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RESUMO

A' simulação da distribuição de ar dentro de dutos per fu 
rados usando a equação de quantidade de movimento e uma oorrelã 
ção dando as propriedades de resistência ao fluxo de ar é relatZ 
vamente bem eoriheoida.

Um modelo matemático baseado nesse tipo de sistema foi 
solucionado s através da computação e as propriedades do mesmo fo 
ram3 então3 investigadas pela obtenção das mudanças na uniformv 
dade de distribuição do ar após as variações nos parâmetros do 
referido modelo.

Uma investigação foi também efetuada para mostrar as di 
ficuldades de melhorar a distribuição do ar pelas variações na 
geometria do duto.

Em vista disto, projetou-se um secador tipo plataforma 
(em fase de construção) que será utilizado para tentar confirmar 
experimentalmente os resultados oriundos do modelo.

1. INTRODUCTION

A lthough  not widespread as yet,  much in t e r e s t  i s  being d i rected  towards 
the development o f  forced v e n t i l a t i o n  cocoa d r i e r s  f o r  use in the Bahia reg ion.  
One d e s i gn  which i s  being g i ven  p a r t i c u l a r  a t t e n t i o n  at the CEPLAC Research Cen 
t r e  i s  a s imple  p lat form type d r i e r  o f  a res  10m by 2m.

I t  i s  we ll  known that d r i e r s  o f  t h i s  type can s u f f e r  non-un iform d ry ing  
a i r  f low through the crop, due to v a r i a t i o n s  in s t a t i c  p re s su re  a long the plenum 
duct beneath the cocoa, MARCHANT and NELL IST (1977).  With cocoa depths kept to 
the recogn ised  l im i t  o f  20 cm WOOD (1961) and a i r  f low kept low to main economic 
e f f i c i e n c y  SHELTON (1967) the s t a t i c  p re s su re  developed would n e c e s s a r i l y  be

Sma' ' ’ I t  was thought p o s s i b l e ,  then, that even small s t a t i c  p re s su re  
v a r i a t i n o s  a long the plenum duct could have a comparat ive ly  1arge  e f f e c t  upon the 
d r y i n g  a i r  v e l o c i t y  a long  the length o f  the d r i e r  le ad ing  to exaggerated v a r i a  
t i o n s  in d r y i n g  rate.  Consequent ly  i t  was thougth necessa ry  to c on s ide r  at the 
d e s i gn s ta ge  the magnitude o f  t h i s  e f f e c t  and the means by which i t  cou ld  be re 
duced even i f  i t s  e l im in a t i o n  r e su l t ed  in a reduced average d r y in g  a i r - f l o w .

One emp ir ica l  s u g ge s t i on  at  that  s tage  was that  an in c l i n e d  o r  wedge sha 
ped plenun duct would reduce s t a t i c  p re s su re  v a r i a t i o n s  by m a i n t a i n i n g a  constant  
a i r  v e l o c i t y  in the duct. The i n v e s t i g a t i o n  o f  t h i s  and o the r  s imple  geometries  
was another  o f  the o b je c t i v e s  o f  the work.

S ince  t h i s  work can be regarded to a la rge  extent as  a sequence o f  ca lcu  
l a t i o n s  upon which the de s i gn  o f  the d r i e r  was based,no experimental  data i s  pre 
sented.  However, when the c o n s t r u c t i o n  o f  the un i t  i s  completed it  i s  hoped that 
i t  w i l l  be p o s s i b l e  to c o l l e c t  con f i rm ato ry  data.

( * )  CEPLAC/CEPEC



2.1. A p l i c a t i o n  o f  The Momentum Equation

F igu ra  1 shows an elemento of a re c tangu la r  duct o f  he ight D and width 
D^. By the momentum equat ion  we know that:

Net rate o f  o u t f low  o f  momentum = Total fo rce  a c t i n g  on the element

2. DEVELOPMENT OF THE EQUATION

= P res su re  
fo rce s

Shear S t r e s s  
fo rce s

Assuming I so the rma l  c o n d i t i o n s  and that the passage  o f  a i r  out through 
the c rop  over  the element dx i s  small compared to  the change in to ta l  mass f low 
G, we have:

G du = A dp + x dA 
m x K p

u p A du = A dp + TAm m dx

dp
dx

du
= - u p—]—  m -

m dx
A _ 
A PxT

Düt

—  Px=
2 ( d h + Dw} 

d hdw

where D i s  the h y d ra u l i c  mean diameter of the duct and x = F. (0.5 u ) 
m m

where F i s  the s k i n  f r i c t i o n  c o e f f i c i e n t .

In t r od u c in g  these  c o r r e l a t i o n s  we o b ta in :

2
du 2F PL

= - u
dp
dx

dup ------m - m

dx m
eq. 1

dx

FIGURE 1 - An element o f  the plenum duct.
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Throughout the preceding development a mean plenum duct v e l o c i t y  u has 
bean assumed, yet even in tu rbu len t  f low  where the v e l o c i t y  p r o f i l e  i s  r e l a t i v e  
l y  f l a t ,  the v e l o c i t y  in the neighbourhood o f  the duct w a l l s  w i l l  be cons ide ra  
bjiy lower than u . The d r y in g  a i r  that leaves  the duct w i l l  tend to be extrac  
ted from t h i s  m low energy  layer.  The e f fe c t  o f  t h i s  i s  that the a i r  in the 
duct w i l l  tend to be dece le rated  more r a p id l y  than ind icated  in equation  (1). To 
a l l ow  fo r  t h i s ,  the v e l o c i t y  d e r i v a t i v e  i s  o f ten  increased by a f a c t o r  R, the re 
ga in  c o e f f i c i e n t  g i v i n g :

- u Rpm
du m-

dx

or 2 
2F PUm m

D
m

e q . 2

MARCHANT and NELUST, 1977 quote va lues  of  R from v a r i o u s  sources  in the 
l i t e t a t u r e  showing a v a r i a t i o n  o f  between 0.8 to 1.5 at the fan end on the duct, 
to 0.2 at the b l ind  end. I t  seems that l i t t l e  work has been done to re l a te  the 
rega in  c o e f f i c i e n t  to the p h y s i c s  of  the system rather  than r e l y i n g  upon empir_i_ 
cal va lue s .  In the absence of  c o r r e l a t i o n s  for  the duct geometry under cons ide ra  
t i on  here, R was taken as u n i t y .

The s k in  f r i c t i o n  c o e f f i c i e n t  musto be c a l c u la t e d  in order  to s o l v e  equa 
t i on  2. A l though  the f low o f  a i r  in la rge  ducts  w i l l  a lmost alwàys be tu rbu lent  
c o n s i d e r a t i o n  has to be g iven  to an i n i t i a l  laminar f low reg ion.

fo r Re < 2000

fo r Re > 2000 1

/ F
where:

Re = U pD /y
m m

K = ab so lu te

F =
16
Re

= - A1 0g (-
3-7D m

1 . 26 
Re S7~

the Reynolds  number

The equat ion  fo r  tu rbu len t  f low i s  that used by MARCHANT and 
1977 and i n v o l v e s  a t r i a l  and e r r o r  s o l u t i o n  fo r  F.

eq. 3a 

eq. 3b

NELL I ST,

2.2. Flow Through the Cocoa

A l though  f o r  purposes o f  a n a l y s i s  G cou ld  be assumed constan t  in the de 
velopment o f  equation  2, in fac t  G w i l l  decrease  a long the length  of  the duct. 
Assuming the a i r f l o w  through  the cocoa to have a v e r t i c a l  component o f  motion on 
ly,  ove r  the element dx, then we have:

dG u p D dx 
w

d (u p A ) = u p D d
m x c W x

e q . 4

The v e l o c i t y  o f  d r y i n g  a i r  through a crop i s  dependent upon the crop 
depth, d, and the s t a t i c  p re s su re  beneath the crop. Such data i s  u s u a l l y  c o r r e l £  
ted in the form:

p = K.u 2 d 
r 1 c

Rea r rang ing  and s u b s t i t u t i n g  fo r  u^ in equation  A, we have:

du
dx

m =
1

°H ‘ K td

E__) 1/K2

eq. 5

eq . 6
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2.3.

and

C o n d i t i o n s  fo r  Zero S t a t i c  P re s su re  Regain

I f  s t a t i c  p re s su re  rega in  i s  prevented we can say:

Then from equat ion  (2) we have:

eq . 7

0 = du
dx

m 2 Fu
m

and from equation  (4) we have:
udu

dx
H

where u ¥= f (x) 
c

Rea r rang ing  equat ions  (8) and (9) we have:

F u
Ru D

c m
2D,.

eq . 8

e q . 9

eq . 10

From equat ion  3b, F can be seen to be a func t ion  o f  u ( through  Re), and 
assuming that the ab so lu te  roughness  Kg cannot be manipulated then the le f t -hand  
s ide  o f  equat ion  10 bears  an i n e v i t a b l e  func t iona l  r e l a t i o n s h i p  to x, the distar^ 
ce a long  the duct. S ince  f o r  the c o n d i t i o n s  o f  equat ion  7 we know that u i s  to 
be cons tan t ,  then fo r  these c o n d i t i o n s  to be mainta ined we know that:

2D
W

D + D 
W H

f (x) eq. 1 1

That i s ,  fo r  f i n i t e  c o n d i t i o n s ,  s t a t i c  p re s su re  rega in  cannot be preven 
ted u n l e s s  o r  v a r i e s  w i th  x. Conve r se ly ,  fo r  a un i fo rm ly  r e c tangu la r  duct 
s t a t i c  p re s su re  rega in  must take place.  The neces sa ry  v a r i a t i o n  o f  D can be in 
v e s t i g a t e d  by r e w r i t i n g  equat ions  10 and 11, such that:

D
H

/ Ru 
1 Fu

m
c + 1) eq . 12

I t  now becomes obv iou s  that f o r  a boundary c o n d i t i o n  u. = 0 ,  the necessa 
ry duct he igh t  fo r  zero  s t a t i c  p re s su re  rega in  would be i n f i n i t e .  Note that 
t h i s  c o n c lu s i o n  i s  independent o f  v a r i a t i o n s  in any o f  the other parameters.

The o the r  p o s s i b l e  parameter fo r  e l im in a t i n g  s t a t i c  p re s su re  rega in ,  the 
cocoa depth, d, can ve i n v e s t i g a t e d  by s u b s t i t u t i n g  equat ion  5 into  equation  12 
which on r e - a r r a n g i n g  g i v e s :

d
K1 Fu

RDwTvV e q . 1 3

In t h i s  case,  too, i t  can be seen that as u tends to zero the requ ired 
cocoa depht w i l l  tend to i n f i n i t y .  m
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3. SOLUTION OF THE EQUATIONS

3.1. D e f i n i t i o n  o f  The Boundary Cond i t ion s

U s ing  a no ta t ion  that d e f i n e s  c o n d i t i o n s  at the fan end o f  the duct with 
s u b s c r i p t  0 and those at  the b l i n d  end by L, two d i f f e r e n t  se t s  o f  boundary con 
d i t i o n s  can be def ined:

and :
0, va lue  def ined by chosen fan capac i t y .

U
L 0, *  s p e c i f i e d  va lue

The f i r s t  se t  o f  c o n d i t i o n s  w i l l  g i v e  the d r y i n g  a i r  p r o f i l e  fo r  known 
fan d e l i v e r y  wh i le  the second w i l l  work back to de f ine  a fan requirement fo r  spe 
c i f i e d  b l i n d  end s t a t i c  p re s su re .  The f i r s t  r e s u l t s  in a boundary va lue  so lu t|  
on and the second the more convenient  i n i t i a l  va lue  s o l u t i o n .  For t h i s  in vest^  
ga t ion  the i n i t i a l  va lue  s o l u t i o n  was used throughout.

3.2 .  S o l u t i o n  Methods

The numerical  s o l u t i o n  o f  equa t ions  2 and 6 wi th  i n i t i a l  va lue  boundary 
c o n d i t i o n s  could  be ach ieved e i t h e r  by p r e d i c t o r - c o r r e t o r  or Runge-Kutta  methods 
WILLIAMS, 1973- The former i s  most u sefu l  in systems with  dependent v a r i a b l e s  
which inc rease  or  decrease  at g r e a t l y  d i f f e r i n g  r a te s  ( s t i f f  systems). The Rouge- 
Kutta method i s  w ide ly  used, however, by the n o n - s p e c i a l i s t  s o l v i n g  well ordered 
s t a b le  systems.  I t  has the advantages  of  being easy  to program and r e q u i r i n g  no 
spec ia l  s t a r t i n g  rou t ine .  In t h i s  work a Runge-Kutta s o l u t i o n  was app l ied  with  
a step  length  o f  0.01m. The r e s u l t s  showed no ev idence  o f  i n s t a b i l i t y .  S o l u t i o n  
was c a r r i e d  out on an IBM 360 system with  IBM package sob rou t ine  RKGS, 1971,
based on a fo u r th  o rder  R un g e -Ku t ta -G i11 s o l u t i o n  method.

The s o l u t i o n  of  equat ion  3b a l s o  in vo lved  use o f  a package sub rou t ine ,  
RTWl, based upon Wegste in s  I t e r a t i o n  method,

3.3. System Test ing

To te s t  the model s o l u t i o n  a set o f  t y p ic a l  data was compi led, the cho 
sen b a s i c  v a lu e s  are  shown in Table  1. The implied geometry o f  the d r i e r  ind ica  
tes  the intended s c a le  of the system under c o n s id e r a t i o n .  As p r e v i o u s l y  stated 
R was set at uni ty.

TABLE 1 - B a s ic  Parameter Va lue s  f o r  System Te s t in g

w

H

2 . 0 m

0 . 8 m

1 0 . 0 m
L

1 . 0

:s
0 . 0 0 1 5

2 3 0 8 . 9

m

, 1 

2
1 . 5 ^ 2

0 . 2 m

6 0 °C

The ab so lu te  roughness va lue  requ i red  to c a l c u l a t e  the tu rbu len t  f r i c t ]_ 
on f a c t o r  was taken as  0.0015m, for  a l l  s u r f a ce s ,  a va lue  t y p i c a l  of  the concre 
te plenum chamber base and w a l l s .  The e f f e c t s  o f  the per fo ra ted  metal p la te s  
and t h e i r  support s  were assumed at t h i s  s tage  to be comparable with  a concrete  
su r face .
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No accurate  p re s su re  drop data fo r  cocoa has been found in the 
l i t e r a t u r e  and in o rder  to ob ta in  a c o r r e l a t i o n  s u i t a b l e  f o r  use here in format ion  
was ex t rac ted  from that presented by HAYNES, 1958 in g raph ica l  form fo r  cocoa 
at 50% mo is tu re  content wet b a s i s .  The c o e f f c i e n t s  Kj and l<2 shown in Table  1 
were der ived  by a l i n e a r  r e g r e s s i o n  on 5 data p o in t s ,  f o r  s t a t i c  p re s su re s  in 
the range 0 to 270.5  N/m2 .

The a i r  d e n s i t y  and v i s c o s i t y  were c a l c u la t e d  from the s p e c i f i e d  a i r  tern 
pera tu re  by means o f  polynomial  c o r r e l a t i o n s  o f  data from the l i t e r a t u r e .  The quo 
ted temperature o f  60®C i s  t y p i c a l  f o r  forced v e n t i l a t i o n  a r t i f i c i a l  d r y i n g  of  
cocoa ( 2 ) . (WOOD, 1961).

The s t a t i c  p re s su re  boundary c o n d i t io n  was chosen as 13-25 N/m2 which 
would g i ve  an a i r  v e l o c i t y  o f  0.1 m/sec through the crop ( c a lcu la t ed  at 60°C). It  
i s  assumed throughout that  t h i s  i s  the des i gn  va lue  o f  uc and any d e v i a t i o n s  
from t h i s  va lue  are  to be avo ided.  The s t a t i c  p re s su re  p r o f i l e  and co r re spond ing  
d r y in g  a i r  f low  d i s t r i b u t i o n  der i ved  from t h i s  input data are shown in F igu re  2.

afia
\

FIGURE 2 - S t a t i c  p re s su re  and dryng a i r  v e l o c i t y  p r o f i l e s .

With these  c o n d i t i o n s  the program p re d i c t s  an i n l e t  requirement o f  1.97^ 
m3/sec a t  12.5063 N/m2 .

The shape o f  these  cu rves  is  a t y p i c a l  example o f  s t a t i c  p re s su re  rega in  
whereby in s p i t e  o f  an o v e r a l l  reduct ion  in system energy as  the a i r  moves the 
duct, the s t a t i c  p re s su re  a c t u a l l y  in c rea se s .  Th i s  e f f e c t  can be deduced from 
equat ion  2 wherein a nega t i ve  mean v e l o c i t y  d e r i v a t i v e  r e s u l t s  in a p o s i t i v e  s ta  
t i c  p re s su re  d e r i v a t i v e .  In em p i r ic a l  terms the d ec e le ra t io n  of  the a i r  a long  
the plenum can be regarded as  a co n ve r s io n  of  v e l o c i t y  energy  to s t a t i c  p re s su re  
energy.

A po in t  that  must be made i s  that fo r  the quoted c o n d i t i o n s  the s t a t i c  
p re s su re  rega in  i s  not a s i g n i f i c a n t  f a c t o r  and would be u n l i k e l y  to have any 
g reat  e f f e c t  upon the d r y i n g  rate a long  the length  o f  the d r i e r  s i n c e  the ve lo c i  
ty  o f  a i r  through  the c rop  v a r i e s  between 0.1 m/sec and 0.0963 m/sec. on ly .
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4. DISCUSSION OF THE RESULTS
4.1.  D e f i n i t i o n  of  an E r ro r  C r i t e r i o n

In o rder  to be ab le  to compare the s t a t i c  p re s su re  p r o f i l e s  der ived  for 
the v a r i o u s  c o n d i t i o n s  to ve in v e s t i g a t e d ,  and e r r o r  c r i t e r i o n ,  E, was def ined 
by which the d e v i a t i o n  from the set boundary va lue,  P^, was measured.

E = —  (n = l Z (Pn "  PL } } e q ' U

For the base c o n d i t i o n s  l i s t e d  in Table 1 a d e v ia t i o n  va lue,  E^, of 
0.552 was obta ined.

A reduct ion  in E due to some m an ipu la t ion  o f  the parameters would ind ica  
ted an approach to the ideal s i t u a t i o n  o f  zero s t a t i c  p re s su re  v a r i a t i o n  a long 
the duct .  To ind ica te  such tendenc ie s  bet te r ,  a r e l a t i v e  d e v ia t i o n  e r r o r  c r i t e  
r ion ,  e, was d e f i n id e :

eq. 15

In the work on v a r i a b l e  plenum duct he igh t s  i t  was neces sa ry  to compare 
the p r o f i l e  wi th  that fo r  maximum duct he ight  and an a l t e r n a t i v e  r e l a t i v e  e r r o r  
c r i t e r i o n  e^ was def ined  as:

E

where E^ i s  the va lue  f o r

e q . 16

4.2 .  Parameter S e n s i t i v i t y  A n a l y s i s

The s e n s i t i v i t y  of  the model to parameter v a r i a t i o n s  has important impH 
c a t i o n s .  It  d e f i n e s  those va lues  to which the model react s  g r e a t l y  and which sho 
uld be f i x ed  w i th  a ccu racy.  It  a l s o  i n d i c a te s  which parameters cou ld  be va r ied  
to improve the system behav iour .  System behav iour  f o r  these purposes can be sg 
l i t  in to  two areas  o f  i n t e r e s t ,  the s t a t i c  p re s su re  p r o f i l e  through e and the s j  
ze o f  fan which would be requ i red  to g i v e  an a i r f l o w  u o r  V at a s t a t i c  pres 
sure  p . A l though  t h i s  l a t t e r  case i s  o f  l e s s  i n t e r e s l ^ h e re  Hue to the very  
small p r e s s u r e s  invo lved,  the sho le  sequence of  r e s u l t s  a re  presented s in ce  inte 
r e s t i n g  and, in d i f f e r e n t  c i r cum stances ,  important,  r e s u l t s  can be drawn.

A resume o f  the r e s u l t s  obta ined  i s  presented in Table  2.

4 .2 .1 .  E f f e c t s  Upon the S t a t i c  P re s su re s  P r o f i l e

A l though  the magnitude o f  the e f f e c t  v a r i e s ,  it  can be seen that impro 
ved u n i f o rm i t y  o f  p can be ach ieved by i n c r e a s in g  D^, , Kj d and T o r  by decre
a s i n g  Dw, D^, R o r  indeed by d ec re a s in g  the de s i gn  s t a t i c  p re s su re  P^. Howe
ver it can a l s o ’ be seen that the e f f e c t s  o f  D and K are o f  negl i g i b l e  magnj
tude. W b

The independence o f  s t a t i c  p re s su re  d i s t r i b u t i o n  on K is  s i g n i f i c a n t  
On the one hand t h i s  support s  the ra ther  a rb i  t r a r y  cho ice  o f  ab so lu te  roughness  
va lue  w h i l e  on the other  i n d i c a te s  that a smooth su r fa ce  c o r r e l a t i o n  f o r  F might 
be qu i te  adequate. A run w ith  K = 0 was c a r r i e d  out,  g i v i n g  e = 1.0102, p = 
12.497 and V = 1.974, which  d i f f e r  h a rd ly  at a l l  from the va lue s  quotid  in
se c t ion  3 . 3 - ° f o r  the base c o n d i t i o n s .

Another important po in t  to note i s  the s t rong  dependence o f  the s t a t i c  
p re s su re  p r o f i l e  on each o f  the c o e f f i c i e n t s  in the p re s su re  drop c o r r e l a t i o n  
equat ion  5. The va lue s  o f  K, and K_ quoted in Table  1 can o n l y  be regarded as 
approx imate due to the u n ce r t a in  nature  of  t h e i r  o r i g i n .  It i s  obv iou s  that for  
a p p l i c a t i o n  o f  t h i s  method these c o e f f i c i e n t s  should  be determined as a c c u ra te l y

557



rH CM rH VO co ao tn CO p -tf
o tn n cn ao cn ao cn m tn

1
CO p~ o cn cn p CM P~ □ cn• • • • • • • • • •
a a rH o o □ rH Q rH a

J- -í P m VO ur cn cn cn CM -tf
□ m n LD -i m ro rH tn rH rH ro
E CM CM m rH CM CM m tn m m CM

3 •
rH rH rH rH rH rH rH CD rH rH rH

c n
o o a o p CM CM □ cn 03 cn m a•H 03 o o cn a a a VD p VO m a-P N a cn cn cn o o □ p a cn oCO a • • • t • • • • • • •
n 3» rH a o o rH rH rH a rH a rH
3
■P
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as p o s s i b l e .  Furthermore v a r i a t i o n s  due to m o is tu re  content changes, which have 
not been taken into  account here, cou ld  be s i g n i f i c a n t .

E q ua l l y  important i s  the need f o r  p re c i se  measurement o f  the depth of  co 
coa on the d r y i n g  p lata form.  I t  can be seen that v a r i a t i o n s  in d have an identic 
c a l l y  g reat e f f e c t  upon E as changes in K, (due to t h e i r  appearance in the model 
o n l y  as the p roduct ) .  In r e a l i t y  it  would be expe r im enta l l y  d i f f i c u l t  to mainta 
in a d e f i n i t e  and un i fo rm ly  constant  va lue  o f  d. Furthermore i t  i s  now apparent 
that the unavo idab le  u n du la t i o n s  in cocoa depth over  the d r i e r  area w i l l  have an 
exaggerated e f f e c t  upon the s t a t i c  p re s su re  p r o f i l e .

Most important to the work in hand are the responses  to changes in 
and There i s . a  marked dependency upon D^, but, s t r a n g e l y ,  v a r i a t i o n  in
has o n l y  a n e g l i g i b l e  e f fe c t .

I t  has to be concluded that the r a t i o  F/Dm in equation  2 i s  i n s e n s i t i v e  
to changes in duct c r o s s - s e c t i o n a l  area wh i le  the DH term in equat ion  6 has a 
la rge  e f fe c t .

In gene ra l ,  the system g i v i n g  the best s t a t i c  p re s su re  d i s t r i b u t i o n  wou 
Id be that w i th  the s h o r t e s t  duct leng th ,  h ighe s t  plenum, deepest cocoa layer  
and lowest s p e c i f i e d  s t a t i c  p re s su re .  I t  must be added, however, that the l a s t  
two o f  these i f  taken to extreme w i l l  r e s u l t  in d i f f i c u l t y  in mix ing  of  the crop 
and slow and non -un iform d r y i n g  due to mois ture  content p r o f i l e s  in the v e r t i c a l  
plane.

4 .2 .2 .  E f f e c t s  Upon the I n le t  A i r  Flow

i n t e r e s t i n g  o b se r v a t i o n  has been made that a 10% change in has no 
i n l e t  a i r 
same 10%.

The
e f f e c t  upon the c a l c u la te d  
t r i e  f low  in c rea se s  by the

v e l o c i t y ,  and that  the co r re spond ing  volume
Conve r se ly  the same increase  

V .
i n D,, r e s u l t sH

in a 10% decrease  in u ^  w i th  ha rd ly  any change at a l l  in

V a r i a t i o n s  in the o the r  parameters are l e s s  complex s in ce  no s imultane  
ous e f f e c t  upon v e l o c i t y  through  duct c r o s s - s e c t i o n a l  area takes  p lace,  that i s  
V /V_u would equal u__/u L . The e f f e c t  o f  D. i s  l i n e a r  w h i l e  those  o f  R and K,• i r * u u  i u  i u  /  u  I • i i i t -  w i i w w u  u  i u  | i i  i i i  v a  i  w  11 i i w  v  i i w  j  v *  w  i  • » o n w  C

are  ° n e g l i g i b l e .  1,10 1X10 The cons tan t  and the cocoa depth, d, have an
id e n t i c a l  e f f e c t  w h i le  that f o l l o w in g  a change in Kj a ga in  i s  d r a m a t i c a l l y  high.

4.3.  L i n e a r i t y  o f  S t a t i c  P re s su re  Response

The l i n e a r i t y  o f  the response  o f  e to parametr ic  changes can be 
t rated  by the f a c to r  j ,  where:

demons

J =
1 -e+ 

1 -e
eq. 17

For a l i n e a r  response  j = l  w h i l s t  fo r  j > 1 the system react s  s t ronge r  
to parametr ic  in c rea se s  and v i c e  ve r sa  for  j < 1. The va lue s  o f  j are  presented 
in Table 2. I t  should  be noted that these  v a lu e s  were c a l c u la t e d  by 6 s i g n i f j  
cant f i g u r a  v a lu e s  o f  e, from which those e va lue s  shown in Table 2 were der ived  
by t runca t ion .

I t  can be seen then that,  w i th  the except ion  o f  D^, the s t r o n ge s t  non­
l i n e a r  e f f e c t s  are e x h ib i t e d  by the parameters which appear in equat ion  6. The 
n o n - l i n e a r  nature  o f  t h i s  equation  i s  obv iou s ;  what is le s s  obv iou s  i s  that  the 
n o n - l i n e a r i t y  o f  each o f  these parameters i s  s t r o n ge s t  in the d i r e c t i o n  which re 
s u i t s  in worsened s t a t i c  p re s su re  d i s t r i b u t i o n .

The f a c t o r  in equat ion  5 in fact  i s  l i n e a r  and the ques t ion  a r i s e s  as 
to where the n o n - l i n e a r i t y  of  t h i s  and D o r i g i n a t e s .  Th i s  must a r i s e  e i t h e r  th 
rough the u 2 term o r  through F, both in tne f r i c t i o n  term of  equation  2.
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4.4 .  Comparison o f  the R e l a t i v e  E f f e c t s  o f  the Momentum and F r i c t i o n  Terms of
the Momentum Equat ion

Much in fo rmat ion  has been deduced rega rd ing  the e f f e c t s  o f  the f low 
equat ion  6, in terms o f  i t s  n o n - l i n e a r  e f f e c t s  and the p r e f e r e n t i a l  appearance 
of  and not Dw> Equat ion 2 has a more s u b t le  behav iour.  An i n v e s t i g a t i o n  of  
the comparat ive e f f e c t s  o f  the f r i c t i o n  and momentum terms of  equat ion  2 was 
c a r r i e d  out to throw more l i g h t  in t h i s  area.

P e r t u rb a t i o n s  o f  R and F r e s p e c t i v e l y  w i l l  u n iq ue ly  e x c i t e  the momentum 
and f r i c t i o n  terms r e s p e c t i v e l y .  The r e s u l t s  are incorporated  in Table  2, I t  
can be seen that v a r i a t i o n s  in the f r i c t i o n  term have n e g l i g i b l e  e f f e c t s ,  a l t e  
r in g  n e i t h e r  i n l e t  a i r  v e l o c i t y  or  vo lum et r i c  f low wh i le  m od i fy ing  the s t a t i c  
p re s su re  p r o f i l e  on ly  s l i g h t l y  (only  m a rg in a l l y  more than a s i m i l a r  pe r tu rba t i on  
in K - ) , thus  suppo r t in g  the p rev iou s  deduct ion  that f r i c t i o n  has o n l y  a margj 
nal e f f e c t  upon the system.

As has been seen before,  p e r t u rb a t i o n s  o f  the momentum term, e f fec ted  by 
v a r y i n g  R, have o n l y  the s l i g h t e s t  e f fe c t  upon a i r  f low  but d r a m a t i c a l l y  upsets  
the s t a t i c  p re s su re  p r o f i l e .

The e f f e c t s  o f  v a r i a t i o n s  in e i t h e r  term are o n l y  very  s l i g h t l y  n o n - l [
near.

4.5. Attempts  to Reduce or  E l im ina te  P re s su re  Regain

In the event, s t a t i c  p re s su re  rega in  would not seen to be a problem un 
der the c o n d i t i o n s  presented In Table  1. From F igu re  2 the v a r i a t i o n  in u can 
be seen to be o n l y  4%. However, c o n t i n u i n g  the i n v e s t i g a t o r y  s ide  o f  the work, 
i t  was dec ided to look at the means by which even t h i s  small  rega in  could  be e l [  
m ina ted .

From Tab le  1 i t  can a l s o  be seen that f o r  a g iven  d r i e r  area on ly  two pa 
rameters are  a v a i l a b l e  f o r  m an ipu la t ion ,  plenum duct he igh t ,  D , and cocoa bed 
depth, d.

In s e c t i o n  2.3  i t  has been shown that  n e i t h e r  of  these  parameters can ac 
t u a l l y  e l im in a t e  s t a t i c  p re s su re  rega in  s in ce  both requ i re  n o n - f i n i t e  va lue s  at 
the b l ind  end o f  the duct. However, the p o s s i b i l i t y  of  improving the s t a t i c  
p re s su re  p r o f i l e  by means o f  v a r i a t i o n s  in or  d was thought worthy o f  i n v e s t j  
gat i o n .

The use o f  f o r  t h i s  purpose was p refered,  s in ce  once des igned  and 
b u i l t  i n to  the d r i e r ,  no f u r t h e r  e f f o r t  would be requ i red.

The drawback with  the use o f  cocoa depth v a r i a t i o n s  to o f f s e t  s t a t i c  pres  
sure  rega in  i s  that the q u a l i t y  o f  the e f f e c t  w i l l  depend upon the c o r r e c t  p ro f j  
le being  mainta ined a f t e r  each m ix ing.  An a d d i t i o n a l  problem i s  that the pressu  
re rega in  i s  s e n s i t i v e  to changes in d and e r r o s  in the depth p r o f i l e  w i l l  have 
a magn i f ied  e f fe c t .

4 .5 .1 .  The E f fe c t  o f  Some Se lected  Plenum Duct Geometries

S ince  the a n a l y t i c a l  e xp re s s ion  f o r  the neces sa ry  D v a r i a t i o n  i s  i n so lu  
b le  i t  was dec ided to i n v e s t i g a t e  a r b i t r a r y  i n c l i n a t i o n  o f  tne plenum duct f l o o r .  
S t a t i c  p re s su re  rega in  was thought  to be s im p ly  due to the d e c e le r a t i o n  of  the
a i r  and a wedge shaped pi enun duct w i th  the f l o o r  upwards i n c l in e d  from the fan 
end was expected to r e s u l t  in an improved s t a t i c  p re s su re  p r o f i l e .  For complete 
ness both upwards and downwards in c l i n e d  c o n f i g u r a t i o n s  were tested.

T h i s  was ach ieved by f i x i n g  the duct he ight  at the base va lue  of  0.8m at 
e i t h e r  the fan end or  the b l ind  end and v a r y i n g  the he ight  at the other  end in 
the range 0.1m to 1.5m. For v a r i a b l e  v a lue s  l e s s  than 0.8 the upwards i n c H  
ned mode i s  ach ieved when the fan and he ight  i s  f i x ed  at 0.8m and downwards in 
c l i n a t i o n  f o r  the b l ind  end f i x ed  at  0.8. V a r i a b l e  = 0.8 g i ve s  the hor izon
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tal or  base case.

It  can be seen from Table 3 that fo r  both upwards and downwards i n c l i n a  
t i o n s  the approach to the h o r i zon ta l  i s  accompanied by an improvement in the s ta  
t i c  p re s su re  p r o f i l e .

To f o l l o w  up t h i s  trend the v a r i a b l e  va lues  were increased to 1.5m 
such that the he igh t  f i x ed  at 0.8m now becomes the mininum. I t  can be seen that 
t h i s  r e s u l t s  in a c o n t in u a t i o n  of  the p r e v i o u s l y  observed trend with an improv£ 
ment being obta ined as compared with the h o r i zon ta l  case.

C o n s t r u c t i o n a l l y  the maximum plenum chamber he ight  o f  a p la t fo rm  d r i e r  
w i l l  d e f ine  the support  wal l  height independent of  any in te rna l  m o d i f i c a t i o n s ,  
i n c lu d in g  any i n c l i n a t i o n  of  the duct f l o o r .  An a l t e r n a t i v e  way then o f  t e s t i n g  
the q u a l i t y  o f  the s t a t i c  p re s su re  p r o f i l e  would be to compare w i th  the p r o f i l e  
fo r  the ho r i z o n ta l  case  at D^AX (see equat ion  16).

n
For v a r i a b l e  D v a lu e s  l e s s  than 0.8, e = e^, hence e^ va lues  are quoted

in Table  3 f o r  the h igher  v a lue s  o f  v a r i a b l e  DH on ly  and these e r r o r  va lue s  in
c rease  w i th  D .

ri
I t  can now be seeen that i t  i s  not p o s s i b l e  to improve the s t a t i c  

p re s su re  p r o f i l e  o f  a h o r i z o n ta l  duct by any means which in vo lve s  the reduct ion  
o f  nuct he igh t  at any po in t  from the maximum va lue.

To demonstrate f u r t h e r  c h a r a c t e r i s t i c s  o f  the upwards and downwards in 
c l i n a t i o n s  of  the plenum flow, F i g u re  3 shows the duct v e l o c i t y  p r o f i l e s  for  the 
h o r i z o n ta l  and the A i n c l in ed  cases  fo r  pe r tu rba t i on  o f  0.5m about the base 
va lue  o f  0.8m. I t  can be seen that f o r  a g iven  s lope  of  the plenum f low  the in 
let  v e l o c i t y  i s  independent o f  whether the i n c l i n a t i o n  i s  upwards or  downwards
(see a l s o  Table 3 ) .  The v e lo c i t i e s  at  a g i ven  po in t  w i t h in  the duct ,  however,

are a lways  lower f o r  downwards i n c l i n a t i o n s  that the co r re spond ing  upwards i n c l [  
ned va lues .

TABLE 3 - I n c l in ed  Plenum F loo r  R e su l t s

D, at fan 
h

end = 0.8
Dh

at bl i nc end 0 8 Dh at o E

e V U e V U
posi  tç

e X o mo e X 0 mo end

6.176 _ 4.452 2.783 3.313 _ 0.557 2.784 0.1
3-749 - 3.547 2.217 2.461 - 0.887 2.217 0.2
2.665 - 3.045 1.903 1 .974 - 1.142 1 .903 0.3
2.047 - 2.707 1.692 1 .653 - 1 .353 1 .692 0.4
1 .643 - 2.457 1.536 1 .423 - 1.536 1.536 0.5
1.363 - 2.263 1 .414 1 .348 - 1.697 1 .414 0.6
1 .157 - 2.105 1 .316 1.111 - 1 .842 1.316 0.7
1.000 1 .000 1.974 1 .234 1 .000 .974 1 .974 1 .234 0.8
0.876 1.0984 1 .863 1.164 0.909 1.1390 2.096 1.164 0.9
0.776 1.1193 1 .767 1 .1 04 0.852 .2779 2.208 1.104 1.0
0.694 1.2843 1 .682 1 .051 0.766 .4164 2.313 1 .051 1 .1
0.627 1.3719 1 .608 1 .005 0.710 .5541 2.412 1 . 005 1.2
0.569 1.4566 1 .541 0.963 0.660 .6911 2.504 0.963 1 .3
0.519 1.5386 1 .481 0.926 0.617 .8277 2.592 0.926 1 .4
0.477 1 .6179 1 .427 0.892 0.579 .9624 2.675 0.892 1.5

A .6. The Value  o f  Increased  Duct Height f o r  Hor izon ta l  Ducts

I t  was shown in s e c t i o n  A . 5.1. that the best plenum duct i s  h o r i zon ta l
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and o f  the maximum he igh t .  It  f o l l o w s  then f o r  a g iven  set  o f  c o n d i t i o n s  
ct  he igh t  can be f ixed  by s p e c i f y i n g  e maximum t o l e r a b l e  v a r i a t i o n  of  
p re s su re  a long  the duct.  To te s t  t h i s  idea, the r e l a t i v e  e r r o r  c r i t e r i o n  
c a l c u l a t e d  fo r  v a r i o u s  h o r i zon ta l  ducts  o f  h e i gh t s  rang ing  from 0.1m to 1 
the r e s u l t s  are presented in Table  3 and F igu re  k.

PLENUM DUCT HEIGHT, M.

FIGURE k - D ev ia t ion  e r r o r  c r i t e r i o n  E v e r su s  plenum duct h e i g h t .

the du 
s t a t i c  

E,was 
5m;
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I t  can be seen that the approach co the assymptote  o f  E s  0 at “  is
rap i d .

The plenum he igh t  chosen fo r  t h i s  i n v e s t i g a t i o n ,  0.8m can be seeen to be 
a reasonable  compromise va lue.

The actua l  va lue s  are  shown in Table 4 a long with  the requ ired i n l e t  con 
d i t i o n s .  Note that a l though  u con t inue s  to vary  qu i te  s t r o n g l y ,  Vq r a p id l y  ag 
proaches  i t s  own asymptote value.

TABLE 4 - Plenum Duct He ight I n v e s t i g a t i o n

°h P
o

E U
mo

V0

0. 1 16.206 0.9117 7.259 1 .452
0.2 16 .66b 0.5655 4.268 1 .707
0.3 19.216 0.3189 3.075 1 .845
O.b 10.672 0.1976 2.383 1 .907
0.5 11.490 0.1329 1.938 1 .938
0.6 11.981 0.0951 1 .630 1 .956
0.7 12.245 0.0712 1 .405 1 .967
0.8 12.506 0.0552 1 .234 1.974
0.9 12.655 0.0440 1.100 1 .979
1.0 12.764 0.0359 0.992 1.983
1 .1 12.845 0.0299 0.903 1 .986
1 .2 12.908 0.0252 0.828 1.988
1.3 12.957 0.0216 0.765 1.990
1 .b 12.997 0.0186 0.71 1 1.991
1.5 13.029 0.0163 0.664 1 .992

5. CONCLUSIONS

(1) An i n v e s t i g a t i o n  of  the theory  o f  a i r  f low in a plenum duct beneath 
a crop has shown that s t a t i c  p re s su re  rega in  cannot be prevented by 
f i n i t e  v a r i a t i o n s  in e i t h e r  duct he ight  o r  cocoa depth.

(2) S o l u t i o n  o f  the system model f o r  typ ica l  o p e ra t in g  data has shown 
that,  in f a c t ,  the e f f e c t  o f  s t a t i c  p re s su re  rega in  is  not great, u 
v a r y i n g  by o n l y  4%. I t  has been assumed throughout that the develo  
pment o f  the requ ired  in le t  a i r  f l o w / s t a t i c  p re s su re  combinat ion oc 
c u r s  o u t s id e  o f  the d r i e r  a s  such.

(3) Reduced s t a t i c  p re s su re  rega in  can be e f fec ted  by increased D^, ,
Kj , d and T o r  by decreased D^, D^, R and l^.

(4) The e f fe c t  o f  the f r i c t i o n  term in equation  2 on s t a t i c  p re s su re  re 
ga in  and requ i red  i n l e t  f low i s  n e g l i g i b l e .

(5) The e f f e c t  o f  upon s t a t i c  p re s su re  rega in  i s  n e g l i g i b l e  wh ile  
v a r i a t i o n s  a f f e c t  rega in  c o n s id e r a b l y .  S i m i l a r l y ,  v a r i a t i o n s  in 
have l i t t l e  e f f e c t  upon the requ ired  in le t  a i r  v e l o c i t y  but the in 
le t  vo lum et r i c  f low v a r i e s  a cco rd ing  to the a l t e r a t i o n  in duct area. 
V a r i a t i o n s  in D , on the other  hand, causes  the i n l e t  requ i red  ve lo
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c i t y  to va ry  in in ve r se  p ropor t ion ,  wh ile  the i n le t  vo lumet r i c  f low 
does not va ry  at  a l l .

(6) The c o e f f i c i e n t s  o f  the p re s su re  drop equation  have a la rge  e f fec t  
upon both s t a t i c  p re s su re  and i n le t  a i r  v e l o c i t y  and should be de 
termined a c c u r a t e l y  fo r  t h i s  method to have v a l i d i t y .

(7) The rega in  c o e f f i c i e n t  has l i t t l e  e f fe c t  upon the requ i red  in le t  ve 
l o c i t y  but a f f e c t s  the s t a t i c  p re s su re  development l i n e a r l y .  The va 
lues  o f  R f o r  the duct in ques t ion  should be der ived  and attempts  
made to r e l a t e  in to the p h y s i c s  of  the system, notab ly  the c r o s s -  
s e c t i o n a l  v e l o c i t y  p r o f i l e  or boundary la yer  depth.

(8) Attempts to reduce the e f f e c t  o f  s t a t i c  p re s su re  regain  by means of  
wedge shaped plenum chambers, showed that o n l y  by in c re a s in g  the 
he ight  o f  the duct can t h i s  be achieved.  For any i n c l in e d  duct the 
s t a t i c  p re s su re  rega in  w i l l  be more pronounced than f o r  a hor izon  
tal  duct w i th  a he ight  equal to the maximum va lue  from the in c l in ed  
case. It  i s  recommended that  ho r i zon ta l  ducts  on ly  be cons idered  
with  the he igh t  f i xed  by c a l c u l a t i o n  based upon a s p e c i f i e d  maximum 
t o l e r a b l e  s t a t i c  p re s su re  rega in .

(9) The e f fe c t  o f  cocoa depth on s t a t i c  p re s su re  rega in  i s  great thougt 
it  has a l e s s e r  e f f e c t  upon the i n le t  v e l o c i t y .  The e f fec t  o f  va r i  
a t i o n s  o f  d upon rega in  has yet to be in v e s t i g a t e d  in f u l l .
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Regain  c o e f f i c i e n t  

Reynolds number
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NOTATION

m

kg/m/sec. 

kg/m^

N/m^

SUBCRIPTS

L 
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o

SUPERSCRIPTS

MAX Maximum va lue

MIN Min i  mum va 1ue

Value  at  x = L

Value  fo r  base c o n d i t i o n s  (Table 1) 

Value  at x = 0

x

y
p

T

D i s tance  a long  duct 

A i r  v i scos  i ty . . . . 

A i r Dens i ty  . . . . . .

Shear s t r e s s  .......
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