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ABSTRACT

This work presents a mathematical moddel of gad diying in which diffusion of
water, moisture evapovstion, heat and mass transfer through the porous solids were
taken into considerstion, Several tests were un using o Laboratory-size doyer for data
aceprisition with diffeseat jnitial moistire contents of e cossava mash ad the diylng
time: monitored.

The effect of sychfactors as initial moistare content (M}, mash initial weight (W, ),
frver temperatue (TP), mash thickness (L), and final moisture content (Mg were
telated mathenwatically to the total time of gari frying (TT)

A computer program was written in FORTRAN LANGUAGE to generate a drying
model that was used to formulate appropriate equation for the drying process, Dietailed
theoretical shudy of the heat and mass tansfer of cassi . mash during diying were
muade ame! the results showed that diying of gari involved both the constant and falling
rate drying phesomens, Microsoft Excel 7.0 Statistical package software was used to
analyse the resulls of the model.

Al the measured parametess that is, mash initial noistire content, mash
initial weight, trough temperture,mash thickness and the final moisture content have a
strong correlation  (R* 2 0.81) with the total time of frymg {1°1). ‘e mash
thickness (L} has the greatest effect on the time of frving. A moltiple regression was
done to develop the relationship between the total diying time{TT} as a dependent
variable and initial moisture content (M), initial weight{W, ), fiver's
temperature(TF), niash thickness(L), and final moisture content{M,) as independent

variables,



CHAPTER ONE
L0 INTRODUCTION
Most apricultural materials are hygroscopic in pature, thus creating unsteady moisture
level which leads to their quick quality deterioration, The addition of heat to remove moisture i
form of drying serves as a control for moisture build up and hence helps in extending the shelf
life of the matetial.

1.1 Origin of Cassava and Its Uses

(FAD, 1989). It is a crop of the lowland tropics, which cannot withstand frost, although it is well
adapted to drooght, It can be grown in areas whers the annual rainfall is as low as 500 pun,
provided that there is sufficient water available at planting so that the crop may become
established. (Onwuoeme, 1978). Even in areas where maize of small - grained ceseals ane
cultivated, cassava is also planted as o valuable "food meserve” crop. Tt is nsal! '1|..~ bost crop in
the rotation, before the land is retuned to "bush i‘i{lﬂw". It is a heavy calotie-yielding crop
mnging from 5 to 20 tonnes per hectare (Kukn, 1985), Nigeria produces about 9% of the total
world production of cassava as a result of cassava hybrid introduced by the Intemational Institute
for Tropical Agriculture (ITTA} Tl:r:.ulm, an agricultural research institute based at Ihadan, Nigeria
(Almazan, 1985). These cassava hybrids can produce as much as between 20 to 30 tounes ped
hectare (Cinwuneme, 1978 and Kuku, 1985)

Cassava roots are processed by various methods into different products and used in
diverse ways according to local custom and preference to provide carbohydrate in the diet. The
tubers does not store for long, thus the need for processing (Hahn, 1995). Fresh Cassava tubeis
contain 60% water (FAO, 1989), gwese water has to be removed or reduced so a5 1o extend the
shell life. Varous processes exists to convert the wbers into various food such as gart, "lafun”,

Starch, tapioca, chips, fufu, and others. 1t can also be used as livestock feed, in starch making for



textile industries and alcohol indusiries. Cassava las o nigor disadvantige e that i contames
cyanogenic glucoside which is capable of liberating hydrogen cyanide (HCN) (Cowsey, 1973)
Owing to the presence of HCN, various methods which bring about o reduction i the fogicity o
the roots are employed during the processing (Shery and Mance, 1974, FAG, 1989)
1.2 Cassava Mash Prodoction

Cassava roots are peeled and washed, they are then grated and left for 3 - 5 days o
ferment, this fermentation process is responsible for either | wd o acid taste that chagscteszes
cassava product in several parts of the world (Kwatia, 1986), Delydration is the nexl step
which water is removed from the femmented mash by placing several weights on the sack
containing the mash to reduce the moisture level. Presently, several forms of hydraulic press
jacks are in use for this purpose as teported by Kwatia, (1986Y. The dehydiated cassava mash is
then sieved using sieves made out of metal or local plant material. Sieving is dope to remove the
encess Tibrous prdterial ad to sepaate isdividoal paicles b prepaation for iving, M product
at this stage is called sieved cassava mash, and it is the raw material used in gan frying, Figure
1 shows the flow chart for gar processing.
L3 Garl Frying

Gari is hygroscopic in nature, that is, it is capable of retaining moisture in 4 bound form
within its stuctwe, Diying on the other hand means the removal of ligud from the moist
material by evaporation, this is a complex process which has received much attention and is well
described by IITA, (1990). Frying of gari can be divided into two stages. These are the
gelatinization of gari particles and drying. During drying, gari particles are continuously stirred in
the frying pan to ensure uniform fying and to prevent buming. When heat is applied, it is
transferred by conduction through the wall of the dryer to the moist mash and evaporation of

water ocours.  Frying is one of the methods used to veduce the cyanogenic ghwoside content of



GARI PROCESSING MOISTURE CONTENT (%)

Wh Db
Cassava Tuber in
100 -
Peeling Cassava peel
:— Water 75 300
Washing
1
Grating
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Fermentation
|
Dehydration |, Pressed juice

44 - 37 79-59

Sifting | Fibrous matter

l

Frying
l 10-15 11-18

Cooling
Final Sieving
l §-12 9-14

Packaging

Figure 1: Flowchart for gani processing

Source: Odigbo and Ahmed, (1982)



gari, this is because heat breaks the cyanogenic compound and makes it less poisonons (Almazan,
1986)

During diving, there is a combination of capillay flow of water and diffusion of vapom
wlibcli wosnbrellesdd o frgtedim) diishmie teansBon o owoaler B oagiearcsd i ol Wic sasbid art Uie =oiial
begins to shrink. At a centain crotical meisture content (cmc) 0% wh, dry patches begin 1o exist
on the suwrface while drving progresses (Bennet and Myers, 1983), Several methods exists in the
practice of gari frying which ranges from the local method to medium scale and large scale
mechanmized method as described by Kwatia (1986). Also, vanous frying machines have been
developed. These include the local fryers (the Raids gari fiyer) and the more complex FIIRO -
Newel Dunford complete gari processing plant (Kwatia 1986},

1.4 Heal and Mass Transler

Many industrial operations involve the transfer of heat and mass from ooe phase to the
other. Heat is a form of energy transmitted from one medinm to another by means of a difference
in their temperature. Heat transfer as carried out industrially involves the contacting of a haod
phase and a cold phase, separated by a well defined boundary. Three major mechanisms of heat
transfer have already been established (Cornwell, 1981). These are.

L Molecular: The transfer of heat by molecolar sction referred to s conduction.
ii. Turbulent: The transfer of heat by a mixing process usually referred to as convection,
ili, Emission: This is the transfer of heat energy or its absorption without physical contact
(radiation). These mechanisims can occur singly or simultanecusly. The rate of beat wansfer q is
obtained from the following relationship:
g =hAdT {1}

where

g = tate of heat transfer,Ifs

h = heat transfer coefficient, Wm3K



A

Acrea ol beal Transier .

dT

Change in temperanme K
When faced with the problem of sepaiating components it ol a bomogensons nnxioee, e
diffusion properties of the constituents of the mixture is used to effect the sepaation. As wet
cassava mash is heated in the fryer, the mash absorbs heat energy, get bot and gives off water
vapour. Drying separates a liguid from a solid by vapowizing the liquid resulting from heat and
mass transfer processes (Foust et al,, 198(0), Latent heat of vapourization of the Tiquid {water)
st be supplied before evaporation ocours, In every case involving mass transfer, heat must also
be transferred (Foust et al, 1980} and diffusion ocows in at least one phase and often in both,
Analogous to heat transfer, mass transfer rate is obtained from

N = KA (py- (2)
where

N = rate of mass transfer,kg/s

K, = coefficient of mass transfer, kg/m®s

A = Arca of mass transfer,m?

Pe = Density of the moist mash, kg/m®

[TH Prensity ol the doed niash,kg/m?

When a solid dries, two fundamental sinmltaneous processes oo as follows.

i Heat is nansferred to evaporate the liquid and,

ii  Mass is ransferved as a liguid o vapowr within the solid and as vapouwr from the swface.
The factors goveming these processes determine the diying rate of solid as lguid water diffuses
through the solid toward the surface, vapourizes and diffuses as vapour into the air, The heat
required for evaporation must be supplied to the material to effect simultaneous heat and mass

transfer processes (Berger and Pei, 1973).

L ¥]]



L5 Statement of the Problem
several Fctors allect the pecformunce of gan ryg machime, these mchode
i The muaterial of the frying tough
i Area and length of the trough
i Quantity of mash in the drying chamber
iv. Rate of heat supply
v.  Heat capacity of the mash
vi. Time of frying, and
vii. Amount of moisture in the mash.
These facts constitute arcas of study for effective design of gad fryer. This study is aimed at
ivestigating these factors expenmentally with a view to developing a model that will
characterize the heat and mass transfer processes during gani frying operations.
1.6 Research Objectve
The obhjectives of this work are
1. To modify and evaluate the perffonmance of an existing cassava mash dryer.
2. To establish the drying mechanisms of the cassava mash in the dryer.
3. To formulate a mathematical model characterizing heat and mass transfer

process of diving cassava mash.

i}



CHAPTER TWO

20 LITERATURE REVIEW

Preservation of food products using different local methods bave been an age loog
phenomena. For instance, in the early times, grains were spread out in the sun after harvesting to
reduce moisture. As a result of gquick deterioration of cassava mbers, several equipment are in
existence for cassava processing and drying. Cassava tubers are extremely perishable such that
once they have been harvested, they stan to deferiorte withinn two o theee days (Halim, 19495)
The deterioration i.e-.ummul by physiological changes and snbsequently they ot and doav {TTTA,
1990, Nweke, 1996). The rapid detenioration of Jwe tuber has been a major problemy fm
production, marketing, utilization and industialization of cassava, thus several processes we
identified to convert cassava into a fonn that can keep for o longer period. Such processes
include drying, cooking, parboiling, cutting into chips and soaking (Kwatia, 1986)
2.1 Drying

Drying a solid means the removal of some amounts of water or other liguid from the solid
material o reduce the content or residual liquid to an acceptable low value. [t is ussally the final
step in a series of processing and handling operations and the product from a dryer is often ready
for final packaging. There are threé major industrial methods of removing moistize from solid
naterials as reported by Jackson .. Lamb, (1981). These are by subjecting it to-a high velocity
stream of heated, low humidity air (air drying), or by placing it on a heated swface and allowing
evaporation of moisture into the surrounding atmosphers {(contact drying), or by subjecting it to a
low pressure and a heating source (vacuum drying or freeze drying), solar drying also occu here.

Generally in solid drying, there exists two major periods called the first period amd the
second period of drying (McCabe et al,, 1980). The first period is characterized by the elative
ease of moisture removal while in the second period moisture is bound, or held within the solid

matrix. The moisture content at which the change from the first to second period ocow is know



a5 the critical moisture content {cmc). Two deving rates also exists daing doying, the coustan

vate and the falling rate. Constant diying rate is o sitaation when moistare peanoval is constand, o

@ certain motstare content called eritical motstuee contient, the vate of mostare cemee o begin W
T [

reduce | this 15 called falling rate diving. According to Jackson awd Laml (1981), solids we

classified imto three categories with their forms of diying. Non-Porous hygroscopic solids such as
leather and wood, have two drying perieds, (first and second). The first period exhibits a constant
rate of drying, whils the second period exhibits a falling rate of diying. A porous, non
hygrosocpic solid such as pellets, exhibit a constant gate of drying and first falling rate of drying
during the first perod, while the second period features the second falling rate. A porous and
hygroscopic solid which characterises most of the agricultural products exhibits the constant cate
and falling rate during the first period, while in the second period, the falling rate period s
attained while the solid reaches the equilibrinm moisture content (eme), These are as shown in
Figure 2.

During drying of grains for example, the beated air conveys heat to the grains and takes
moisture away from it This is necessary to maintain quality, minimize losses amd prepare the
grains for storzge and futher processing. Drying could also inhibit biological deteriogation,
prevent mould growth, sprouting and grain discoloration (Pillaivar, 1988). A controlled drying
will also maintain better milling quality. Daring roasting of the cassava mash, moisture is
removed and this gives a dry, free flowing granular product called gari. Heat treatment breaks
down residual unreacted cyanide and drives off lingering hydrogen which gradually reduces the
total amount of cyanide in cassava roots thus making consumption of gari safe (Willians, 1979).

Thin layer drying process refers to the drying process in which all grains are fully
exposed to the drying air under constant drying parameters th, s, at constant air tesnperatore and

bumidity. Generally, up to 20 cm thickness of grain bed is taken as thin layer. All comnercial
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flow dryers are designed on thin bayer drying principles (Hall, 1980,
Deep layer diying 1efers 1o any deying process dotie when the Riain thickness is greater than 20
cm. A deep bed of grain conld be divided into a finite munber of thin layers o make caleulation
easier, it has been shown that small grains exposed in thin layers one kemnel deep dry according
to the following equation as proposed by Lewis, (1921).

- ke @

dt
which simplified to

Nox - e G @
where
M, = Initial moisture content, % .
M, = Equilibrium moisture content %
M = Moisture content after a time ¢ %
k = Drying constant  (Min-)
t = Diyving thie  (Min)

Lewis, 1921; Chhinnan (P804, 1980b) have used this equation to describe drving of
porous materials other than cereals as teported by Jayas and Soklunsanj (1989), Chlingg {1984}
used it for pecan drying. This equation has been modified in several forms and used b IhA1
researchers in grain drying, Noomherm and Veni (1986) used the foum:

MR = A exp (-kt) {8
whege
A = constant which depends on the crop for single laver diving
For shelled maize drying, Page (1949) used the equation
MR = exp (- km i)
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whee

MR - moistwe ratio = (M - M)/ (M, - M.}

n = coustant which depend on the grain..
22. Mechanisms of Drying

If the initial moisture content of the solid is below the entical point, the constant e

period does not ocour (Jackson & Lamb, 1981). McCabe et al. (1986) categorised solids into thiee
forms: Crystallineg, Porous and Non-porous. Crystalling paiticles contain lguid in theit interion
amd drying ocoues euly at the sface of the solids, 5o that o el of soch partles can be
considersd & highly porous solid. Truly porous solids, such as catalyst and pellets contain liguid
n interor channels while Non-poreus solids inclade colloidal gels such as soap, ghue, plastic
clay, leather, wood and other polymetric materials. Gari can be considered as a hygroscopic and
porous solid from the above consideration. The use of high temperature may reduce quality of
grain  for processing because stress cracks may develop n the kemnels and in subseguent
handling of the grain, there may be excessive breakage. During drying, evaporation takes place
only from the grain surface, the internal modsture can evaporate oaly alter it has diffused to the
swface, therefore as diffusion is a slower process, a mixture gradient gradually develops in the
kernel during rapid drying with the center being more wet and the surface more dry. This leads to
stress which the grain can only release through crack propagation  when a ceitain level of stress
is reached (Wasseman et al, 1969).

Water or other liguids may be removed from solids mechanically by presses o centrifuges
of thecrwally by vaporization. It is generally cheaper to remove water mechanically than therally
and thus it is advisable to reduce the moisture content as puch as practicable before feeding the
material to a heated dryver, The molsture content of a dried substance varies from pooduct 1o
product. Occasioually, the product contains no water, and is called bone dry, more conuonly, the

product dees contain some water, dried table salt for example contains about 05% water, diied
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coal about 4% and deied casein aboul 8% (MoCabe amd Sidth, 1976), Deying is then a relative
term and means a reduction in moisture confent from an initial value 1o some acceptable final
value, Cassava lias about 60% waicr content while final gan is between 10 - 15%  (Odighobi and
Ahmed, 19582).

2.3 Theory of Drying

The basic principle of frviog pari is that of moistwe removal frow the fresh oash,
repetitive pressing, scrapping and stining over a hot swrface until the moisture peaches an
acceptable level when the gari could be stored. Heat is applied via the tough to the mash for the
evaporation of its moisture this is accompanied by the gelatinization of the stwch granules,
teasting and eventually drying of the mash, Effectiveness of these processes depends ou the mash
initial moisture content, time, and drying temperature as well as the quantity of mash inuoduced
into the fryer.

Gar frying = § (Mg, time, Temperature, niss)

Two major drying rates could be said to be responsible for the process of gan fiving, these
are the constant and the falling drying rates. The curves of drying rate with moisture content and
time of drying were shown in figure 3.

2.4 Constant Rate Drying Period (CRP)

The constant drving vate occur at the beginning of the diying process, it is conunon with products
that are very wet, moisture femoval is at a constant rate, the fiee surface water and the water of
saturation ate removed at constant pate amd tas applies 1o pari diying (Kreith and  Beohi,
1980). The evaporation rate at the water surface is expressed as

dim

I i sl (McCabxe and Smith, 1976) M
Where

i

--&—- = diying rate, kg/min
L
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k_ = mass transfer coefficient, kg/m? s
A = Drying surface ares, m?

H, = absolute mumidity of airkg/kg
H, = absolinte hunidity of water kg'kg

Drying rate at constant period (R) is described as |

h
R = —H-H (%)

%

[

ATy RS

A (9}

(Jackson and Lamb, 1981}
Where
h = Coefficient of heat transfer, W/im?K

5 = Humid heat k]kgK

T Surface temperature of the mash at equilibrium, (*C)
T, = Air temperature at drying condition, ()
A = latent heat of evaporation of water, kK/kpK

H, Humidity at sucfave tempecature, kgfkp

H, ~ Humidity at air temperature, kg/kg

As the moisture content decreases, the constant - rate period ends at a definite woishae coment,

and during further drying the rate decreases, the point termbmting the constant rate period is

called critical point. This point marks the instance when the liquid water on the swrface is

insufhicient to maintain a continuous film covering the entire drying area. In porous selids, the

critical point is reached when the rate of moistwe flow to the swface no longer equals the mate of

evaporation called for by the wet bulb evaporative process. If the moisture content of the solid is

below the critical point the constant rate period does not ocour (MeCabe et al, 1986).
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Occasionally, there may be a second critical point and finally e solid dries to the eguilibritm
moisture content at 4 Falling that is determined by diffusion o EVIPOrAtIon processes
depending on the type of material being dried.

25 Falling Rate Period (FRIP)

The FRP is the period when water in the potes of gramulous materials is being dried up s
described by Keey (1972), this immediately follows the constan pericd which can also be
computed using the equation below.

M
F= woee (1o

Considering the initial moisture content,

Wao
Mokg = Mo [— ] (11)
(Mo + 100)
M,
Mckg = (W, - Mokg) — {12)
100
where,
Moky initial moistate content in kg
W. = initial weight of the mash, (1)
M, = initial moistue content % db

Mckg = aritical moisture content in kg

M, = ciitical moisture content in % db.
These two periods (constant and falling rate drying periods) belp in data generation for the
calculation of the total diving time of gari frying both in the experimental work and the cotnputer
simulation as shown in table 5. For moisture evaporated (M,,) during frying,

M., = Mokg - Mckg (13}

Vol = (Wo - Mokg)/p (14)
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Area = Yol/L. (15}

Mev = mwoisture evaporated, kg

= volume of the mash, m?

=
=
i

density of the mash, kg/m?

=
L]

L = mash thickness, mm.

20 Drying Time
In the design of drvers, an Loyportant quantity is the time required for drying of the material unde

the conditions existing In the dryer. Time of frying designated t can be calculated for the fipst

period of drying as.

M.,
e ® e (16)
F.A
ty = (Mokg - ML)
F.A {17)
and for the second period as;
Bin S T g [(F - ]
b2y LM, [F, - F) - FLMA| R (18)
[ Fm, ]
and
[LpM, - M))] [M,-M,]
L, = -Ln
[ FA ] [M,-M.,] (19)
where,

Lo = time at first period, first stage, min
ty = time at first period, second stage, min
A = drying area, m?

F, - drying rae, ks

M.! = critical moisture content %

1la



Ly = time of second period, fist stage, min

by = time of second period, second state, win
L = inash thickoess, nu

p = mash density, kg/m?

F, = diying rate at critical period, kgfs

. = drying rate at equilibrium, kg/s

M, = Moisture content at stage two, %

F, = drying rate at final moisture content, kg/s
M, = Final moisnue content, %

Aleratively, the timie of diying can also by obtained, from G diyisge rate cuve

i cuny b
expressed as shown below:
M, M, dm
F = .- e )
At A dt (20
where,

M,, = moisture evaporated, kg
t = time of drying, min
dm/dt = rate of moisture removal kg/s

Integrating between M, and M, (thé initial moisture and final moisture contents) the total diying

time will then be

(21)

where,
tr = total time of frying, min
M, = muass of solid, kg
ny, = initial moishwe content, %
my = final moisture content, %

17



For constant rate, time of living ¢ is compEed as:

M,

= — (M- M)
AF,
(22)
where,
L = time for constant tate period, min
m, = moisture content at the end of cp, %
while the falling rate period occur during the time interval given as,
MJ E"11.' - mzl F
b =} Lp =
A Fr' - Fr:I FI [.:‘13‘."
or
M‘I i, nt;
e e el T
A F, m, {24)
where

m' = meisture content at second critical period, %
F. = drying cate at critical moisture content, kp/fs

F.!' = drying rate at second critical motsture coutenl, kpfs

F = drying mate, kg/s

F, = diying rate at falling period, ke/fs

ny = Moisture content at falling rate period, .
If we have a constant initial moisture content tn,), and a fixed final woisture coment (m,), we
can assume a single straight line passing through the origin for the FRP, at the end of the
process, thus, frying time will be the total sum of time used for the constant and the falling rate
drying and will be expressed as.

t =L + 1 (25)

and nsing equations 22 and 24, U, al time For drying a given quantity of cassava mash is:
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At My (26)

Drving rate ot falling period 15 described by the expression bealow:

(M e
R = R-R) — + R {27}
(M_jn {McCabe and Smmith, 1976}

Whete 0 = 0.5 for fibrous materials (Jackson & Lab, 1981),
2.7 Classification of Dryers

Dryers in which the solid is ditectly exposed to a hot  air are called "sdiabatic diyers”
while those dryers in which heat Is transfecred to the solid from an external medium such as a
metal swface are called “non-adiabatic dryers” (McCabe et al, 1986). Some drvers are
continuons and some operate batchwise, some agitate the solids while some are unagitated. Some
of the diyers available are as discussed below:

Adr dryess use hot air to evaporale moisture from the diying product, This air is supplied
extemally and heated ot o low relative humidity, fan or blower blows the hot air over the wet
{moist) solid and take moisture ﬂl{:lng with it as it moves along the lenght of the drver. As the
time elapses the moisture content reduces (Hall,1980). Adiabatic dryers are examiples of this type.
Contact drying cccws when a moist material is placed on & heated surface and heat flows by
conduction to the free suface of the material. Some of this heat canses evaporation of water to
occur and causes a rise in temperature of the material and some are lost by convection from the
surface (Jackson & Lamb, 1981}, If the contact medinom is 5o hot and the mash Is very wet, there
will be otwand movemenet of moisture to keep the swface woist, Hl an equilibriam will be

achieved.
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Solar drying which is one of the means of dryimg directly wath the leat of the son i
not proved satisfactory for gari diving.  This is becanse the harvested heat Bs toe low, wsually af
i temperture below the boiling point of water. With solar drying | the product will be dried T
it will ot foom goodd qpuality gacl, Clark and Haridas (19821 omce repoted a collection of sola
heated air at 56 - 5820 for paddy rce doving in India, but noted that  sos tenipoaalivng bs jow 1o
gan drying,

28 Garl Fryers

Histm‘il:_nll:}r_ I’r}'ijm of pari starts from a shallow  carthenwiae, alunuindiug o0 cast jnon
simple frving containers sef on tripod stopes and fuelled by burning fuewood.  Other forms of
diyvers consist of clayed water pol which are cot into two-halves and osed as a4 fiyer, An
improvement on the local fryer is 1o cot an oil doun ioto two-halves longitudinally and set into a
specially prepared fire place that is meant for the purpose, The buming firewood also supplies the
heat required for the frying. Stiming is done with carved wood or calabash or broom (ITTA,
1990). Several versions of small and medium scale fryers are in existence. The Rural Agro-
[ndustiial Development schieme (RAIDS) Ihadan, Nigeria developed a fryer suitable for a small
scale production of gai. This consists of a rectangular metal tray measuring 1.2 by 2.4m and
Jmm thick to fry gad, with a r-i:l-r gale for discharging the fried gari, The pari s fricd o
batchies mind noannal sticciog 15 coaployed and the machioe opestes oo contact drying process as
described by (HTA, 19940).

The Project Development Agency (PRODA), Enugu, Nigeria developed a commescial gari
fryer which can be used by fowr to six women sinultanecusly. The fryer possesses a high theomal
cfficiency and comfort characterstics for its users.

The system consists of a frying part of large projected area (2.75 m?} that forms the top pan of a
rectangular cabinet - like strocture and four fire-place chambers lie immediately below the frying

iy, each sepadated from s neighbour by baffles which deflect the ot gases to the Bottom of e
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i as reported by Kwatia (1986}, The Brazillian type of gani fryer is o simple pachine (it
consists of a semicircular stainless steel plate, A specified amonmn of mash is netesed wite the
circubar plate and the eccentric paddles shift the mash cicolacly to doy the product with a side
gate that ejects the fued gard. Odighol and Ahmed, (1982} developed au equipment that can fry
gari. This machine consists of spring loaded paddles that are carried on a long shaft which is
mownted axially in such & way that the spamulac-like paddle overlap, The mough is semi-cicola
in natire and the mash is metered theough the hopper and stieeed by the paddles along the length
of the fiyer. The fuel used is cooking pas. Large scale and mechanised gan fryers were developed
and are in use, such include the one developed by the Fabrication Engineering company
(FABRICO) Edo State, Nigedia. This machine fries gari on a continwous process, the trough is a
semi-circular steel plate with rotating paddles which rotate and the mash is stirred and mewved
from one end of the plate to the other, this was reported by Kwatia, (1986). FIIRO And Newel
Munfixd Company developed o very complex pari processing machine jointly umanced by the
Nigerian Government twough the Federal Tostitate for Tndustrial cseach Oslodi Tages
(FITRCY, wsd s British firm (Newel Dunford's Company), The unit is a complete process line
which has about 83 workers at the plant. It is a modern and todally mechanised technology, with
a bigger and effective diyer and also operates on a large scale basis, (FIIRO and NEWEL
DUNFORD, 1974},

Gari is a staple food in Nigedia, amd (o satisfy the need of the people of Ousdo state. The
Agric Engineering Depadment Federal Univessity of Technology, Alwe took the challenge and
produced the first version of its frying machine. In his work, Ohanwe, {1988) came out with the
concept of a frying machine, Oshogbon (1989) further developed the work and tested the
machine, Omaolakin (1994) modified and tested the machine again while heat and mass balance
tests are being caned oul presepuy an the frver e order to provide necessary mformaton o

produce an effcient gad fryer. Considering the above gari frying machines, three points are noted,



There is 4 container or twough for frymg, thewe is a sowce of heat cither, flrewood, gas, hot air or

electricity, and there is also a means of stining (paddles) o slabs which could be of different

muterial and shapes,
28  Mode of Heat Transfer

There

are three mwajor ways of heat transfer conduction, convention amd radiation (Nelkon

and Parkes, 1984). Conduction is the tansfer of heat fron « region of higher tenpesturs o

al

eeplon of lower temperature within a medium (Salid, liquid  as), or Detwesn diffenant aterial

in physical contact, withoul apprecialle movement of the molecules of the material (Tackson and

Lamb, 1981). Convection occurs when there is a tempesature difference between 4 fuid and o

solid boundary that causes molecular motion and energy transfer duning the fluid movement

MNatarally, the molecular movement is due 1o density differences generated by e ratige

gradicnts. (Welty et a1, 1976). Radiation is the heat energy that |

usses twougl a vacuun whick

|||:-.-, Bid kl i|_-.-1+ I]1. _-i'r‘_;-ll‘_'n.lk 'y T_:I'F i illl-_ i ¥t ||.:i”_' Ikii |'!_-||||4 T'lu .i'.l..‘-ii-u T |1|“, |1.‘:.|iIIJ' faay i ..|“h.._ ““;' fi il

transfer using Fourier equation is
o GEnsnd 28
Q T (28)

once the steady state has been reached, the rate of heat flow can be opresented a5
4 = hAAT (29)
wliere
Q = quantity of heat that flows, ]
q = rate of heat flow, J/s
A = Area of heat flow, m?
AT = Temperatue gradient, K

L = Thickness of the matere]l,

b = Heat tminsfer coefticient, Wim'K
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210  Heat, Mass and Moistore Transler Processes

Heat is generally transferred when there is temperature gradient i an object. Drying of
wet solid is a thenmal process, this making it possible 1o dry many matenials by merely Leating
them above the boiling point of the liguid. Heat is applied to a dover to accomplish the following.

1. To heat the feed (solid and liquid) to the vapourization temperature.
2. To vapourize the liquid.

3. To heat the solid to its final temperature,

4. To heat the vapour to its final temperature.

Mass transfer is found almost everywhere in nature, it refers to the motion of molecules o
fluid elements caused by some term of potential or driving force which inchudes nof only
molacular diffusion, but alse transport by convection and sometitnes sinple mixing (kreith and
Beohn, 19863 The drying of hygroscopic capillary poreus soli] s css Tigubld fon the s
material by |.w.1}:u|:.|riu|4 (Berper and Pei, 1973), Barly smdies on heat and mass transfer lave
been reported by Sherwood, (1931) and Newmann (1931) that moisture i wansfered by
diffusion, while Haines (1927) says its by capillay action. The second series was based on the
asswmption that during deying, sonwe combination of capillary flow of lguid and diffusion of
vapow controlled the intemal moistare tansfer (Krischer, 1942). Another approach is an attenpt
to establish a theoretical model by applying the methods of the thermodynamics of ireversible
processes to the transpoit phenomena during the drying process (Luikov, 1966, Berger and Pei,
1973). Evidently, the presence of mass tramsfer raises of lowers the rate of heat conduction
depending on the direction of mass transfer. Mass transfer of water ocomrs within the kernel as
the waler vapow escapes into the sarrounding i

The initial moeisnue content of the mash is reduced by dewatering, the subsequent removal
of moisture to the storage level is by thermal application. There are three types of water thal exist

i & bio-mass material acconding to Tgbeka (1980). These are. Unbounded fiee water in interstitial
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pores, that is surface water, water molecules bounded by hydroxyl groups (OH) and water
molecules bounded by jonic groups. Meaning that whenever any material is being dried, these
forms of waters are encountered and nnsst be dried, The degree of difficulty ivolved in removal
of water during dehydration of a product depend on the classification within which the water
falls, it is easier to evaporate surface water than fonically bounded water from a material.
Faborode et al. (1992) established that in gari frying, the unbounded free water are first removed
during the first few mimites at the constant rate period. Moisture wansfer in agriculhual materials
occurs in the following ways according to McCabe et al, (1986):

(o) Water vapour diffusion or evaporation,

by Flow due to shrinkage and presswee gradients,

(e} Diffusion of liguids,

{4} Liquid movement bry capillary forces {capillary flow).

During grain drying, Chau et al, (1982} discovered that Fillet and Roe dries during the

first several mimites at a faster rate followed by a falling rate period when the drying mte was

govemed by the rate of moisture migration within the product.
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CHAPTER THREE

10 MATERIAL AND METHODS
This chapter describe the types of material used in the work and the methods of the expedinents
performed.
3.1 Material

The main taterial wsed in the execution of the project is the feonmented sieved cassava
mash which was obtained after a series of operation on the cassava ot This operations inclnde
peeting of the ml:-.—;r::,. grating, Jewatering, fennentalie. a-m:l sifting, The product (fermented sievied
cassava mash) was now fried using the expenmental gart fryer, The cassava mash was oblained
from a local frying center in Akure LGA of Ondo State, Nigeria
3.1.1. Equipment

The shematic diagram of FUTAAGE gan liying machine shown in Figuwe 4 consists of
a 00 cm diameter, 120 cm long frying ttough of 2 mum galvanized steel sheet which carries 16
paddles arranged in two sets on a 132 cm long shaft. The trough is folded into a semi-circle and
mounted at an axial inclination that may be adjusted between (f and [0 to the horizontal using
two telescopic front legs. The conical hopper with a capacity of 6.75 kg (0.135 m*) of wet
cassava mash is located over the ing trough. A small metering device is located at the centes
of the hopper couple to a shaft through a 5 e pulley to meter the mash into the twough, The
drive mechanism of the machine consists of an 0.75 kW{lhp} single phase electric motor with
1420 rpm, transmitting power to a 43cm pulley through a V-belt.
A pulley, 85 cm diimneter transmit the power o anolhes 43 cm pulley, these two pulleys of
diameter 43 cm act as speed reducer. Through a crank arrangement and a rack and pumion gear
system, the power is transmistied to the shaft tut carried the paddles. The frame suppot is

made of 35 x 35 x 35 mm and 25 x 25 x 25 mm angle won, Scm diameter steel pipe were used
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E - RACK & PINION GEAR
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Schematic diagram of FUTAAGE Gari Fryer

Figure 4:
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for the front telescopic legs. The overall dimension of the dryer is 180 cm in length, 60 cm in
breadth and 170 cm high. The burner is made with 12.5 mm intemal diameter steel pipe which
is 120 cmi in length and 30 ¢m in breadth welded into a rectangular shape with 22 holes on
each side, Compressed cooking gas was used for the fuel, while an 0.75 kKW({1lhp)single phase
electric motor of 1420 rpm was used as the power sowce for the stirring device.

3.2, Experimental Procedure

Several of the properties of the pari mash that were measured are as described below:

3.2.1 Physical properties

The physical properties of the sieved cassava mash and the fried gari were considered and
measured. The moisture content of the mash was determined by the method approved by the
Amenican society of Agricultural Engineers in ASAE standards (1989) whereby, a known mass
of the mash is placed in an oven at 110 =C for 8 hours. The final weight was taken when the
product has cooled down inside a desiccator, the moistwe content was obtained in the diy and
wet basis as:

Weight of Water
Mc, = x 100% (30
Weight of diy matter

Weight of water
Mc,, = x 100% (31)
Weight of wet mash,

The conversion equations used for conversion of the moistw e contents are:

(% Mc,.)

% Mc, = = 100 AN
00 - % Ml._‘h_:l
and
(% Mcy)
% M, = . % 100 (33)
(100 + % Mc,)
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The bulk density of the wet mash and the fried gari was determined by filling a 50ml plastic
container and its mass was determined as was proposed by Ukpabi and Ndimele, (1990},
p = mv (34}

Where

p = the bulk density (kgm-}

mo= mass (kg

v = volume (m?)
This was done in tiplicates and the average value was used.

An Endocott sieve shaker (Model EFL 2 miljand a set of labocatory test sieves wene
used to determine the percentage aggrepate sizes of the gari samples, The Finess Modulus{FM)
equiation (14} below was used for the particle size caloulation,

Fm = §fZc = JI0%
d, = 0002414 (2.0)™ (35)
Where
d = paticle diamester, mm
€ = total percentage of particles that pass through the steve, &
d,, = average particle diamlr.tr:r. (T
Fm = Finess Modulus
The angle of repose of the product was determined using a circular platform (Fowler's methaod),
a compass and a meter rule. The angle of natural slope of gari betwesn the base and the slope
of the cone formed on a fiee vertical fall of the gari sample to a horizontal plane was
determined using equation (15) below and values of the angle of repose were as shown in
table 3.
B = tan'(y/x) (36)

where
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0 = angle of reposel ¥ )

¥ = height of the piled material(m)

x = Imlf—'ﬁrn%rh of the material hase(in)
[he tangent of au angle of inferal friction at wliich e gars satuple Begin to roll Grovel when
tlted on & smwooth swiface this was also measied using three different surfuces (stainless steel,
polished wood and plywosd) with 4 comprass. Equation (16) was used to calculate this and the
values were shown in table 3,

H = tan Q) Gn

Where

U = Coefficient of friction

a = angle of internal friction(e )
3.2.2 Thermal propertics

Temperature variation dlvig the length of the frying trough when the fryer was in
operation was measured by Procter digital probe thermometer and steel therniometers. The
Procter probe thetmometer was nsed mainly to measuie the temperamue of the mash at
specified spots(0, 30, 60 cm along the height of the fiyer and 0, 60, and 120 cm mark aloog the
lenght of the fiyer), Figure 5 shnw,l% the diagram of the thesmomets artangement during the
gari frying operation.
The heat capacity was determined by measuring the quantity of heat that was passed
with the coresponding change in the tempesature of the mash using equation (38) below.
Q

L. = T [-_"!IH_]'
T

Where
Q = Quantity of heat ()

AT = Change in temperature {°C)

29



¢ = Heat capacity (IJK)

The specific heat capacity of the mash and the drying gan was deteanined by the
calorimetry method. A known volume {mass) of the mash was heated at a specified temperatie
in an electric oven, after some time, it was taken oul into a coppes calovimeter that has been set
up for the purpose. The content was poured into the calorimeter with water, it was covered il
stitred witil an equilibeiwn temperatue was attained. Audu and Tkhu-Omoregbe, (1982, and
Shukla et al (1985) proposed an equation to caleulated specific heat capacity as,

[v[:cl: |:'-['l = Tr} c MH Cw lI--rl: z Tn} (3

C, -

M, (T, - T)

where
C, = specific heat capacity of gari (mash) {J/kgK)
M, = Mass of calorimeter (kg)
. = specific heat capacity of copper calorimeter (T/kgK)
Ty = Equilibrium temperature (*C)
1, = Initial temperature of the calorimeter (%)
M, = Mass of water (kg)
C, = Specific heat capacity of water (J/kgK)
T, = lImtial water temperature (°(’)
M, = Mass of the gari mash (kg)
T, = Initial mash temperature (°C)
Typical values of specific heat capacity are as shown in table 4.
The thenmal conductivity was determined for the gari mash using the flat plate method
described in Carslaw and Jaeger, (1970). A cylindrical plate of known length and diameter was
filled with gar sample. The length to diameter ratio of 2 was chosen (as in Carslaw and Jaeges,

1976). The cylinder was placed on a hot plate and the change in temperature with time was

monitored, By using equation (40)
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and plotting a graph of T against Lun t, the slope of the curve obtained was used to calculne k;
and the values of these were shown in table 4.
Where

T = sample temperature, °C

= Quantity of heat, J

k = Thermal conductivity, W/imK

t = tme, min

The molecular diffusivity of heat is a measure of the ratio of heat transmission and

enetgy storage capacities (Kreith and Bohn, 1986), Theomal diffusivity is a guantity wusech
measures the rate of temperature changes and indicate the speed at which temperature
equilibrium will be reached, that is, how fast heat goes through a material. The thermal
conductivity experiment was used for determining diffusivity since its a function of
conductivity, specific heat capacity and bulk density of the material (Hall, 1980). These

quantities are related by the expression:

k
o= (41)
pC
where
& = thermal diffusivity (m?s)
k = thermal conductivity (w/mK)
p = bulk density (kg/m?)
C = Specific heat capacity kJ/kgK

Some values of thermal diffusivity of gari were shown in table 4. Other equipment used are

stop watches, gas cylinder, weighing balance, electrical oven and petri dishes
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1.3 Performnance Test

The machine was cleaned up, and the gas valve was tumed on, the fire was it and
the tough was allowed to heat up for about 12 minutes until the temperature reached a
constant state known as steady state. The wet mash of known moisture content was put into
the hopper and the power was switched on, 45 soon as the power was on, the stop watch was
also started. The paddles reciprocated at 50 reversals per minute while the mash was
metered in and traverses the length of the trough. The rerciprocating motion of the padidle
allows the simmltaneous stirring, pressing and toasting of the mash while st L-,vl.!1i|~i?.nl'-ur
oocirs as it moves down towards the outlet. The frying was done at 3 machine angle of
inclination and high rate of heat supply (high heat mtensity), The high heat intensity was
attained when the gas control valve was opened to the maximum at a flow rate of 833 g/min,
The medium rate of heat supply (medium heat intensity) on the other hand is when the gas
control valve is tmmed to the middle point and the Now mte is 733 g/min while low rate of
hest intensity(low heat intensity} is when the value was turped to the minimum point and the
gas flow rate is 60.2 g/min, These were callibrated and the marks were also put on the valve,

The first experiment peiformed wis to detecmine the emperature of the dryer and the
drying mash at intervals of 3 minu’lr.r..s up to the 21 minutes. The dryer was set up without the
engine muoning and the gas value was turned on to warm up the trough, As soon as the
steady state was reached, the engine was tunied on and ground cassava mash was measred
in. The temperature was monitored at 3 locations along the vertical axis amd 3 along the
horizontal axis. The mash inlet temperature T, and outlet temperatue T, were also
mieasured as the drying progressed.

The second set of experiment was conducted at the medinm heat intensity. Each test

was started from the steady state and the temperature variations were monitored at intervals
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during the frying process the Ras flow rate was 73.3 gimin The expetiment was done i
triplicates and the average values used,

The third set of experiment weie conducted at & low Leat intensity, after a long tinwe
the steady state temperatiure was reached and the: frying started, the time of frying amd the
drying rates were measured,

The fourh set of experiments were done by varying the amount of msh intoduced
nto the trough. The temperature distribution was observed agd monbored as well o o tim
of frying required for the mash to reach the acceptable moisture content. These sot of
experuments were done in triplicates and the average values used.

The fifth series of experiments were done to monitor and measure the following
parameters of the drying nuash: The moisture conteat, the bulk density, specific lieat capacity,
drying cate and thermal conductivity, these were done in duplicates. From the above
experiments, the efficiency of the machine wus also determined to be 72.3%, using the
formmla below:

Product output

Efficiency = X100 %
Material output

Mass of gari obtained
. - X100 % (42)

Mass of mash introduced into the fryer
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CHAPTER FOUR

4.0 MODELING AND TECHNICAL CONSIDERATIONS

A mathematical model to predict the mash temperature and time of [rving based on
the quantity of gas used for heating was developed for AFUTAGE garl fryer ot lugh heat
and inchination angle of 59 Basic equations were obtained from psychometnic chart
process by using the psychrometric curves assuming a standard atmospheric pressie of
1Bar as shown in Figure 6.
4.1 Theory of Psychrometric Equation

In many unit operations, drying involves dry air and water vapour, when a moist
material 15 placed on a heated swrface, heat flows by conduction to the free surface of the
maferial. Some of this heat causes evaporation o ocour, some is lost by convection from
the surface and soige causes the surface of the material to tise in tenperatine, Wil o
i5 still sufficient moisture 10 keep the sarface meist, an equilibrinm temperature (T, ) will
be achieved, the elationship of such expressed in a graphical teom s termed
psychrometric chart. For contact drying, assuming a vegligible temperature gradient in the

horizontal direction, the heat balance over the drier gave:

K i
= 1= T = h{T, - T,) + hiH, - H} ---- {43)
L 5
whers

K, = thermal conductivity of moist mash, W/mK

. = thickness of the mas" in the drier, mm
Tp = drier temperature (heated surface), K

T, = Product smface temperanre, K
h = heat transier coefficient, W/im2K
T, Atmuospheric temperature (dey bulb tfemperatare), K
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H, = Absolute humidity of the surface at Ty %

H, = Absoclute humidity of the air at T.%

A= Latent heat of evaporation of witer, kKIfkpK

3 =  Humid heat of air, kJjkgK

K (T, -THL. = Conduction term = A {44)
h(T, - T,) = Temperatwe termy = B (45)
hiH, - H) Afs = Evaporation term = C {40)

The initial drying rate (F,) is obtained from the heat balunce equation. Since H, depend
on T, , the value of T, has to be obtained by trial and error method from the relationship
between the air temperature and pressure using the psychrometric chart whereby T, is
guessed. H, and H, ate read off from the chart and the first calculation is done,
Alternatively, the telationship of steam temperature and pressure from steam tables are
used by relating the dryer temperature with partial pressure of water vapour in the air and
the equation below is obtained.

Py = 67.9499E4 +1.9532E4T, + 0.3383E-4 T,2 - 2.0673E-7T,2 + 9.445TE-OT * _ (47)

and
13 P,
H =
29(P-P.) ' (48}

where,

Ty = temperature of the dryer, K

H = absolute humidity, %

P, = partial pressure of water vapour in the air, Pa

P = total pressure {atmospheric), Pa

when P = 1 (for psycbrometry), and when P, is small, then from eqhation (48)

H = 18/20 (P,) (40)
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H, is obtained from the chagt while a first guess of T is made and terms A, B, mul C,
were caleulated, the acceptable T, is reached when this simation holds, that is, when

A = B+C. (50)

(Jackson and Lamb, 1981}

The madel was built to do this vation and pick the comrect value of T, The privess of
drying using heated surface is dependent upon the loss of meisture from the granules by
diffusion to produce e emperature difference necessary for he entry of heat energy into
the grain from the swrounding air (Mennett and Myers, 1983). Drying of gait is therefore
characterised by two drying periods, the constant rate and tle falling rate periods. Thess
periods asswme some definite values which can be compuoted as drying Progresses,
Since the temperature of the fiyer {Tp) is fixed, the mash temperature and heat quantity
cau be evaluated as shown in the sketch of the fryer below, the values of which were

obtained as shown in Appendix 11

The: guuntity of heabtiasfofred 1o the fryer is

Qe = KAATJL (51)
While the heat retained by the fryer is:

ey = M:CAT, (52)

As the frying progresses, the heat teceived by the cassava mash can be represented as:

ag



Lo Moy a Ty,

(33

This heat, ), Is used to absorb bond water in the mash and alslo used to heal the

surtonding air within the wough | Hence, the heat ahsorhed by the water is:

Qw = M,A

Adid the heat absorbed by the surrounding air is

Q, = MCAT, =

Thus the ovesall heat absorbed is then:

Qo + Qu + Q,

Where,
Qwe = guantity of heat conducted by the trough, |
Qur = quantity of heat retained by the fryer, ]
Qs = quantity of heat absorbed by the gari mash, 1
Quw = quantity of heat absorbed by water, T
Q. = quantity of heat absorbed by the air, J

For the heat transfer,the quantity of heat transfer {Q) is given by;

KAAT

Q =
L :
and the rate of heat flow is calculated as:
q = hAT
whereas the coefficient of heat transfer by is caloulated as,
h = 14.3 G
(McCabe and smith, 1976)
When G equals 0.02 m/s
where
h = coefficient of heat wansfer, W/m2K
G = air mass velocity (mys)

a5
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The Tempecature history and 11 ying chiavactenstics of the mash weie shown in
Appenidices I1I and TV
For the mass transfer, rate of mass transfer N, is piven as.

M=k Adp {59}
According to Sachdeva (1992), Sherwood munber (3.), Reyoolds number (R ane schunidt

number {3} which are important in calculating mass transfer relations are described as

below:
k., L
5'", = - L: j{-.nshl.l.:l! t&u:l
Dll'l'
Lup
B = (61)
i
and
K
5{ - _ﬂ (2}
P g

Sachdeva (1992) also gave the constant C to be 0.989 and n to be 0,33 since R, is
between O and 4. Then 5, is now related to R, and 8, to calenlate the coefficient of mass
transfer k, as "

S, = 0.UBY ROM §on (63)

Recalling from equation (60), the coefficient of mass tansfer k, is given as:

= e - (64
And according to Jackson and Lamb (1981}, the gquantity of mass transfer is given when
the diffusion cocfticient of water was calculated to be -0.0575més as:
fm
m = FAL = —= At (65}

il
where,



D,y =diffusion coefficient of water from the cassiva mash, mifs

% =density of the ml:n_-'.h_ ko/my’

M coefficient of friction (viscosity) of the mas))
4.2 Computer Program

A FORTRAN computer prograni in Appendix I was used to generate values for

the parameters chosen. The parameters include Total time (TT), saturation temperature
(T8} and heat absorbed by mash {an. The program was made of theee subgoitines called
INFORM, PSYCHRO, and HTQTY. INFORM supplies all the information needed such
as the initial moisture content, mash thickness, density and the fryer temperature.
PSYCHRO supplies all the value needed for the computation of the bumidities, while
HTQTY assigns values for heat transfer and direction. The value of the saturation
temperature was guessed fisst aud the computer iteration begins until the correct value is
attained which depend on the temperature of the through. The drying rates, moisture
evaporated and drying time were then computed as shown on tables 11, 12, and 15. The
model flowchart is shown in Figure 7, while the Statistical analysis and simulation of the

model are shown in Appendices V and VI,
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CALL INFORM to
Read in constanis and
mven Parameters

!

COMPUTE Ha
from the Psychro
cguation 1

CALLTITGTY !
To assign values for H"—
heat transfer and
direction

:

READ
First Guess of T's

COMPUTE
Hs, tyg. 11, Fis MeFle

5, 4, Fa Fa, Fy
Mev, Q. h

-

COMPUTE
Tt=h+ Iy + 6+ 1

:
WRITE
TI, Tﬂ, F|, FI |If'-"[|ﬂ-
Mev, Q. h,

Fi_l_'llll' T F]l"n'--:..ll.n! of e prioikel

42



CHAPTER FIVE

5.0 RESULTS AND DISCUSSION
This chapter presents the results of the experimental work and the results of the
mahtematical modelling of heat and mass transfer during cassava mash deving,
5.1 Experimental Results

Several mus were carri . ot on the frying machine to determine the heat and
mass transfer properties of the cassava mash, The steady state temperatwes of the fryer
was determined along the vertical direction for the theee heat intensities as presented in
Table 1. The maximum steady state temperature was 160 C at high heat, [U2 «C a
medium heat and 75 °C al low heat intensity, Because of the shorlest time of 12 mmules
taken to reach the steady state, the high heat intensity with gas flow rate of 83.8 g/min
was chosen, Figure 8 showed the graph of the steady state temperature at the thiee levels
of heat intensities.

Three steady state temperatures of the frying trough were obained @ three levels
of heat intensitics. (high, medium and low); as shown in Figure &, the steady state 160 o
at high heat was used for the modeling. This state was reac” (| in twelve minutes. Figine
9 shows the ncrease in niash temperature with time of frying, while the changes in
moisture content was shown in Figure 10. Observation of figures shows that as the
temperature increases, the moisture content reduces.
5.1.1 Bulk density

Table 2 shows the variation of moisture content as the time of frying increases,
this showed o decregsing trgnd as the time of frying ingreases, The mash teapoatvre | L
increases with increase in frying time dwing the frywg at different heat intensities. It was
observed that ooly the high heat frying reaches the equilibrium moisture content {emc) of

125% at twenty-one minutes frying time
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Table 1. Steady State Temperatures Of The Trough at Different ITeat

Intensities
Trough Temperature(®C) -
Time{min) Heat Intensities
HIGH MEDIUM LOW
" 27 : 27 7
1 40 EE 30
2 51 38 33
3 GO 42 37
4 T2 54 39
5 81 e} 41
(1 93 62 44
T 104 0O 40
8 110 o9 51
9 120 72 33
10 137 78 57
11 156 81 50
12 160 88 G2
13 160 o2 65
14 160 a4 o7
15 160 - o7 0o
16 160 99 71
17 160 102 71
18 160 102 72
19 164 102 T2
20 160 102 13
21 160 102 T3
22 160 102 74
23 160 102 74
24 160 102 75
25 160 102 75
20 160 102 75
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Figure 11 is the diying corve of cassavie mash andergoing diving at 3 levels of heat
imtensities which shows that the moisture content reduces with iincreasiing time of frying.
The equililvivm moistue conteul was reached in aboat 15 minutes when high leal was
used at 5 angle of inclination ol the machine, For the medim and low beat, the moisture
content did not get to the emc when drying, This is because the heat used for the drying
was lower than what is required to dry the mash, The drying cwrve in Figure 12 shows the
value of the gradient of the curve for high heat drying which is the coeflicient of muss
transfer k, obtained to be 1.67. As the mash waverses the length of the drying trough the
meisture content history of the drying mash is expressed as:

MC = 475718 - 0.586645 = X + (0.00225826 * X1 (B6)
where X is the distance traverses by the mash along the lenght of the fryer.

It is noted from Tables 3 and 4 that the bulk density of the cassava mash decreases
with decreasing moisture content during the drying process but the relationship is not
linear. Fresh cassava mash is usually bulky and heavy, as e mash deies it loses moishire
and become less heavy, but further diying of the mash tends to break all bonds between
the mash particles thus reducing the pore spaces within the mash and consequently
increasing the bulk density at lower moisture level (Faborode et al, 1992). This shows tha
bulk density is a function of mnisr-nu'ef content which is expressed as:

p = exp (-0.0136337 MO)y*10327.1 (7

tHeat was iI:l-J.'L.HjIII.Z{'J.ZrI to remove moisture from the cassavi mash and a5 the time of

frying increases, the moisture content decreases as shown in Figure 12, The specific heat

capacity,C and thermal diffusivity,a decreases as the moisture content of
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Table 2. Change In Moisture Content with 'Time(Experimental)

HEAT INTENSITIES

TIME HIGH MEDIUM LOW

T T
0 (46.787.62 28  (46.7)87.62 28  (46.TBT62 28
3 (38.5)62.60 40  (40.2)67.22 34 (42.1)72.71 30
6 (30.0)42.86 61  (35.6)5528 50 (37.5) 600 38
9 (21.5)2739 82  (254)34.05 61  (31.2) 4535 42
12 (17.002048 104 (2L1)26.74 73 (27.3)3755 60
15 (125)14.29 136 (17.2)2077 82  (22.1)2837 69
18 (109)2.23 149 (I58)18.76 83  (20.6)25.94 70
21 (92)10.13 152  (143)6.69 86 (19.4)24.67 71
LEGEND
() M/C in % wb.
T Temperature,K
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Table 3.  Variation of the Bulk Deusity and Frictional Properties of Mash

with Molsture Content doring drylng (Experimental)

Moisture Content Bulk Density Coefficient of Friction Emjpying
{(%)db (%)wb (kg/m?) Galvanized Polished Plywood angle of
steel sheet wiooxd repose
87.62  (46.T) 441.3 0.43 42 044 40.6
62.60  (38.5) 437.2 0.38 0.35 0.4 392
42386 (30,00 433.9 0.36 032 0.37 Arg
2739 (215) 430.1 0.33 029 0.35 37.9
2048 (17.0) 420.8 0.32 027 0.33 371.2
1429 (125) 491.3 027 023 0.31 36.7
1223 (10.9) 490.6 0.25 0.21 0.29 35.3
10.13  (8.2) 507.9 0.22 0.18 0.24 .3

LEGEND

{ ) Moisture Content in % wb



F -

W

Table 4: Change In Mash Propertles Durlng Frylng (Experimental)

T MC p R P C o

(min) (%) (%) kgim? kgimPmin  W/mK  KfkgK  x10<mYs
0 467 (8762 4413 264 024 414 0131
3 385 (6260) 4372 286 019 394 0110
L] 30,0 {42.86) 433.9 2.81 0.15 3.52 (L0998
9 215 (2739) 4301 225 0.14 276 0.118
12 170 (2048) 4268  1.56 012 261  0.108
15 125 (14290 4913 111 010 234 0.087
18 109 (1223) 4996 063 0.08 216 0.074
21 02  (1013) 5079 054 006 201 0.059
LEGEND

TT = Total drying time, min

Mg =

R =
K =
C .
& =
) =

Moisture Content, %

bulk density, kg/m?
Rate of drying, kg/m?s

thermal conductivity, W/mK
specific heat capacity, klfkgk
Thermal diffusivity, m¥s

Moisture content in % db.



the mash reduces as secn in Table 4 showing that both specific heat  amd tharl
diffusivity are functions of moisture content, At high heat intensity, the average measured
value of heat transfer coefficient, h, is 0.2826 while the predicted value from the model is
0.6254 both of which are less than 1.0 as shown In Table 11,

The time of frying the gari changes with some parametess as shown in Table 3. As
the initial moisturs conitent of the mash is reduced the drying time also reduces. Figure 11
shows the drying curve using high, medium and low heat and the final moisture contents.
Observation of the figure shows that enly the high heat reaches the equilibrium moisture
content (eme) of 12.5(% wh) after 15 minute of drying when the initial moisture is kept
constant at 47% wb, Flgure 12 shows a decreasing relationship as the time is nearly held
constant until the twenty-first minute and 13% Me when there is a sharp tume increase to
23.7 minutes with only 0.5% decrease in moisture content as also shown in table 8, as the
Initial molsture content increases so does the Ume of fiying, this was supported by
Faborode et al, (1992). '

It was observed in Table 2 that the moisture content of the mash changed as a result
of temperature and time change. As the time of frying Increases, the temperature also
Increases until a steady state {or .'.Iaturaiim temperature) is reached. The relationship
betwesn the mash t:ln;g;cr:m'u'e and the frying time i= si'lm"u LE Figure 9. The ﬂ}rl-ngl
temperature was also monitored with the frying time. 'Il'.ilfdr}'i.ng time showed a
decreasing trend when the temperature increases as shown in Figure 9.

As the initial moisture content was reducing, so does the frying time, the bulk
density reduces also as a function of mwoisture content until the drying reaches the
equilibdum moisture conteat (emc), after which it began to increase as shown in Tables 3
and 4, When 160.0C was used as the sleady state temperatere, it was observed st as the

initial moisture content reduces the time of fiying also reduces as shown in Table 7.,
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Further increase in temperature canses a drastic veduction in the drying time as shown in
Figure 10. The coefficient of friction, angle of sliding friction, the specific heat, themial
contctivity and the diving rdes all slowed o decreasing eml as the dryine progressed
with comesponding decrease i moistire coutent,

Diyiog curves for thees tuns were presented for the low, medinm and high heat
intensities, and after 20 minutes drying, the frying with high beat imtensity reached the
equilibrum moishue content stage as shown in Figure 11, During this process, the heat
was used to evaporate moisture from the product which resulted in mass transfer of wates
occnrring within the grains as well as on its surface, and the coefficient of mass tansfe
obtained by determining the slope of the corve equals 167 s the initial moistore content
(M,) increases, the moisture evaporated {(Mev) also increases showing that as the mass of
the mash increases so is the amount of water evaporated as shown by the model and the
experimental data,

The thermal conductivity of the mash decreases as the moisture content reduces
(Figure 13). Also, as the temperature increases, much water is evaporated showing that
thermal conductivity- (k) is g fnction of moisture comtent of the material (Table 40
equation which relates moisture content to thermal conductivity is given as:

k = 0L0741056 + 0.0204109% MC-0.0065843"MC? + TR434B6E-06%MO (BE)

Specific heat capacity of the mash decreases as the moisture content  decreases as
shown in Table 4. This revealed that the higher the moistwe, the higher the specific heat
capacity and the lower the meisture content the lower the specific heat capacity. The
equation that can be used to predict specific heat is:

C= L2488 + (LO93T7196* MC-0.000637805* MC2 (bY)
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512 Drylng rate

The drying rate tor the high heal ntensily at machine melination angle of 5 raoges
between 0.5 and 2.9 kg/min during the deying perdod. A constant period and two falling
rate periodls were exhibited. The drying constant period occurs at 40 and 30% moisture
content, The first falling rate occirs between moisture content 30 and 20%, while the last
falling rate (diffusion period) was between 20 and 10% moistce content as shown in
Figure 14, When the drying rate was comparesd with drying time, 3 peviods were identified
s shown in Figure 15 These we warming wp peciod ocouring between the first 3 minutes
of drying, the constant period follows till the 8 minute, thereafter the falling rate continues
to the end of the diving. The drying rate falls as the time of frying inreases, since the
maisture content also decreases with time, this causes a reduction in the size of the grains
as it begins to shrink and dry patches emerged on the grains surface,
513 Coefficient of sliding friction

The coetficient of sliding friction was found to decrease as the moisnue content
was decreased on all the theee stuctural surfaces considered shown in Table 3. The values
obtained for plywood was the highest for all the moistue levels considered, the diffennce
between the vahues obtained for polished wood swrface and galvanized steel sheet was not
significant thus, better material flow, less friction and powe. loss would be enconntered oo
the galvanized steel surface thus making it easier for the cassava mash to flow freely into
the frying trough of the machine as the hopper was made of galvanized steel sheet,
5.1.4. Emptying angle of repose

The emptying angle of repose was found to vary between 40.60 and 34 .80 from
40.7% moisture content te 9.2% wet basis which compared well with Faboiode et al,

{1992} values of 418 and 35.3 trom 63.4 10 8.2% M.,
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This was used in the design of the machines’ hopper for casy cunptying of e cassava
mash into the frying trough, At higher moisture content, the intermal friction of a material
is usually higher, causing the material to stick together, and leading to high values of
angle of repose. Hence in cassava processing machinery the wetter waterials will reguire
higher slopes to be able to Aow freely, as against lower slopes for the diier products
52 Results of the Model

The meodel was built based on the experimental resalts and a computer progran
written in FORTRAN language shown in appendix 1 was vsed to solve the model
equation. The flowchart of the model is shown in Figure 7.
5.2.1 Effects of trough temperatore and mash thickness on time of frying

The model was tested with a wide range of temperature, ranging from [000 -200 «C
and the comresponding frying time monitored as shown in Table 5. The diying curve is
also shown in Figure 16. Tt was observed that as the tempecature of the trough increases,
the time of frying reduces from 91.03 to 12.95 minutes indicating that it takes a lesser
time to dry the mash to an aceej .ble moisture content. The 160 ~C lemporature was
chosen for the maode] as this was the steady state temperature for the experinental work,
and the thickness of the mash varied between Imm to 10mm while the thickness dmin was
chosen which was the clearance hetween the paddles and the fryer's tough. This gives a
drying time of 20.70 minuies, a time very close to the experimental deying time of 22
minutes as shown in Table 6, It is also noted that a small change in the Uuckiness of the
mash greatly affect the total drying time as Luum mash depth dries m 1,61 minute while

10 depth mash dried in 12206 minotes (2he 2min.00scc),
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Table 5. Variation Of Total Drying Time (TT) With Fryer Temperature (TP

¥ T, Ty T, T TT Ts

100 33.42 53.50 4.26 0 01.03 24.70
110 23.25 37.26 .73 0 63.00 88.20
120 17.16 27.51 1.90 0 4646 90,60
130 13.33 21.36 143 0 36.03 92.30
140 10.76 17.24 1.12 0 29.05 93.60
150 8.97 14.38 0.92 0 2422 04.45
160* 167 12.30 0.78 0 20.70* 05.13
170 6.59 10.72 0.67 0 18.03 95.70
180 592 9.49 0.5% 0 15.99 96.10
190 5.30 8.49 0.53 0 14 28 06.40
200 4.81 7.70 047 0 12.95 96,70
LEGEND

WTO = Initial mash weight = Gkg
Mo = Initial moisture content = 87.6 (46.7),%
L. = Mash thickness 0.004m

TP = Trough temperature (°C)

TT =« Total drying time (min)

Ts = Saturation temperature (%)

* = Parameter used for the model
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Table 6. Varlation Of Mash Thickness (L) With Saturation Temperature (Ts)

L T T, T T, I Ts, Ts,
0.001 0.6 0.96 0.06 0 1.61 98.27 94.27
0.002 1.97 3.16 0.20 {1 5.31 0721 a1.71
0.003 4.38 7.01 (144 (1 11.80 06.13 8893
0.004* 767 12.30 0.78 0 20.70* 93513 B6.83
0.005 11.85 19,00 .21 ] 3198 04,19 B4.59
0.006 16.87 27.04 1.73 0 45.54 93,31 §2.81
0.007 22.76 36,48 234 i} 6144 Q247 8127
0.008 2045 47.21 3.04 0 79.52 01.68 T9.88
0.009 36,95 59.22 384 0 9075 0093 T78.53
0.01 4521 72406 4.69 i} 122.06 9022 77.32
LEGEND
TP = Trough temperature = 1600C

TT = Total drying time = 20.7 min
WTO = Initial mash weight = Okg
Mo = Initial moisture content = §7.6 (40.7),%
Ts, = saturation temperature at stage |, °C
Ts, = saturation temperature at stage 2, *C
L. = Mash thickness inside the trough, m
T, Dirying time.at stage one, min
T,, = Drying time at stage one second period, min
1T, = Drying time at stage two, min
3 = Drying time at stage two second period, min
* = Parameter used for the model

G



5.2.2 Effects of initial moisture content on thue of dreving

Several moisture contents were tested on the model and the corresponding drying
time was monitored. Table 7 shows a range of initial meisture contents of 40% 1o 50%
{wh) and the drying tunes were shown ranging between 13.35 and 25.05 minutes. The
initial moisture content (M) was held constant at 47% as this was used during the
experimental work and final moismire content, (M) was monitored. Figure 17 showed the
drving trend with different initial moisture content. On starting with a different initial
moisture content, and allowing the mash to diy to a certain levelif the machine 15 stopped
this can allow the processor lo obtain a constant final moisture content, The time of dirving
can then be measwed which showed an increasing trend as the initial moisture confent
increases and also dereases as the moisture content decreased. These were shown in table
8 and in figure 18. Comparing the model and the experimental work based on the initial
maisture content and the drying time, figure 19 showed the similarities between the two
works that as the initial moisture content increases, the time of frying also increased.
5.2.3 Effects of volume and Initlal moisture content of mash on amount of

Molsture evaporated

Table 9a showed the amount of moisture evaporated o the experimental and the
miodel testing, The initial moisture content was varied and and the amount of moisture
evaporated was measured the result showed that as the initial moisture content inreases
also the amount of moisture evaporated increaases as shown in Figure 20, The coefficient
of comrelation (R?) i1s 0.91. When the initial mash weight (volume} was varied there was an
increase in the amoynt af ll:l::riﬁmrf' evaporated as the volume of mash inerease.’ o slow
in Table 9b, This indicated that as the quantity of mash ircreases, the volume of water to
be evaporated also increases, Comparing the guantity of moisture evaporated for both the

model and the experimental work, the similarity is shown i figure 21 where the curve
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Table 7 Variation of Initial Moisture Content(M ) With Total Drying Time(TT

M, T, Ta ;i ; TT
100 (50) 085 1447 078 0 25.05
96.08 (49) 9.16 13.79 0.78 0 23.68
0231 (48) 8.50 13.12 0.78 0 2235
*88. 68 (47)  7.86 12.49 0.78% 0 21.08
85.19 (46) 7.25 1187 0.78 0 19.85
81.82 (45) 6.66 11.28 0.78 0 18.67
78.57 (44) 6.00 10.71 0.78 0 17.53
75.44 (43) 5.53 10.16 0.78 0 16.43
7241 (42) 5.01 9,63 0.78 0 15.37
69.49 (41) 449 9.11 0.78 0 14.34
66.67 (40) 4.00 8.62 0.78 0 13.35
LEGEND :

TP = Trough temperature = 160-C
WTO = Initial mash weight = Gkg

L = Mash thickness = 0.004m
Mo = Initial mash Moisture Content %
TT = Total diying time (min)

() = Moisture Content in % wb.
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Table 8a. Variation of Final Moisture Content(M,) With Total Drying Time{TT)

T'I 1 T? T3

M, M, M, T T
48.63(47) 20.0(17) 14.3(12.5) 7806 1249 078 019 2071
88.68(47) 19.2(16) 14.3(125) 736 1249 078 Q13 2095
B8.08(4T) 17.6(15} 143(125y 736 1249 078 015 2097
88.08(47) 16.5(14} 14.3(125) 736 1249 078 013 2100
83.68(47) *  15.0{13) 143(12.5) 736 1249 073 005 21.08
8B.0B(47) 14.3(12.5) 14.3(12.5) 786 1249 078 253 23.06

Table 8b. Varlatlon of Initlal Mash (M,) With Total Drylug Tlme (TT)

Mo M TT

Maodel Fxperimental
100.00(50) 15 (13.09) 25.05 27
88.03 (47 15 (13.09) 21.08 22
T5.44 (43) 15 (13.09) 1643 20
G667 (40) 15 (13.09) 13.35 19
LEGEND N
TP = Trough temperature = 160=C
L. = Mash thickness = 0.00km
WTO = Initial mash weight = GOkg
Mo = Initial Mash Moistuwre Content = 88.68 (47)
Me = Equilibrium moisture content
Mf = Final moisture content
TT = Total diving time (imin)

() = Mowistwe Content in % wh

* = Parameters chosen for the model
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shiowed that as the initial moisture content increases, the amount of moisture evaporated
also increased.
5.2.4 Effects of drylng rates on molsture content and drying thme

After the warming up stage, it was observed that the drying rate remamed constant
until the critical moisture content was reached when the falling rate sets in until the linal
moisture content was re,u?:]mv.']. The effect of this on the drying time is that of the achine
ts allowed 1o reach the steady state before liyving commenced, the warming up stege amd
the constant period stage time are reduced during the fryiog, Bu if the frying starts as
soon a8 the machine is put on, then a ol of time will be used warming up the fryer and
the mash before diyiong will really commences. The experimental frying was done at the
1609 steady state temperature and the drying rate was calculated to be between 0.5 and
2 9kg/min for the experiment while the modeling drying rate was predicted to be between
0.1 to 1.Tkp/min as shown in table 10,
Figures 22 and 23 showed the drying rates with moisture content and time for the model]
and the experimental work.
53 Performance Evaluation ol the Maodel

The results of the model was compared with the experimental results on nine of the
paramieters measured and a cotrelation of 0.99 was obtained, as shown in tahle 11 A
performance efficiency of 72.3 % was also obtained for the gar frying machine,
54 Statistical Analysis of the Model

Based on the data obtained from the model, two regression equations were
obtained as shown in Appendix VI, The first one was obtained when the time of frying
(TT) was taken as the independent variable while dependent variables are mash weight
(W), wough temperature (TP}, mash thickness (L), mash initial moisture content (M)

and mash final moisture content (M), The equation 15 expressed as:
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Table 9a. Molsture Evaporated (Mev) with Different Mash Initial Moistore Content (Mo)

*M, M, Moisture Evaporated (Mev) R:
Muaodel Actual

100 (50} 15(13.09) (L16E3S 03332 .91

BB.08 (47) 15(13.09) 0.1423 0.1992

7544 (43) 15(13.00 01079 0.1501

66.67 (40) 15(13.09) 0.0820 0.1025

Table 9t Molsture Evaporated (Mev) With Different Mash Initlal Welght(WTO

WTO MOISTURE EVAPORATED R
Maodel Actal

6 0.1423 0 .1692 0.99

45 0.1068 0.1682

3 0.0831 0.1255

15 0.0356 0.0594

LEGEND

*WTO = Mash iuit.igl weight = Okg
M, = Mash initial Moisture Content = 85.08 (47)

() = Moisture Content in % wb

Mev = Moisture evaporated (kg)
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Table 10.

== ——

Drying Rate With Molsture Content

M/C Time{min) Diying Rates(kg/min)
{(%wh) Model Experimental
High Medium Low
M, 47 0 1.68 265 1.43 1.064
39 3 1.68 286 1.79 1.04
M. 30 [ 1.68 281 .21 1.64
22 9 1.53 2.25 2.29 1.64
17 12 144 1.56 1.79 1.60
M, 13.1 15 0.84 1.15 0.83 0.55
M, 12.5 17 0.05 1.11 0.65 0.54
Mg 10.9 18 0.02 0.63 028 0.56
9.2 21, 0.44 0.54 0.24 N.44
LEGEND

M/C = Moisture content % wb

WTO = Mash initial weight = 0Okg

L. = Mash thickness

TP =
M,

= 0.004m

Trough temperature = 160=C

Critical molsture content (% wb)

Final moisture content (% wh)

Equilibrium moisture content (%wh)

Td
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TT = FW. . TPL.M_, M) {7
TT = -172.009 + 51.09766W,, - 0.67769TP - 16338 2L +1.697003M - 1.25942M, (71)
This showed that when the final moisture content is known, you can predict the time of
frying or the time to stop the machine, The analysis of variance, ANOYA as shown in
Appendiz VI with R* =0.81 was performed. The ANOVA shows that F value of 17.57063
is greater than F significant of 1.03E-06 meaning that the relationship is significant and
the equation 15 a good predictor of the frying process with L the mash thickness as the

most sensitive among the parameters having the greatest coefficient,

Table 11, Performance Evaluation of The Model

MODEL EXPERIMENTAL
Total drying time (TT) 21 22
Constant Period drying rate(kg/s) 2.05 1.68
Falling period drying rate(kg/s) 1.15 1.47
Cuantity of Heat tansfeceed (OfkI) 1895 824 1501,020
Mass transfer mkg) 0.1423 0.1992
Heat transfer coefficient b, (W/mK) 0.6254 0.2826
Mass transfer coefficient (k) 0002846 1.67
Rate of heat transfer q{(T) 495.32 223.92
Rate of mass 1ra|15£c_r Nkg/s) 04287 n.3332
Machine Efficiency 72.3%
Correlation cofficient (R} Ry
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CHAPTER SIX
6.0 CONCLUSION AND RETOMMENDATION

This chapter is divided into three sections, the summary of the work, the conclusion
and the recommendation for further work.
6.1 Conclusfon

From the result of the experiments performed with the dryer as shown in Tables 1 10
11 and Figures 1 to 20, it was shown that the machine can be a functional one with a
performance efficiency of 70.3% which could be useful to the local processors and co-
opetative societies as well as the medium scale producers. The physical charscteristics of
the gari produced ¢ompared well with the local ones in the market in terms of colour,
texture and swelling capacity as well as the final moisture content for a good storge. A
good frying was obtained at high heat intensity with ¢, the %2 of heat trmsfer at 223 82 s
and b, the heat transfer coelficient at U.2826 W/m2K and an average drying time of 22
minates to give a final moisture content 6f 13.2 %wh, a value which is within the range of
9 to 15 Towb as proposed by Odigboh and Ahmed, (1982).

The statistical analysis of the data revealed a strong correlation between the tme of
frying, the initial moistwe content, trough temperature, the thickness of muass, the initial
weght andd the final moisture n.:un.lem tor the high heal trying with R* = (81 ae ANUVA
table in Appendiz V1 also support this in that F tabulated (1757) is greater than F
significance{1.03E-06).

From the model, a strong correlation is shown between the drying time and the
initizl meisture content, temperature and final moisture content than the final moisture
content and the temperature, this is suppoited by Beonet and Myers, (1983}, The model
output result approximate that of the experimental results thus, the heat and mass teansfer

model developed can be used to predict the drying time of cassava mash.
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6.2 Recommendation

For the perfection of the machine and subsegoeint usage, the followings me recomimended

(i} A data bank should be created from other tests pe " omed o e machine amd should

be pnade available to the departiient for for further work on the nachine.

{i1) The inclination angle of the machine should be fixed at 5° and the mitial moisture
content of  the mash should be betwean 44 - 47 %wb in order not 1o prolong the
drying time and reduce the quality of the dided product,

{ili} A pasoline engine of 0.75 kW could be used to power the nachine where there is no

electricity, while biogas could be the somee of fuel us cooking gas wmy not 1

availalie |

T
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APPENDIX 1

THE COMPUTER PROGRAM

PROCIRAN 1O !

THIS PROGRAM ORTAIN EVERY DRYING INFORMATION NEEDED AND COMPLTIS 111F

PRYING RATE AND THE DRYING TIME DURING CFARL FRYING

PROGRAM JBOL

REAL I ,KM,LAMD,MOKG,MCRG,;MC, MO, MEV, KD, ME, MC1P, M3

REAL M2

CHARACTER HATURE* 1

OPEN(UNIT = 1, FILE='JBPRJZ.OUT',ACCESS = 'SEQUEK[IAL’)

OBTAIN THE NECCESSARY IHFORMATIOW AND CONSTANTS FOR MGOGDEL

CALL INFORM(L,RHO,G,TP,;TA,ARH,WTO,MO,ME,MC, M3 ,NATURE,
+ LAMD,S,KM,BI, KD,H, SRH)

CALL PSYCRO(TA,ARH,EA)
CALL HTQTY(@l,02,03,03,0W)

FIRET PERTOL COMPUTATION (F13

55 WRITE(®,
WRITE(~,
WRITE(*,

WRITE(*, %)

L
F
]
r

I
Wl
L]

:
)

YWRITE[* %) oy

WRITE [*,*)

WRITE(*,*)

WRITE(*,*)'ENTER FIRST GUESS OF TS5' h

READ(*,*) TS .
TG = 30

IF(TS.LT.0) WRITE(*,100)

IF({TS.GT.29) WRITE(w,200)

IF(T® -GT- 99 (CR.TS LY. 0) 60 PO 55

WRITE({l,%) 'YOUR IHITTAL GQUESS OF TS =', TS
100 FORMAT(///'SORRY! 25 SHCULD NOT DC LESS THAN 0 DEGREE’)
200 FORMAT(///’'SORRY! T5.SHOULD HOT EZ MORE THAN 39 DEGRER')
3  CONTINUE

CALL PSYCRO({TS,SRA, 13)

A = KM¥(TP-T5)/L
B = H*(T5-Ta)
s o= H¥({HS=-HA)*TAMO 5
RLES = R [B4C)
WRITE(",*)'A = ',
WRITE(* ,*)'B = *,
WRITE(%,*)'C = + &
WRITE(%,%)'BENS - * , RES
IF(ABS(F£S5).5LT,.10) GO TO 2
IF(RES.C .10) TS &« TS + 0.01 !
IF(RES.T ~iN) T2 = T8 = (.01
GO Th 3

2 CONTIHL
WRITE ( )
WRITC! *)

p A

BE
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N T R

Oy 0y Oy 03

WRITE(l,%) 'THE CORRECT TS AT STAGE 1 = ',TS
WRITE(*,¥) 'THE CORRECT TS AT STASE 1 = ',TS
a2l = T5

WRITE(*,*)TSl

Fl = H*(HS-HA)/S

WRITE(*,*)

WRITE(*,*}' F1 = ’,Fl

MOKG = WLO* (MO (MO+100))
WRITE(*,*)}"' MOKG =',6MOKG

MCEG = ([WTO-MOKG)* (MZ/100)
WRITE(*,*) ‘MCKEG = ‘', MCES

#
MEV = MOEKG-MCEG
MEWV=MEV/10
WRITE(®,*) 'MEV = ' , MEV
WRITE(l,*) 'MEV = + . MEV
VoL = (WIO - MOKG)/RHO
SAREA = VOL/L
WRITE({*,*) 'SARFA =',SaREA

DRT1 = MEV/(Fl*SAREA)
DRT1 = DRT1/60.0
DRT1=CRT1+10

WRITE(*,*)' DRT1l =', DRT1

Tl = DORTI
WRITE(*,*} .
WRITE(%,*)'THE TIME FCR THE FIRST STAGE =',Tl

ZHD ETAGEuEﬂHPHThTIGH P2

33 CONTIWUE i
CALL PSYCRO(TS,SRH,HS)
A = EKD¥(TP=T5)/L
B = H*(T5-TA)
C = H¥[{HS-HA)*LAMD/S
RES = A-(B+C)

WRITE(*,*)]'A = ', A
WRITE(*,*)'B = ', B
WRITE(¥,*)}'C = ', &
WRITE(*,*}'BES = ‘,RES

IF (ABS(RES).LT.10) GO TO 22,
IF(RES.GT.10) TS = TS + 1.1
IF(RES,LT,.-10) TS = TS5 - 0.1
GO TO 33

22 COMTIHNUE
WRITE(¥,*)
WR.Im{i’t}
WRITE[I,*} *THE CORRECT TS AT STAGE 2
WRITE(*,*) *THE CORRECT TS AT STAGE 2

‘', T5
r TS
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16

17

41

42

TS2=T3
WRITE(*,%)"'TS2=' TS

COMPUTE FE OF EVAPORATION

TP = BO
CALL PSYCRO(TP,SRH,HP)

FED = H*[HP-BA)/(S*([1+BI1))
FEE = H*([HS-HA)}/S

IF{ FEL .LT. 0 .OR. FEE .LT. 0) GO TO 16
IF{ FBP .LE. FTEE) FE = FED :
IF{ FEE .I.E« FED) FE = TEE

GO TO 17

IF{ FEL, LT+ § AHNE. TLEE .&GT. ﬂ} FE = FEE
IF{ FEE .LT. 0 .AND. FED .GT. 0) FE = FED

IF{ FEE .LT. © .AND. FED .LT. 0) FE &« @
CONTINUE
WRITE(*,*)'*%s%s¥wsf FED FEE,FE

CC = MC/100.0

IF(HATURE.NE.'H') GO ToC 41

FC = F1l

Cl1p = 1.4 » 22

MClP = ClP-* (WIO-MCEG)

Tll = (MOKG-MC1P)/(FC*SARRER)

T1l = T11/60.0

WRITE(®*,%) 'TIME AT 2ND CRITICAL POINT = ‘,T1]
GOTO 42

CONTINUE
FC = Fl

ClP =100
COHTIMUE

FS5 = FE/{FC-FE)

C2 ='LC/3.0
WRITE(*,*)! €2 = *, CZ

FIBROUS OPTION

IF(NATURE .NE. 'F'}) GO TO 43

T11l = @

FH = Q.

TH1 = 2¥LARHO¥{CC ++0. L)Y+ FSS/FE
TH2: = o w2, 5§ = C2wsQ.5

TH3 = FS5 * CC *%(.5



THd = CC #%0.5 4 FPSS¥ZC «#*0.5
THS = C2%+0,5 4 FS5*CC «+0.5
THETAZ = TH1L * {THZ ~ THJ ® hLﬂG[THGETHSJ}
GO TO 44
43 CONTINUE
[ e
C HYGROSCOPIC OPTION
g
Fi = 1
TH]1 = L*RHOYCI1P
THI = I'C = I'E
TH3 = FC % C1P
TH4 = (FC=FE)*C2 4
THS = FE*C2

THETAZ = {TH1/TH2) * ALOG (TH2/(TH4+THS))
CONTIHUE

44 F2 = (FC=-FE}*(C2/CIPY%%FN + FE
RMIN = 60.D

THETAZ = THETAZ /RMIW
T2 = THETAZ

{1

WRITE(*,*) THETAZ,F2

COMPUTATION OoF 11

(pErEE

CB
ca
F3

ME/100.0
M3/100.0
F2

i

TH1 = L*RHO*({C2 - CE)}/F3
TH2Z = C2-CE
TH3 = C3=-CE X

WRITE(*,*)'CE=',CE
WRITE(*,*)'C2="',C2
WRITE(Y,*)'Ci=’ , 3

0y

C WRITE(*,*)'TH1=',THI
c WRITE(*, %) 'TH2u' TH2
e WRITE(*,*)'TH3=',TH3

IF(TH2.EQ.Q} THZ = 10E-23
IF(TH3.EQ.D) THI = 10E=20

THETAS TH1*ALOG(THZ /TH3)
THETAS THETA3 /RMIN
T3 = THETAZ

c WRITE (*,~; THETA3, F3

g



nonnan On0

{303

#]

10

L§
¥
(]
]
r
¢ WERITE([Y,;
(]
]
’
]
’

TP = T1 +
WRITE(%,*)*
WRITE(*,*) "
WRITE(*,*)

WRITE(*,* )"
WRITE(*,™)"

WRITE(","
WRITE(", "
WRITE (¥ =
WRITE(*,*
WRITE(*,*
L]
WRITE(*,*
WRITE(*,*
WRITE(*,*
WRITE(*,*
WRITE (¥, ¥

i T B B T B i i P’ WiV Wil e

WRITE (*

W i

ME = ', W=

WRITE(¥,*)'T22=',TS2

WRITE(1l, ")
WRITE(1,*)"
WRITE(1,%)"
WRITE(1,%)"
WRITE(1,”)’
WRITE(1,

[
-3
m
-
[
-
= B W @ O @ @

WRITE(1,*)

WRITE(1,

L o= o PO
yl =, P}
F2 =, F32

FS55 = ', P55

P11+ TR e mE

Q=" , 0l

Q2=r ., 02

Q3= ,03

OW=" , OW

E=t 05
i L1 = o L
T .
B =t H
i SO ¢
WEO= *, WTO
MO = ¢, MO
MEV = ', MEV
TY = ¢, 11
T11 = *; TI1
TR o=, P2
PR e AP
Tr = ¢, TT
o S R e
Fl =+, F1
¥ o=or, P2
¥} = ¢, F3
FEa O TR
MC = 4, MC
M3 = ¢, M3

g P

TE = *, FE

MG = ¢, MC

M2 = r, M2

M3 = ', M3

ME = ¢, ME

Slarl L P
Clf = 1, OIP
Oi= T ed
t3: =" ']

OF w1, CE

TI = .71
Tl = ¥ Y
T: P i ¥ I‘:'El
T3 = 0 23

FTHE TOTAL TR

YTING TIME
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STOP

END

L

SUBROUTINE INFORM(L,RHI,G,TP,TA,ARH,WTO, MO, ME,MC, M3, HATURE,
- LAMD, S,KM,BI, KD, H, SRH)

REAL L ,EM,LAMD,MORG,MCRG,MC, MO, MEV,EKD,ME M3
CHMIACTER NATURE*1

c WRITE(*,*)' IHPUT THE THICENESS®
c READ{*,*) T

L = 0.004
o WRITE(*,100)
i WRITE(*,*)'INPUT THE DENSITY OF THE MASH®
c READ(*,%} RHO

HHO = 441.3
c WRITE(*,*)’"INPUT THE MASS VELOCITY OF AIR'
c READ(*,%*) G

G = 0.02

H = 14,3*G*+0.3

WRITE({®; 100 -

WRITE(*,*)'IHPUT THE STSADY STATE TEMPERATURE OF THE FRYER'
c READ(%,%) TP

TP = 160

WRITE(*,100)
e WRITE({*,*)"INPUT ATHOSPFHERIC TEMPLRATURE ABOVE THE FRYER®
e READ(*,*} TA -

TR = 40

WRITE(*,100)
c WRITE(*,*) ' INPUT ATMOSPHERIC RELATIVE HUMIDITY ABOVE THE
FRYER'
c READ(*,*) ARH

ARH = B0

WRITE(*,100)
c WRITE(*,*)'WHAT IS THE INITIAL WEIGHT OF THE MASH (KG)’
e READ(*,*) WIO

WIg = 4.5

CWRITE(*,100)
11 CORTINUE .

c WRITE(*,+)'IMITIAL MOISTURE CONTENT OF THE MASH (% DRY
BASIS)’ |
c READ(*,*) MO

MO = EBf.68
c WRITE (*,% ) 'EQUILIBRIUM MOISTURE CONTENT (% DRY BASIS)’
c READ(*,*} ME

i ME = 14,3

c WRITE (*,%)'CRITICAL MOISTURE CONTENT (% DRY BASIS)'
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READ(%, %) MC
M = 43,9

HOTE THAT MC MUST BE MUCH MORE GREATER TEHAN MEIL ]!

WRITE(*,100)

WRITE(*,*)'FINAL MOISTURE CONTENT (7 DRY BRSIS)’
REAL [ * *; M3

M3 = 15.0

IF(M3.GE.ME) GO TO 12

WRITE(*,100)
JWRITE(*,112)
WRITE(®,113) ME

112 FORMAT('SORRY! THE FINAL MOSTURE CCHTIEWT MUST NOT')
113 PORMAT('BE LESS THAN T!IF EQUILIBRIUM CONTENT =',F5.1)

WRITE(*,*
Go T 11*
12 CONTINUOE

WRITE{*,100)

WRITE(+*,%) 'TREAT THE GAARI AS FIBER OR HYGROSCOPIC? [F/H]'
WRITE(*,*) ‘Enter ¥ for Fiber and H for Hygroscoplc’
READ(*, ' (A)") NATURE

WATURE = 'H*

WRITE(*,100)
IF(WATURE . HE."F",AHD,. HATUBEE.HE."H"}) GO TO 12
IF (WATURE.EQ.'F') WRITE(1,10)

IF (NATURE.EQ.'H'} WRITE(1,15)
WRITE(1,20)
106 FORMAT [ 'THIS IS THE HRESULT FPOR FIBROUS DPTIGH'j
15 FORMAT(’'THIS IS THE RESULT FOR HYGROSCOPIC OPTION')

LAMD = 2.3E6
§ = 1300
EM = 0.214
Bl = 3b
KD = Q.08
= 14.3%G**0.8
SRH = 100

100 FORMAT(// /04000
RETURN
END

L]

SUBROUTINE PSYCRO(TR,RHE 7
AQ0 = 0.0067945%3

Al = 0.000133316
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Q000

A2 - 3,38260£-005

A3 = -296126E-007

Ad = 0445TE-009

WRITE(*,*YENTER TEMPERATURE AND RELATIVE HUMIDITY"
READ(*.*) TT'RH

MW = AD « AI*TT + A2¥TT*2 « AZ*TI™%3 + A4*TT+4

HS = [13*DPW)/[29+(1-DW))

H =(RH * HS) | 100

WRITE(*,*) T, 'W, H

RETURM

END

SUBROUTINE HTQTY (Q1, Q2. Q3, QG, QW)
Qav = 1676

HY = 500585530

K = 453532

A = LIg19

DTF = 1320

RL = (L2

MP - 20.0

CF - 450.0

MM = 60

CM = 41400

DTM = &7.0

MW = 00987
LAMDA = 2087000.0
MA = 03786

CAa = 0050

Vo = PI*R*=*2 = {3394

Va - MRHO - 64413 - 001380

VA = VO -VG = 0,3294-0.0136 = 0,3258
Ma, = RHO A*WA = [ 1650403258 = 0.3796

QTC = (K*A*DTF)YRL
OQRF = MP*"CF*DTF
QO = MM*CM*DTM
oW = MWTLAMDA
QW = 0.95T*LAMDA
QA = MAYCATOTM
DA = 03T CAYDTM

HEAT ABSORBED BY THE GARI EQUALS
Q = QOQW+QA

WRITE(**) QTC, QRF
WRITE*,*) QG, QW, QA
WRITE("*) Q

RETURM

END
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APPENDIX 1T Values of Quantity of Heat Transferred during garl frying (1)

HIGH MEDIUM L 0w

Qe G770421.32 3795539.22 2410680.32
Qpe 1182000.00 36,000 423000

Qo 1664280 1415880 1018480
Qi 205,986.90 211204 .4 412808.60
(2, 25557.47 21745.349 155641 .42
Qni =Qg + Qu 1985824.37 1648829.70 1446800.02
G 002 0018 0.015
h.=14.3 Gos 0.6254 05148 04963
Pred. h, 0.6254 05148 04968
Exptal. h, 0.2826 04545 0.5455
Pred g 495.32 255.121 140.10
Exptal. 223.82 201.80 153,83
Pred k_ 0002846 - =

Exptal. K 1.67 - -

Mev pr (0.1423 - =

Ezptal. Mev 0.1992 - -
LEGEND,

Qe = Quantity of heat conducted by the trough (T)

Que = Quantity of heat retained by the fryer (J)

Q. = Cuantity of heat absorbed by the gari mash (J)
Q. Chiantity  of heat absorbed by water (J)

Q. = Quantity of heat absorbed by air (J)

Qe =  Quantity of heat transferred to the mash (T)
Quc = Quantity of heat retained by air gari at end of frying (I}
G = Mass velocity of air m¥/s

h, = Coefficient of heat transferred, W/im?K

q = Rate of heat transferred Jfs

k, = Coefficient of mass transferred

Mev = Moisture evaporated (kg)

P
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APPENDIX IT CONTD.

Q;: = KADT/L K = 45, 3522 WmK
A= 22619 m?
DT= 160 - 28 = 132
L= 0.002m
Q. = MCDT * M 20kg
C = 450)
DT = 132K
Qs = MCDT M =0 kg
C = 41401
DT = 95-28 = 67K
Qu = Mi M = 0.0987kg
A = 2,087,000 kgK
Q. = MCDT Ve = all. = 0.3384m?

Vg = m/p =6/441.3 = 0.01360m?
Va = Ve - Vg = 0.3394 - 0.01360 = 0.3258m?
Ma = paVa = 1.1650x 03258 = 0.3796kg

M = 0.379kg

C - 10051kgK
DT = 95-28 =27K
Qo = 50,0055]
Temperature at Spot x - 0, 30, 60

T, = T, (k) y =0, 60, 120
Y

Tn = NT2+ Ty
q = "

Tx
Direction = tan 10



APPENDIX TIT Temperature History of the Mash (2C)

HEAT INTENSITIES

HIGH RMEDIUM
Actual ) 6 60 51 51 51
Trough o5 45 0s 85 B3 85
Temp. 160 160 160 102 102 102
Predicted 65 61 OO 54 57 51
Troagh. 121 102 95 108 b | B7

Temperaiue 4106

249 186 265 150 119

DIRECTION OF HEAT (degree)

oG 06 06 06 06 06
Actual 11 11 11 11 11 11
31 31 31 31 31 31
22 11 06 21 11 06
Predicted 38 22 11 37 22 11
67 50 31 G7 50 3

Actual P e — N

/

-
Prﬂdittcd'j’“ /A‘ /1' o
.

2

7/

LOW
39 3q 39
(] (] (]
75 75 75
42 34 g1
BB 74 70
195 117 88
(4 [ 06
11 11 11
31 11 31
22 12 06
3o 22X 11
67 50 11
_.-!""FF*I_'_,.,-!"'-F.__-F""F.
o ,-f'/"




APPENDIX IV Drylng Characteristics of the Mash

Air Temperature (*C)
Relative Humidity RH %
Mash Inlet Temperature (oC)
Mash Saturated Temperature (°C)
Mash Outlet temperature ()
Dryer's Temperature (°L}
Average Drying Time (min}
Mass of Wet Mash (kg)
Mass of Dry Gari (kg)
Moisture Evaporated (kg)
Mash Flow rate (m/s}
Gas Flow rate

High {gmin-)

Medium (gmin-)

Low (gmin-)

Physical

Moisture Content, %
Bulk Density kgm?
Angle of Repose,(°)
Coefficient of Friction

Colour

Average Diameter (mm)
Swelling Capacity

Thermal

Specific Heat Capacity (C) Kfkgk
Thermal Conductivity (k) W/mK
Thermal Diffusivity (e} x 10E-06 mifs

30

79

28

Q5

Q0

160
22

.0
5.8008
01992
1. 191

83.3
733
602

10.13 (9.2}
507.9

34.8

0.22
Creamy
1.09

2.96

2.01
006
0.0588
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APPENDIX V: Simulation of the Modelling Time {TT) with the Drylng Characteristlcs

s

Y xl. K;. :{] :':l- xﬂ-
i WTO TP L M, M,
20.71 0 160 0.004 47 17
20.95 G 160 0.004 47 LG
20.97 G 160 0.004 47 I3
21.00 G 160 0.004 47 14
23.66 G 160 0.004 47 13
91.03 f 100 0.004 47 12.5
63.09 ] 110 0.004 47 12.5
4646 i 120 0.004 47 125
3o.03 & 130 0.004 +7 12.5
29.05 f 140 0.004 47 12.5
2422 G 150 0.004 47 12.5
18.03 ] 170 0.004 47 12.5
15.97 & 180 0.004 47 12.5
14238 ] 190 0.004 47 12.5
12.95 & 200 0.004 47 12.5
13.35 & 160 0.004 4G 12.5
14.34 & 160, 0.004 41 12.5
15.37 6 160 0.004 42 125
16.43 6 - 160 0004 - 43 12.5
1753 G 160 0.004 o 12.5
18.67 & 160 0.004 45 12.5
19.85 6 160 0.004 46 12.5
22.33 G 160 0.004 48 12.5
23.68 b 160 0.004 49 12.5
25.05 [ 160 0.004 50 13
21.08 G 160 0.004 47 13




APPENDIX VI STATISTICAL DESCRIPTHON OF THE MODET

ANDIVA Table

b df RS MS F Sign. F
Regression 5 6045020 1208 000 1757065 1.O3E-06
Residaal it 13761605 6% 80827

Taotal £2 (XL 105

Significamt By o, at P 0.05 Level

REGRESSION BOUATION

TT 172000 ¢ SLDOTEOW,, - WOTTOOTP - 1633821 + | .69T6GIM, - | 25042M,
B2 = (.51

where

TT = Total drying time, min

W, = Imitial weight of the cassava mash, kg
TP = Frying trough temperahie, K

1.« Mash thickness in the ll}'i:}u tromgh, min
M. = Mash initial moisture content, %wh

M, = Muash final moisture content, %wh
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