the 
free surface on top. An energy balance at the surface requires that the flux of pseudo-thermal energy 
is equal to the pseudo-thermal energy transferred to the granular bed by particle emotion in the 
surroundings region 4 (see figure 1): 

--n'qpT = 4 L "  [15] 

The velocity u4 can be estimated by the observed equal volume concentration of solids inside 
the jet and the surroundings (see figures 4 and 5). 

The stress condition at the surface simply follows from the force on the particles adjacent to 
the top: 

o3 n~pu4 = n . (of  + a+). [16] ~ppdpg + ,- 

6 (0~max'~2'3 
\ ~5 / 

In [16] the normal total stress caused by friction and collision multiplied with the area occupied 
per particle is equal to the volume force caused by gravity acting on a single particle and the 
additional influx of momentum from the surroundings. The coefficient 4~ varies between 0 and 2 
and represents the fraction of momentum which is transferred to the top layer. Since nothing is 
known about an actual value of ~ we simply assumed 4i = 1. This assumption is justified by the 
fact that at the top a certain fraction of falling particles bounce back while the rest of particles 
move rather unhindered into deeper layers of the granular bed. 

With the constitutive equations for or, a+, qPT, and I as given by Johnson et al. (1990) and for 
a fully developed steady flow, [9]-[163 are reduced to a system of ordinary differential equations, 
which were solved numerically using a standard Runge-Kutta  procedure. 
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Except for particle and wall materials (restitution coefficients ep, ew, particle diameter d r and 
particle density P0) the physical parameters were the same as chosen by Johnson et al. (1990). In 
our case the bottom wall was acrylic plastic and therefore we assumed ew being smaller than the 
value for smooth aluminum (Johnson et al., 1990). From experimental observations we also 
inferred that the grain-grain coefficient of restitution ep was slightly smaller than the value used 
by Johnson et al. (1990). Table 2 not only depicts the values of  parameters which differ from those 
chosen by Johnson et al. (1990) but also includes the geometric parameters for the present chute. 

Figure 18 gives the results of a parametric study with the purpose to obtaining a reasonable value 
for the influx velocity u4. For a given mass flux mp/2 = 0.24 kg.ms, figure 18 yields u4 = 0.23 m/s, 
a value which is in good agreement with experimental observations. In addition, figure 18 provides 
information about the average particle volume concentration ~5, and the average particle velocity 
us,. Figure 19 depicts the concentration profiles for various boundary conditions on the top. The 
dashed line represents the solution according to Johnson et al. (1990). The particles remain near 
maximum concentration and thus hardly move at all as long as there is no influence of  kinetic 
energy and momentum on top of the granular layer. 

As one expects, the influx of kinetic energy alone (figure 19, thin line) causes the particles to 
be slightly less dense than when there is also additional input of momentum (figure 19, thick line), 
which compresses the particles. As a result, the incoming mass flux from the surroundings rh4 
equals, to a good degree, the mass flux rh5 = rnp/2 within the granular bed only if the boundary 
conditions [16] and [17] are satisfied. This fact clearly shows the necessity of  implementing the full 
boundary conditions [16] and [7]. 

The velocity distribution is shown in figure 20. Again, the dashed line indicates that there is 
practically no flow for boundary conditions according to Johnson et al. (1990). The full lines, 
however, are in good agreement with the measured velocity distribution as shown in figure 8(b). 

The comparison between the measured granular temperature, figure 8(e), and the appropriate 
calculations, figure 21, also shows excellent agreement. For  ordinary boundary conditions at the 
top (Johnson et al. 1990) the granular temperature is close to zero. Again, only the influx of  kinetic 
energy and momentum on top of the granular layer causes the particles to flow as observed in the 
experiments. 

5. CONCLUSIONS 

We presented here a theoretical approach to studying the two-phase jet and the granular flow 
of particles in a very shallow fluidized bed (Aihara et al. 1995). First, high speed video recordings 
were evaluated in order to obtain data for the velocity distribution within the granular layer which 
forms on the inclined bottom wall. The videos also helped provide data for the average mass flux 
of particles. We kept this mass flux constant throughout the present investigation at a value 
consistent with our observations. We were also able to estimate the granular temperature from the 
velocity fluctuations. In addition, we measured the angle of the two-phase jet which quickly forms 
in the mixing region, and we measured the particle velocity within the jet. 

Second, we calculated the centerline velocities of the two phases and the average volume 
concentration of  particles within the jet. Both results led to an estimate for the average impingement 
rate of  particles on the heat exchanger tube. This theoretical approach was based on conservation 
of overall momentum and the assumption that momentum transfer between the two phases is due 
to interaction by drag and gravity. For  both, air and particles, we assumed a Gaussian velocity 
distribution within the jet. 

The numerical results showed that the average particle volume concentration remained nearly 
constant over a wide range of distance. This fact was indeed clearly observed in all experiments. 
The measured centerline velocity was, however, only in fair agreement with the theoretical 
predictions since the calculation is very sensitive to the value of the drag coefficient, which is not 
precisely known. 

Third, we investigated the granular flow of  the particles sliding on the inclined bottom wall. The 
analysis was founded on a theoretical model introduced by Johnson et al. (1990). In the present 
case, however, we had to modify the boundary conditions on top of  the layer in order to account 
for the additional influx of  kinetic energy and momentum from above. It turned out that this influx 
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had a strong influence and was the driving source for the particle flow within the granular layer. For 
the parameter values given in table 2, the numerical solutions were in excellent agreement with the 
measurements. 

So far no attempts were made to study theoretically the two-phase flow in the surroundings of the 
jet and the granular layer. In that region the particles settle due to gravity, but are also strongly 
influenced by the neighboring jet and the heat exchanger tubes. Only if the particles impinged on 
to the heat exchanger tube (figures 4-6) we experimentally observed that the volume concentration 
of particles within the surroundings was practically the same as within the jet. 
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