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ABST RACT 

The aerodynamic ch a r ac teris tics of four grains ln a 

rectangular cross section spouted bed dry er were in­

vestigated in this report. 

l 

Bed depth and moisture content were varied for each 

grain and the effects on the characteristic pressure drop -

airflow curves, a nd pressure drop required for spouting 

were noted. Both high bed depth and moisture content were 

observed to i nc rease hysteresis in the pressure drop -

superficial velocity curves of a ll grains . The character­

istics of corn and wheat beds seemed the least affected by 

these changes. 

The power requirement for the apparatus used was 

relatively high. However , since dry ing r ate s for spouting 

versus static grain were found to b e 4 0 to 50% higher, it 

is felt that with proper inlet a nd d·r y er design , the over­

all energy efficiency of this dryer coul d bec ome at least 

comparable to that obtained with cylindrical spouted bed 

dryers. 
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CHAPTER 1 I NTRODUCTION 
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I NTRODUCTION 

As the trend continues towards increasing the 

efficiency of a gricultural operations, grain drying is be­

coming an operation of industrial magnitude. It is es­

timated that on a worldwide basis between the years 1980 

and 1981 approximately 94 .5 mi llion metric tons of water 

were removed from drying coarse grains (Anon., F.A.O. Prod. 

Yearbook, 1980/1981). 

Presently a variety of static bed or mechanically re­

circulated grain dryers exist on the market. Most are 

capable of drying sufficient l y large quantities of grain at 

a time, howe v er, even porta ble models are often large and 

cumbers ome to set up a nd dismantle. High capital cost and 

non-uniformity of dry ing are other disadvantages of this 

type of drye r . 

In 1955 .Gishler a nd Mathur published a paper on the 

possible application of a "spouted bed" dryer, as they 

called it, for t he drying of coarse particles including 

agricultural materials. Ease of transferring solids to and 

fro m vessels, uniformity of conditions within the .grain bed, 

high heat a nd mass trans fer rates, compact size and low 

capital cost were some of the positive aspects that 

prompted the investigation of this dryer. 

Through the ye ars the s p outed bed dryer has been used 

in industry for c oating , blen ding, cooling and granulation 



of various chemical products. It has not, however, been 

used in the agricultural industry simply because present 

models are too small in size*. 

The subject of this report, the rectangular spouted 

bed dryer, is essentially a vertical column of rectangular 

cross section i nt o which air enters through a long slot. 

The dryer's capacity may be increased by extending its 

longest rectangular dimension making it a potential 

candidate fo:r " scale up" to become the first high capacity 

spouted bed dryer. 

* Th e largest dryers are betVTeen 2 and 4 feet in diameter 
by 7 to 8 f e et h i gh cylin de rs . 

3 
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CHAPTER II - OBJECTIVES 



OBJECTIVES 

The purpos e of this report was to study the aero­

dynamic char acteristics of the rectangular dryer. More 

specifically , it was the author's intention to investigate 

the effect of varying bed depth and grain moisture content 

on the airflow required for spouting and the differential 

pressure ac r oss the grain bed. 

5 

It was also desired to compare the drying rate for the 

static bed condition to that obtained for the same grain 

subjected to spouted bed drying. 

The fi nal ob jective was to compare the findings of 

this report, where possible, to available information on 

cylindrical spouted bed dryers. 
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CHAPTER III EXPERIMENTAL PROCEDURE AND APPARATUS 
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EXPERI~lliNTAL PROCEDURE 

This expe r i ment co n sisted of three sections; each of 

the parts being carried out for corn, wheat, oats and 

barley. For the first part, testing was carried out for 

grain depths v arying from approximately 11.5 cm to 23.5 cm. 

For each depth, the airflow was varied from very low values 

through those required for spouting to those at which 

aggregative fluidization began to occur. Pressure drop -

velocity reading s were taken at various times during the 

run. In each case the airflow required to initiate and to 

maintain spouting were n oted as closely as possible. 

The second portion of the test was conducted in ex­

actly the same manner as the first, except that the 

variable was grain moisture content. 

Curves of pressure drop (~P) versus superficial 

velocity (U), be d depth (H) and moi sture content were 

plotted. Airflow required for spouting was plotted versus 

moisture cont ent. A calibration curve of 6P versus U was 

plotted for the empty dryer so that the pressure drop 

acro ss the screen (which prevents grain in the dryer column 

fro m falli ng into the i n let mani£old) could be subtracted 

from the total differential pressure across the grain and 

screen. 

For the final part of this experiment the moisture loss 

of corn and wheat whose i nitial moi sture contents were 
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J2.J% and 22.8% wet basis respectively, were measured dur­

ing 45 minutes of drying in both the spouting and static 

conditions. No heat supply was provided, however friction 

from the blower blades heated the air to approximately J2°C. 
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APPA.RATUS 

The apparatus used for this experiment is illustrated 

in Figure la. A five horsepower impeller - type blower was 

used t~ force air through 20.32 cm (8 inch) diameter ducting 

to an inlet manifold which redirected it through a slot 

running the width of the dryer column. 

As shown in Figure 1b, a screen was placed on the out­

let of the blower, and a piece of honeycomb in the cast iron 

pipe, in order to provide the streamlined flow necessary 

for velocity measurement . 

Velocity , temperature and static pressure measure­

ments were taken in the cast iron pipe using a pitot static 

tube and . manometer, thermocouple and digital meter, and 

water filled manometer respectively. Referring to Figure 

le the position of measurement is indicated by the two 

pieces of paper on the iron pipe. 

Differential pressure across the bed was measured 

directly with the use of a water filled manometer. One 

side of the manometer was connected to a static pressure 

tap near the screen-covered air inlet, and the other, to 

one of the taps on the fac e of the dryer. Bed depth was 

measured from the air inlet to the grain bed surface. 

Airflow was varied by opening or closing the orifice re­

stricter a nd bleed valve shown in Figure ld. 

F i gures le · and lf show a small depth of corn spouting, 
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and poorly fluidized in that order. 



a) Overall view of apparatus used. 

b) Screen and honey comb used to provide 
streamlined air f low. 

Figure 1 . Experimental apparatus. 

11 



Figure 1. con tinued 

12 

c) Positions of 
velocity and 
pressure measure­
ments. 

d) Orifice restrict­
or and bleed 
valve. 



e ) Spouting corn o 

Figure 1. continued 

~1_3-

f ) Fluidi zed corn. 
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CHAPTER I V - THEORY AND LITERATURE · REVIEW 



15 

THEORY 

Perha ps , before de l v i ng i nto the findings of this a nd 

other reports, it would be best to review the general 

principles associated with the spouting bed dryer. 

The spouted bed dryer is somewhat of a compromise be-

tween a fluid a nd a static bed model. Existing types are 

usually cylindrical columns wh ich have cone-shaped bottoms. 

A jet of ai r en ters at the dryer bas e and blows up through 

t he column making the grain "spou.t" in the form of a 

fountain, a s shown in Figure 2. 

fou ntain 

annulus 

~ spout 

alr inl e t 

a) Cylindri ca l or circular 
column spout e d bed drye r· 

fountain 

annulus 

spouts 

slanting 
bas e 

air inlet 

b) Rectangular spouted bed dry­
er showing possible ex­
tension of size. 

Fi gu r e 2. Sch ema ti c s o f a circular and a rectangular 
s poute d bed d r y e r. 
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Since the residence time of any ohe kernel of grain in 

the hot air jet is fairly low, substantially higher drying 

temperatures than found in conventional agricultural models 

may be used. Higher drying temperatures combined with in-

creased gas to solid contact area provide for large convective 

heat transfer coefficients. Hence, faster drying times are 

achieved without the mechanical or heat damage_ sometimes en-

countered in conventional recirculating and batch dryers. 

The actual mechanism of spouting may be better under-

stood by referring to the typical pressure drop - airflow curves 

obtained by Madonna et al (Mathur and Epstein, 1974) for a 

15.2 cm diameter half section circular column shown in Figure J. 

2.0 
u 

B 
~Pm - - - - - - - - -

ctl increasin g H=JO P-; cm 
~ 

1.5 
flow 

P-; decreasing B' c 
<J flow ---

_, 
.......-- I .. I P-; 

0 1.0 I 
0::: I q 

I D 
w - .. . ~ps 
0::: C' 
~ 
(/} 
(/} 0.5 - H=20 w cm 
0::: 
P-; 

cm 
0 ____ ____l __ 

Fi gure 3. 

0 0.2 0.4 0.6 0.8 1.0 

SUPERFI CIAL VELOCITY, U (m/s) 

Typ i cal Pre ssure Drop v e rsus v e locity curves 
obta i ne d by 1a donn a et al. for a 15.2 cm dia­
met e r half se ct j on circular spouted bed dryer. 
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The curves labelled ABCD and DC'B'A represent pressure 

drops across the gra i n bed for increasing and decreasing 

airflows in that order. At first the gas simply passes up 

through the grain without disturbing any of the particles; 

the pressure drop increasing with airflow. Then, in the 

immediate vicinity of the spout, the particles are pushed 

back to form a small cavity whose .wall is compacted. This 

offers greater resistance to airflow, causing the pressure 

to rise further , as illustrated below. 

: :i:;: ' ) 
' I' I 

a) Cavity formatio n b) Formation of an 
internal spout 

~~ 
. . I I· 
. I 
. I I, 

. . I . 
· . I 1l . · 

.. / . I\ I ' : ' . 
. I 

. ·. 11 . 

ill 
jll 
11· 

c) Steady 
spouting 

Figure 4 . Formation of a spout in a circular spouted bed 
dryer. 

With greater airflow, t his cavity elongates and the 

formation of a n i n t ernal s p out occurs. However, because 

the upper wall of this spout consists of a layer of 
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closely packe d kerne ls, t he pressure ris e s further until 

poin t B i s reach e d . Pa st th is poin t at which the ma x imum 

pressure dr op (DP ) ac r oss t he bed is achi eved, the height m 

of t he relatively hollow int e rnal spout becomes quite large 

in compar ison with the packed solids above the spout. Hence, 

the p r essure de creases along BC. Past point C, which lS 

called the poin t of i n cipien t spoutin g, the internal spout 

breaks t h e s urface . Due to t h e fact that the solids 

concentrat ion i mmediate l y a b ove t h e spout is markedly de-

creased, _t h e pressure drop de creases to point D and steady 

spouting se t s i n . Th i s p r essure dr op, called the spouting 

pressure drop ( ~P ) , remain s r elatively constant with s 

fu r t h e r i n c re a se s i n . ve locity unt il fl u idization begins to 

occur . 

By s lowly de c reasing the gas flow to the mlnlmum re-

quired to s us ta in sp outing , poin t C' is reached; the air 

velocity a t t h i s p oin t be i ng the minimum spouting velocity 

(U ). A slight re du ction i n airflow past this point ms 

cau se s the s p out to c ollapse a n d the pressure drop to rise 

to point B'. From t h is poin t on the pressure drop merely 

falls with de creasing airflow. It should be noted that the · 

reve rse c u r ve for p re s sure dr op falls below that for in-

creas i ng flo w. This is because f or a g iven increasing air-

flow, energy is being expende d to overcome the forces due 

to f r iction a nd init i al be d pack i ng . Whereas, for de-

cre a sing f lows , . these forces h a ve already b een ov ercome 

a nd a ir c h a nn el s thr ough th e grain b ed have b een 
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established making pressure drops lower. 

The maximum bed depth (H ) of a given material that may 
m 

be spouted i n a given dryer depends on the column and air 

inlet sizes. Grain beds of depth higher than H change m 

from the static to fluidized state since the superficial 

velocity required to maintain spouting is greater than 

minimum fluidization velocity. 
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LITERATURE REVIEW 

Various corre lations have been derived which relate 

bed depth, inlet orifice size, column diameter, particle 

size to the airflow, pressure drop required for spouting 

and maximum spoutable depth. Although some work has been 

done by Mitev and Volkov et al. on rectangular dryers in 

the Soviet Union (Mathur and Epstein, 1974), work in North 

America has concentrated on circular cylindrical vessels. 

Hence, these correlations are applicable to cylindrical 

dryers, a nd presenting a detailed review of existing 

mathematical relations in this section would be extraneous 

to the subject matter of this paper. 

Instead, a few key relations will be presented to give 

the reader a general idea of the interdependence of the 

above mentioned variab les*. mhis way the reader will hope-

fully have a better idea of the general "state of the art" 

of spouted drying and thus have a better appreciation for 

the results of this report. 

For the prediction of minimum spouting velocity in 

circular spouting beds the Mathur and Gishler correlation 

below, has proved valid over a wide range of variables 

(Mathur and Epstein, 1974). 

* A more complete summary of re levant correlations may be 
fo und in Appendix B. 
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. . ( 1 ) 

The relation does not appear to apply for column diameters 

much larger than 61 cm, since Peterson carried out a test 

on a 91.4 cm (J ft) diameter by 119 cm (approximately 4 ft) 

deep bed of wheat and found the value of U to be nearly ms 

double that predicted by the Mathur and Gishler equation 

(Mathur and Epstein, 1974 ). 

More recently Littman and Morgan (1982) found that 
~ 

U did not always vary as H2 as suggested by equation (1). ms 

Hence, they presented a new general correlation for U ms 

based on the pressure drop at minimum spouting condition 

and its derivative with respect to bed height. Apparently 

the relation matches a wide range of experimental data to 

11.6% on average. 

A number of correlations have been proposed for the 

prediction of maximum spoutable depth including those of 

Becker (1961), a n d Malek and Lu (1965). 

Becke r: 

[~J[~:r· 76[ 1 2~: Dj 1.6 exp( - 0 .00?2 Rem l 22 + ~~~O]r2/J Rem1/3 = 4-Z 
I I I I ( 2) 

where -v; is a shape factor ( 1 . 0 for spheres, 0. 62 and 0. 76 
for wheat, 0.35 for flax se ed etc.) and d is the diameter 

f 
. V o a sphere of same v olume a s partlcle. 
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Malek and Lu: 

_Jrl = 0 . 1 0 5 -~ _s_ /\ / ~ 
[

H 

1 
[D J0.75[D 

1
0.4r 2 1.2] 

D d D. I I I ( J ) 
c p 1 -

where A is a shape factor (1.0 for millet, sand, and 
timothy seed, 1.65 for gravel) and~ is in megagrams per 
cubic meter. s 

Mathur and Epstein (1974) concluded that the Malek and 

Lu equation was the only equation supported by a 

sufficiently wide range of variables to be of practical 

interest. However, they found Becker's method to be the 

most reliable when tested against a wide range of ex-

perimental data covering different materials, column 

diameters, and air i nlet sizes. 

Correlations for peak a nd spouting pressure drop are 

difficult to compare due to the fact that the location - of 

the upstream pressure tap used in measuring differential 

pressure across the bed varied depending on the experimenter. 

This would have considerable effect on the observed value 

of ~p due to the temporary pressure drop immediately down­
m 

stream of a n orifice plate. Nevertheless, appendix B con-

tains Manurung 's relations for ~p and 6P . Malek and Lu s m 

(1965) state d that the maximum pressure drop approximately 

equals the we ight of the bed regardless of the size of the 

inlet orific e used , provided that the value of H/D lS not c 

greater than unity . However, a check against the data of 

other workers indicates that this is not generally valid 
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(Mathur and Epstein , 1974). 

The gene ral effe c t of major variables was investigated 

experimentally by Mathur and Gishler (1955) using 9, 13.5, 

20.25 and 27 cm (4, 6, 9 and 12 inch) diameter columns. 

They found b ed depth to vary linearly with minimum spouting 

velocity. A couple ·of interesting results of this study 

indicated that deeper beds could be spouted with smaller 

inlet sizes, and that larger diameter columns permitted 

higher spoutab l e depths and required less airflow to spout. 

Obviously, however, there exists a limiting column diameter 

for which the latter observation no long~r holds true and 

the airflow r e quired for spouting increases again. 

Other parameters such as inlet design and cone angle 

have been shown to affe ct the "spoutability" of a bed. 

Various inlet designs shown in Figure 5 such as a con-

stricting orifice, conv erging protruding nozzle, protruding 

straight pipe, a n d trun cated conical plug insert have been 

used to obtain higher spoutable depths. 

The optimum cone angle for most materials in a 

cylindrical column was suggested by Mathur and Epstein 

( 4) . . f 40°. 197 to be ln the re g lon o Although the optimum 

slant angle f or a r ectangular dryer might be entirely 

different, no te that the angle used in this experiment was 

60°; a substan tially higher value. 

Regarding t he s caling up of the spouted bed dryer for 

industrial a pplica t ion , Nemeth et al. (1982) worked on 
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/ 
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a) Con stric ting 
or i fice 
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c ) Converging nozzle , 
protruding 

, 
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b ) Straight inlet plpe, protruding 

i n sert 

\ 

, I ~~ 
~!l!iP/ 

d) Truncat ed conical plug insert 

F i gure 5. Var i ous inl et de s igns u sed to i mprove spoutability 
of a circ ular spout ed bed dr y e r . 

L 
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determining the limits of invariance of the flow cor-

relations presently serving as the basis upon which dryers 

are dimensione d . 

While on the subject of the industrial application of 

this dryer, one point worth ment ioning is that Becker and 

Sallans (1961) calculated the power cost for a spouted bed 

dryer to be more than twice that for a conventional moving 

bed type dryer. In other words, the overall picture that 

emerges is that spouted bed drying offers large savings in 

capital cost and space over conventional drying methods at · 

no additional total cost*. 

*Due to recent fuel price i n creases, it is not known 
whether the overall .costs for conventional and spouted bed 
dryers are still comparable . 
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CHAPTER V RESULTS AND DISCUSSION 
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RESULTS Af D DISCUSSION 

When the gra phs of ~p vs U for each grain were com-

pared, most were found to have the shape shown in Figure 6. 

Q 
P::l 
p:::J 

(f2 
(f2 

0 
0::: 
c 
c::r: 

P-i 
0 
0::: 
Q 

P::l 
0::: 
:::::::> 
(f2 

- ------ --- - ------- ------, 

B, C 

F 

\__spouting 

U2 A / 
~ 
0::: 
P-i 

S UPERFICIA L VELOCITY , U 

Figure 6. Typical pressure drop versus velocity graph 
for a rectangular spout ed bed dryer. 

The fact that this curve is fundamentally different from 

that shown in Figure J ma y be explained by differences in 
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experimental procedure and inherent behaviour of the dryer. 

First of all, each of the runs for this experiment 

monitored pressur~ drops for airflows varying from the 

static condition into fluidization. Most researchers in 

the past stopped increasing the airflow in the "spouting" 

region shown in Figure 6. Hence, the entire section of the 

curve to the right of point E is missing for their results. 

Another fundamental difference is that for the rect-

angular dryer used in this test, no formation of an in-

ternal spout was observed before the onset of spouting. 

This meant that the point of incipient spouting was the 

point of illaximum pressure drop. 

This may be rationalized by considering that the air-

flo w entering through the long thin slot of a rectangular 

dryer is much more distributed throughout the grain than 

for the circular type . For example, to obtain the results 

of Figure J, Madonna et al. used a 15.2 cm (6 in) _column 

and a 5.067 cm2 (0.196 in
2 ) air inlet, (Mathur and Epstein, 

1974) whereas for this experiment , for only a slightly 

higher grain volume* , an inlet orifice of 47.63 cm
2 

(7.38 in
2 ) was used . Since a much greater volume of grain 

is supported above each square unit of inlet orifice for 

the rectangular model, the airflow supplied to initiate 

*The volume contained in a un it height of a 19.6 cm (7.7 in) 

circular column is approximately equal to that contained ln 

a unit depth of the rectang ular model used in this ex-

periment. · 
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spouting seems to be utilized to set a great proportion of 

the grain bed in motion r ather than to form a localized ln­

ternal spout from a smal l volume of grain. 

Yet another factor contributing to the discrepancy be­

tween curves is the fact that unfortunately a velocity 

measurement was not taken immediately after spouting 

occurred. Instead, when spouting occurred, the velocity 

was lowered to the m~nimum spouting velocity, and a 

pressure me asurement was taken. The velocity was than in­

creased, and pressure and velocity readings were taken 

through spouting to fluidization and back again. Point E of 

Figure 6 is the point at which the spouting pattern gave 

way to poor quality fl~idization characteristic o{ that ob­

tained with coarse particles. The dotted line between 

points C and D shows the curve that might have been ob­

tained had the "velocity after spouting" been measured. 

Note the simil a r ity to the circular column graph. 

Another observabl e difference between this curve and 

that of Madonna and eo-workers is that no marked elevation 

of pressure occurred immediately after the transition be­

tween the s pouting and static bed (point B' on figures 3 

and 6). It is possible that there exists a pressure in­

crease for a very small range of velocities lower than U ms 

and that these were simply o ershot by making too coarse an 

airflow adj ustment during the transition. 

However, other factors may come into play. For 

example, the greater airflow distribution in the 



rectangular dryer a nd sma ll bed depths used in t hi s ex ­

p eriment ma y h a ve prompted air channe ls formed durin g 

spou t ing t o remain open , even a rter t h e collapse o f t he 

s p out . This would keep the pres sure drop low. 

JO 

Reduc i ng airfl ow past point B ' gen erally resulted ln 

pre ssure drops somewha t l es s t han those for the increasing 

flo ws as f ound for the c i rcular dryer . 

Figure 7 i s a summa ry o f the various shapes of the 

pre ssure drop - veloc i ty gra ph s obtain ed for each grain 

along with curves showing t he eff ect of hi gh moisture and 

high depth . It ma y be seen t hat fo r all cases, the high 

depth a nd _mo i sture c ontent plots a r e characterized by a 

great e r a mount o f hys teresis betwe en the upper and lower 

c urve s. Th i s result supports the t he ory that air chann els 

formed dur i ng the transit ion fr om a s pouting to a static 

be d , remain open after spouting c eases. 

Pronounced hysteresis wa s observed i n the lower por­

tions of t he high depth curves of oats a n d barley probably 

due t o the a bove ment ioned r e a s on . No such effect was ob­

serv e d for the remaining t wo grain s. Since the moisture 

tes ts were done wi th re lat ively low grain depths, the high 

moisture plots tend to show less lower curv e hysteresis 

t h a n t h os e for high depth . The cur ve s h apes of corn and 

wheat seem to be l east a ffected by c ha nges i n moisture con­

tent a n d b e d depth . 

Spouting pressure drop was found to v a ry , as is s h own 

ln Figure 8 with bed height . When a graph of log (6P) 
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Low '(; _ h 2.1 , i gh de h High 1oisture 
e q u i 1 i- ::.-- i 1 ~;. ! ;- o · s t re 

'heat 

Corn 

Oats 

Barley 

F i g ure 7· 

(} 

T ~-p i ca l pressl, re drop versus superficial velocity 
g~ aph s f or four grains at varying moisture contents 
2:'. d b e , l e pths . 
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1.5 

12.1% w.b. 

1.0 

0.5 

10 15 

wheat 
1 1..9 °o ,v.b. 

Bed Depth,H (cm) 

20 

barley 
13.4 o/o w.b. 

Fi gure 8. Pre ssure drop required for spouting versus bed 
hei ght for fou r grains . 
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versus lo g (H) was plotted for each grain the following 

e mpirical r e lations were ob tained: 

Wheat: 6P = 7.08 H1. 13 
I I I I I I I I I I I I (5) 

Corn : 6 P = 6.76 H1. 22 
I I I I I I I I I I I I ( 6) 

Oats: 6P = 6.53 Ho. 1 o4 
I I I I I I I I I I I I (7) 

A relation for barley was not derived since its data 

points did n ot linearize well on · the log - log plot. 

From t he a b ove r elation s and F i gure 8, it is apparent 

that, for t h e r a nge of b ed heights used in this experiment, 

the pressure d r op required to maintain spouting was great-

est for wheat, follo we d by corn, then oats, and finally 

barley. Va r iations i n particle shape and grain bulk 

de n sity mos t liKely a c co unted for these results. Oats and 

barley, having the lowest bulk densities* and the most 

streamlined a nd re gularly shaped kernels, offered lower 

resistance t o airflow than either corn or wheat. Wheat 

kernels, being fairly s mall tended to pack together leaving 

less void s pace than any of the three remaining grains. 

Note t hat equations 5), 6) and 7) are particular to 

the condition s of this test. No attempt is made here to 

suggest that the s e a ppl y to rectangular dryers in general 

sin ce variat ions of pre ssure drop with dryer size and shape 

have n ot be en tak en i n to ac ~ ount. 

-~Densities o f 1 vh e a t , corn , ·:)ats a n d barley were found to 
b e 753, 680 , 59 1 and 571 k g/m3 respectively. 
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Be fo re continuing it mi ght b e well to mention that all 

pressure drops presented i n t h is r e po r t i n clude the con-

tribution of the inlet s creen . The lower p ressure tap used 

i n measuring diff eren t i al pre ssure across the bed was 

located to o c lo se to t he i n let screen. Hence, due to the 

ven turi effe c t (suction at the lower tap) extremely high 

and errone ous r eadings of pressure were obtained when the 

dry er was run empty . Thus, the ~p versus U calibration 

curve fo r t he inlet sc r een could n ot be used. 

Resul ts of t he moisture tests for this experiment were 

i n con clusive . The s pouting velocity versus moisture con~ 

tent cu rves of F i gure 9 app ear to show no set pattern for 

increasing moi s t u r e con ten t. This may be explained by con-

sideration of Figure 1 0 wh ich s h ows t hat spouting pressure 

drop (~ P ) remains a pprox i mat e l y the same through a 10% s 

(wet ~asis ) or grea ter i n crease i n moisture content. 

Apparently f o r the 4 . J4 x 10J cmJ v olume ._ used in this ex­

periment, i n c reasing g r ain wate r con tent by 1 5 to 20% wet 

basis, d id not inc rease th e bulk grain wei ght enough to 

aff ect the airflow required f or spouting. The drying rates 

shown below indi cate that, f or a ll conditions equal, using 

unheat e d ajr a spouting bed of gr a i n drie s between 40 and 

50% f ast er than a stat.ic one . Al though this figure is al-

ready i mpre ss i ve , it, most J ikely , will be higher for 

he ated air spo u ted bed drye ·s sinc e extremely high drying 

te mpera t ureu .a be used . 
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The spoutin g pattern observed in the rectangular dryer 

was mo re erratic than that of the circular dryers where one 

central spout d istributes g rain to the slowly downward 

moving annulus. Due to the fa ct that such a large inlet 

area wa s used, s p outin g would occur at any place along the . 

long slot that corre sponded to the path of least resistance 

through the grain at that particular time. ·This has the im-

portant consequence that se g re gation would be minimal in 

the rectangular dryer . Segregation is the term used to de-

scribe the tende n c y of heavy particles to congregate in the 

upper and i nner annular re g ion of the circular spouted bed. 

This has be e n found to be a problem in situations where a 

steady state d r y ing ope rati u rl is desired. 
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In sum ary , two of the major differences between the 

gr2phs obta ine - i~ th ' s exper i ment and those of other re-

searchers are 2 s follows . Firstly, since no formation of 

an internal s p out was observed just prior to spouting, 

spouting was i nitiated at the point of maximum pressure 

drop. Seco~dl : , the p ressure drop across the grain bed 

following the collapse of the spout was always found to be 

lowe r than sno uting pressure dron. 
- l.. _ - J _ 

Increa.es i _ be d depth and grain moisture curve shifted 

the decreasing flow curve of the 6P versus U graphs to the 

ri ght. The gra~hs for hi gh grain depths showed the great-

est amount of . .Js teresis in the lo wer pressure and velocity 

re gion . The c u rve shap es of corn and wheat seemed to be 

least affected by chang es in bed depth and moisture content. 

For a given height of grain the pressure drop across a bed 

of wheat was the highest , fol lowed by corn, oats and barley. 

aising moistu r e content did n ot appear to affect the air-

flo\/ require d f or spouting fo r a bed depth of 15.62 cm. 

ratural ai r d ry ing r a tes we re L~o to 505~ higher for the 

spouted be d t an the static bed . 

In e o:. nar i s on to the \.- ircular spouted bed dryer the 

rectangul al'"' d r .. re r ha s the :1 dvan tag e of not causing 

se g regati on o he2:l~- .:...Jart i e; les in the inne r and upper 

a nr:' llus r e,:-- c~ . ::0\'ic ··e r, j_ ts ma i n. limitation is a high 
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inlet area to column are a rati o whi ch means that the air-

flo w must be a b l e t o support a great p roporti on of the bed 

before spoutin~ i nitiat e s . ' n i mprovement mi ght be ob-

tained by rede sign ing the air inlet so that the flow is 

some what n ozzled . 

An other possibility would be to compartmentalize the 

airflow before it r eaches th e inlet dryer orifice by using 

a series of slat s in the inlet ma n ifold. This would 

eliminate th e lateral airflows occurring under high pressure 

drop conditions where the s upplied airflow sometimes hits 

the dryer screen, and is me r e l y redirected sideways and 

forced back into the supply pipe . 

Yet another alternative mi ght be a design tried out in 

the Sov iet Un ion wh e re the air inlet is . such that the air-

stream enters at an angle fro m the vertical. This shifts 

some of the grain bed wei ght off the air jet. 

Lowering the slant angle from the 60° value used in 

this experimen t and increasing the shorter rectangular 

dimen~ion of the dryer column mi ght also aid the bed wei ght 

distribution. 

If high e r op era tin g cos t s are not to outweigh the ad-

vantages of low capi t a l cost a nd fast drying time, much 

work must be don e on the r ectan gular dryer to optimize 

dryer shape a n d p r ovi de s moo th nozzled inlet orifice that 

wil l supply a co~ c entrate d j e t of air. 

Once these obs t a cl es a r ,:· overcome, however, the author 

see s n o reaso n why t hi s drye :c co uld not be implemented for 

I. /' 
\ 
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agricultural u se s i n c e it has the definite advantages of be-

ing more compact and le ss cumbersome to set u p than present 

model s . 
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~ ~t: C 0~.1 - 1~; J ~- T I or JS 

The first recom~endation to anyon e carrying out fur­

tner worK on this subject is to pa y close attention _to the 

points made about slan t angle and air inlet orifice design 

made in the summary a n d conclusions section. 

Secondly , it is best to limit the scope of variables 

to be investigated and attemp t to attain meaningful re­

sults for those tested . For example , when obtaining pres­

sure drop ve rsu s velocity characteristics for a given grain 

bed it is bes t to take as many as 30 readings, especially 

con centrating or the region near s pouting . 

Superficial ve locity measure~ent should be done 

directly i 1 the_ dryer column if some means of not obstruct­

i ng the s pouting pattern or clogg ing the measurement de­

vice can be devised . 

If an nC bl ower of con stant capacity is to be used 

such as the one used for this investigation, a better set 

up than an orifice .restrictor and bleed valve for airflow 

variation would be the como i nation of a gate and bleed 

valve . funnel shaped nozzle could then be placed on the 

i nlet orifice of the blower. Thi s would aid the problem 

encount ered i~ th is exper i m2nt of air backing up due to 

the sharp pressure transit i -,n , and blowing out around the 

periphery of tJ e ' lo wer i n l e t orifice. 

Lastly, when r.teasu ring t he diffe rential static 

l 
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pressure drop acrous th e g rain bed, the lower static tap 

should not e pl~ced to o near the inlet screen for reasons 

disc ussed pr2'l iously . 
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-re~cntc 1:.c::::.., arc t !Ice SD.Ii.plc; plot<"' of pressure drop versus 

superficial ve l ocity. noo:paring the th.ree curves one may confirm the 

afore-mentioned e:._ f ect of hiGh .:oi s ture and high bed depth. 

The log (6 P ) vcruus lo[:; (H) plot Has included as a check for the 
s 

readc;r . The r e .. ai i nt; data has been summarized in the results and 

dis cussion ~ c ction and need not be included here. 

The key bel o t Hill help the reader to interpret the follm'ling 

graphs . 

KEY : 1 .;a:.cimw f lov-r and pressure drop for 
.-rhich the c;rain bed remains static. 

2 The minimum pressure and velocity re­
QUired to maintain spouting. 

3 T-ransit ion point fror.; spouting to 
~~eeative f luidization. 

4 -- .e point at Hhich collapse of the 
spout occurs . 

• oint8 pl otted for increasing flow. 

• Point~ plotted for decreasing flow. 
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In thi.:> se tion t . 1C Tc dcr ·Till find the correlations suge:;ested 

by various rescarchels , the ed geometry and the materials for Hhich 

they were dcve lo~ed . 
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e l o i ty ~ f" s calculated u ..J inc the f ollo\ring rela tions : 

V =j2g h ( S -a l o 
s· . alr 

v = the air velocity at the position of the pitot tube 

g = 9.806 1~2 
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hal = t he ve l ocity head read off the alcohol containing manometer 

;3 = 
0 

3 . = alr 

~.)pe ci-'"'ic g..:-J-vi ty of alcohol at standard temperature 
a~d pressure . 

specific sravity of air at standard temperature and 
:pressure. 

Volumetr i flo r in the pipe at the position of the pitot static 

t ube iTas calcul'"l..tecl by multiplyinG "v" by the cross-sectional area of 

the pipe Hhich 

v = 

- 2 2 
s 3 .2429 x 10 m • 

( ~ ?lt 0 0 v l 0- 2 )v .J. ~ ' J'~ / -''-

2 

Superfici2.l velocity coul d then be obtained by dividing V by 

the cross-- secti onal area of the dryer column Hhich 1 as 2. 779 x 10-2 
m • 

u = l . l G?:-2 V 
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Predicted values are up to 30 % higher than those observed for 
large diameters (30.5 cm .and 61 cm wheat). 
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