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Abgract- This work aimed at evaluating the thin layer drying
behaviour of amaranth grains (Amaranthus cruentus) and
comparing the quality of the grains dried under sdar-energy
tent dryer systems and the open sun. The dryers were covered
with clear, ydlow and nectarine diffused polyvinyl chloride
(PVC) materials of 200 micron thickness whose transmissivities
were 90%, 85% and 82%, respectively. The ambient
temperature and relative humidity ranged from 23.3~33.5°C
and from 24% ~ 46%, respectively, while the indde
temperature and relative humidity in the sdar dryers ranged
from 30.4~50.7°C and from 15%~ 44%, respectively. Fresh
amaranth grains with an initial masture content ranging from
66.7% ~ 68.8% dry basis (d.b) were dried under both
conditions for 8 hours to an equilibrium moisture content of
about 7% d.b. The quality attributes assessed were caour,
hardness and crude protein content. The findings showed no

significant effect of colour of cover material on the grain quality.

The study demonstrates that natural convection sdar tent
dryers covered with PVC materials enhance the thin layer
drying rate of amaranth grains without dgnificantly affecting
ther quality.
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reached®. Open sun drying, however, has disadvantages
such as lack of temperature control, labour intemsand
contamination from dust, foreign materials, rodents airl b
droppings’®. The best alternative, especially when amaranth
is produced on commercial basis, is to provide aéokd
drying methods such as a natural convection solar tent.drye
This type of solar dryer is affordable in the rural-spt
saves labour, ensures good quality of material being ,dried
and facilitates faster drying of grains especially under
favourable caditions!”’.

The analyses of quality attributes of cereals grains as
affected by the drying process are scarce and the grains are
sourced fromdifferent varieties and geographical locations
[8]. In real onfarm processing much higher temperatures are
usedin order to increase the output of the dryer although this
can have an adverse effect on the quality aspects. The study
was therefore undertaken to describe the thin laygingl
behaviour of amaranth grains under different natural
convection solar tentrgers, and also to investigate the effect
of drying on product quality (hardness, colour and crude
protein content).

Il. MATERIALSAND METHODS

Dryers Open Sun; Quality
A. Experimental Solar Tent Dryers

. INTRODUCTION The schematic of the natural convection solar tent dryers,
used in this study, is shown in Fig. 1. The dryers consisted of
chimney, the main structure with a door and a concrete
ase. The main structure of the dryer measQrddm wide,
0.5 m long and 0.5 m high. The top part of this structure was
semicircular in shape with a radius of 0.1 m and was
entirely covered with a polyvinyl chloride (PVC) material
The cover materials used to seal the dryers wieer,
yellow and nectarine diffused PVC of 200 micron thickness

The need for diversified food production in semi
areas of Kenya calls for the promotion of indigenous cropg
such as amaranths. Amaranth grows vigorously, dtder
drought, heat, and ]pests, anchpts readily to a wide range
of environments M Bl |n  addition, amaranth’s great
nutritional qualities are the driving force facilitatings i
promotion. It is high in protein (¥%6~18%), particularly in
the amino acid, lysine, which is low in the cereal grdihS. {1 ce” transmissivities Were90%. 8% and 82%,
The high productivity (1008 3000 kg/ha) of amaranth respectively For air drculation purposes, a protruding
fosters food securty and high economic returf&  chimney was provided at the top center of this structure.
Amaranths are susceptible to partial shatter lossesagluri : . 1
harvest, especially, when their moisture content in #ie s ;
less than 30% dry basis (d.B). Storage of this grain at a
moisture content that is higher than the equilibriu msioe
level of about 10% d.b leads to mould growth and become
unfit for human consumptiol!. To ensure safe preservation
of amaranth grains, they must be dried to equilibrium
moisture content which requires good drying technigties
These grains are mostly dried in the rural areas in thin layers
either in the open sun or@solar drye[r”. Thin layer drying
is the process of removal of moisture from a porous media
by evaporation, in which drying air is passed through a thin
layer of the material until the equiliorium moisture camitis Fig. 1 Plates showing the experimentalsptof the model solartent dryers
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Inthe figure: A yellow cover; B, clear cover; C, nectadiftused cover  effective moisture diffusivity (As™) and g is the radius (m)
of amaranth grain.

™ _ {wj @)
Freshly harvested amaranth grains were obtained from o °l or?
the Horticultural farm, Jomo Kenyatta University of ) . _a i ) )
Agriculture and Technology (JKUAT). The grain sample __For th_e transient diffusion in a sphere, assumlng_unn‘orm
were detached from the seed heads of amaranth plant aff¢ial moisture content and aoestant effective moisture
hand cleaned to remove any foreign material before beingiffusivity throughout the sample, the analytical salatiof

dried. The thin layer drying experiment was conducted in af2) Yields (3). The effective moisture diffusivity is
open area near the Agricultural Processing Laboratdry determined by applying logarithms to (3) to obtain a linear

Biomechanical and Environmental Engineering Departmenrelation ofthe form shown in (4). Therefore, a pdétn (MR)
(BEED) under the climatic condition of Juja, Kenya (latéu Versus time yields a straight line, and the diffityi is

B. Sample Preparation and Drying Procedure

1.19S; longitude 37.0%E). determined from the slope (slope = —Dan/r.2).

Data acquisition involved recording temperature and MR = M-M. —(GJexp{—Dt(ﬁH (3)
relative humidity values in the open sun and inside the glryer M,-M, (x? “\r?
The moisturecontentof the grains during drying was also 6 . @)
monitored. The data were recorded at 30 minutes intervals IN(MR) = In[—zj —[De th
from 8:00 a.m to 5:00 p.m for three consecutive days. T Na

Thermocouples were used to relay temperature data from the . i
dryers to the datlgger while a digital thermbygrometer ~D- Physical and Chemical Analyses

(938520’ Hon% tKongt), .W'thl ?S%hacc%r.?cy vlwthlnAZOd;clbm t Amaranth grains dried under different cover materials
0, Was used fo obtain reiative humidity values. Amarant , , 4 3, e open sun were sampled and their properties (viz.,

grain sample of approximately 50 g was evenly spread Onawysical, optical andutritive) determined. Hardness, which

drying tray (0.25 m x 0.25 m) to form a single layer. Theig “joiant during milling process of amaranth, was

control involved drying the grains in the open sun. In Orderéelected to represent the physical property while colodr a

to 'detern'wme the' m0|§ture content, grain samples WeTErude protein content represented the optical and neatrit
weighed in a drying dish of known weight and thet we properties, respectively

weight recorded as W The capacity and sensitivity of
Shimadzu electronic balance (LIBROR HEB00OD, Japan) 1) HardnessTest:

used were 600g and 0.01g, respectively. The samples were i ) )
placed in a constastemperature oven set at a temperature of _1h€ hardness of dried amaranth grains was determined
105°C for about 24 hours. The dried grains were removedSing the hardness tester (Kiya Seisakusho Ltd, TokyonJapa
from the oven and the dry weight,jWecorded. The percent With a capacity of 20 kg. The test involved holding the grain
d.b moisture content M was then evaluated from theanple between the two faces of the tester while increasing

Expression [9] given by (1). the force until the grain crushed. Hardness valuese wer
W.-W 1 recorded at the crushing point. The tests were done in six
M =tTd*100 (1) replicas to achieve accurate and reliable results.

d
The data collected were used to plot graphs rejatin 2) Colour Tests
temperature, relative humidity and moisture conteith For colour tests, dried amaranth grains (approximately 10
drying time for thedifferent cover materials in order to g) were placed into a clear polythene paper which was
compare the performance of the different materials with thgubjected to a spectrophotometer sensor (NF333pad¥ip
open sun. An ANOVA was also conducted to determineDenshoku, Japan). The sensor was pointed directly eat th
whether there existed significance difference within thegrains to record the colour values and care was taden t
performance of the different cover materials, and betweeavoid any interference from ambient light sources. This tes

the materials and the open sun. were conducted in a clean and-aimditioned room to avoid
] ) o any deposits on the instrumental components. The colour of
C. Effective Moisture Diffusivity the grains was measured, in six replicas,for(light-dark

spectruny, a* (greenred spectrum) and* (blueyellow

Another important parameter that should be considereslgectrum) values. Hue anglds) were calculated using (5)
during drying is diffusivity which is used to indicate thew 9.
of moisture out of the material being dri€d’. Moisture *
diffusivity is influenced mainly by moisture contemnd h* =tan1[—*j (®)
temperature of the material. For a drying process in which a
the absence of a constant rate is observed, the drying rate is3) crude Protein Content Determination:
limited by the diffusion of moisture from the inside to the
surface layer, represented by Fick's law of difeursi. The Kjeldahl method of nitrogen analysis is the
Assuming that amaranth grains can be approximated t§oridwide standard for calculag the protein content in a

spheresthe diffusion is expressed by (23, where RQis the ~ Wide variety of materials™. It consistedof three steps,
which were carefully carried out in sequence. In the firgi,ste
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the sample was digested in strong sulphuric acicthia  Fig- 2 Comparison of temperatures in dryers witfiedént cover materials
presence of a catalyst, which helped in tbeversion of the andthe open sun

amine nitrogen to ammonium ions. Next, the ammonium An ANOVA at 5% level of significance on the data
ions were then converted into ammonia gas, heatetl a confirmed that there were no significant differences between
distiled. The ammonia gas was directed into apimgp the temperaturesevelopeddy the different cover materials
solution where it dissolved and became an ammonium iofp-value, 0.257;Fgitia, 3.191; Feonpuar, 1.398). However,
once again. Finally, the amount of the ammonia thed h there was significant difference between the temperatures in
been trapped was determined by titration with a ¢aath the open sun and those developed in the dryers with different
solution, and the percentage nitrogen (%N) and crude proteFover materials siPce tH&onpuas Was greater than theyitic

(CP) were obtained from (6) and (7). In these equations, P-value, 1.71x10%; Feitica, 2.748;Feomputea, 27.320). Similar

is titre for sample (ml), ¥is titre for blank (ml), N, is  Vvariations of temperature in a natural convection solagrdry
normality of standard hydrochloric acid (HCL) solution and the open sun have been repogdother researchers

(0.02), f is factor of standard HCL solution (approximatel during thin layer drying [°).

1), Vis volume of diluted digest taken for distillatiord(thl), On the other hand, Fig. 3 compares the relative humidity
S is weight of sample taken (1 g) and PF is the proteiofa values in dryers coveredith different materials and the
which is approximately 6.25. open sun. It is observed from the figure that relative
100 100 humidity values in the open sun wexlvaysslightly higher
%N = (V; - V; )x N, x T x0.014x X? © (28.9£6.26) than those in covered dryers. Comparison of the
CP= %N x PF 7) relative humidity values at any given time sisothat there
was no significant difference under both conditions. At any
l. RESULTSAND DISCUSSION given time, there was a decreasing trend in relative htymidi

for dryers covered with the nectarine diffused, yellow and
clear materials. When Figs. 2 and 3 are compared, it is noted
that at any given time the temperatures increased from the

The establishment of drying characteristics of amarantQP€n sun, nectarine diffused, yellow to clear cover naiteri
grains involved gathering temperature, relative humiditd ~ The results show that increase in temperature leads to
grain moisture content data during thin layer dryingdecrease in r<_e|at|ve humidity. Th_|s indirect relatlonsl_lqs
amaranth grains in the solar tent dryers. The control ieblv @S0 been widely reported during solar tent drying of
drying the grains in the open sun. A total of 17 daily data foRgricultural product§" ().
each of the parameters (viz., temperature, relative humidity 50
and grainmoisture content) were acquired for each cover
material for three consecutive days. Similar amount of data
were concurrently obtained for the open sun.

The comparison of temperatures developed under the
different cover materials and the open sun is shiaviig. 2.

The results indicate that the temperatures developed in the
dryer with the nectarine diffused cover material were always
lower (41.45.PC) than those dryers with the yellow
(42.3+5.8C) and clear (44#5.8°C) cover materials. In
addition, it isseen that the temperatures developed by the
clear cover material were always highest. At any given time
the temperature difference between the three cover materials
seem not to have been significant. The clear cover material _ _ o o
had highest temperatures asaitowed more heat to pass Fig. 3 Comparison of relatye humidity in dryers with different aove
though it due to its high transmissivity £ 90%) compared materials andthe open sun

to the rest™®. The figure also shows that the temperatures Based on a 5% level of significance, ANOVA on the
recorded in the open sun were always significantiwer ~ 'elative humidity values in the open sun and in the covered
than those recorded in the dryers with different coveflryers showed no significandifference (p-value, 0.090;
materials. Feritica, 2.748; Feompued: 2.263). Similarly, there was no

o significant differencef-value, 0.839Fitica, 2. 748;Fcomputeds
0.282) in relative humidity when the differertover
materials were compared.

A. Variation of Drying Conditions

——Open sun (Mean =28.9+6.2)

—%— Yellow cover (Mean =25.0 +6.2)

—x—Clear cover (Mean =235+ 6.5)

—e— Nectarine diffused cover (Mean =27.1+5.9,

[N} w N
o (=} o

Relative humidity (%)

=
o
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B. Drying Behaviour of Amaranth Grains

/M.\Hﬁ\\ The drying curves of amaranth grains dried under dryers

—=—Open sun (Mean =30.1+3.0)

Temperature (°C)
@
IS
)

n
S
!

e Yellow cover (1= 5%, Mean = 4234 55) with different cover materials and in the open sun are
104 = Clar cover (r=90%, Mean = 45::54) presented in Figd4. The results show that under all the four
N drying conditions (viz.opensun, nectarine diffused cover,
900 1000 1100 1200 1300 1400 1500 1600 1700 yellow cover and clear cover) the rate of drying was highest

Drying time (hours)
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within the first 2.5 hours of drying. Thereafter, theidgy C. Calculation of Effective Moisture Diffusivity
rate reduced significantly.

Effective masture diffusivity () was calculated using
80

slopes derived from the linear regression of In(MR) versus
70 —a—Yellow cover time data as in (4). The.dalues of amaranth grains dried
Z —=—Clear cover under the model dryers with nectarine diffused, yellow and
s . —*—Nectarine diffused cover clear cover materials were foutabe 3.45x10? 4.29x10?
< 50 —5—=Openssun and 4.60x182 nfs™, respectively. The corresponding value
5, for the open sun was 4.04x10nfs™. The effective moisture
8 diffusivity was highest for the model dryer with thesa
3 * cover in which high temperatures were developed. Previous
S studies show that increase in temperature leads to increase i
; moisture removal from cereal graif¥l. The effective
' moisture diffusivities calculated from the drying data
o 1 15 4 2e 4 ae 4 4 t e & es 4 7 s represented an overall mass transport property of meigtu
Drying time (hours) the mateial, which include liquid diffusion, vapour
Fig. 4 Drying curves for amaranth grains under dryers ditlerent mver diffusion or any other possible mass transfer masma
materials and the open sun The continuous decrease in moisture ratio with increase i

The moisture loss in amaranth grains decrease@rying time showed that the results can be interpreted using
exponentially with increase in drying time. This obstiera  Fick's diffusion modef*?.

is common with most cereal grains as reported by Ababne ) .
al.™ and Basunia and AHY. As seen fron the figure, there D- Effect of Drying on Hardness of Amaranth Grains

was no constant rate drying period and therefore the falling The hardness of amaranth grains was based on the force

rate period prevailed in the entire thin layer drying psxof  required to break the grains. Table | shows the hamine

amaranth grains. It is also worth noting that the grainsjdrieva|ues for amaranth grains dried under the differeoner

froman initial moisture content ranging fro®.86~68.8%  materials and the open sun. The typesmfer materials for

d.b to an equilbrium moisture content of 7% d.b. Thethe dryers were clear, yellow and nectarine diffused, all of

equilbrium moisture content was obtained after 45,7, which had the same thickness. The hardness values ranged

and 7.5 hours of drying for the clear cover, yellow coverfrom 2.15~2.23 kg for the model dryers while an average

nectarine diffused cover and the open sun, respectively.  value of 2.23 kg was achieved for the open sun. The yellow
The drying rateincreased from open sun, nectarinecover achieved slightly low mean hardness values

diffused cover, yellow cover and clear cover at any giver(2.15+0.14) as compared with the other materials. The

time. However, thalifferencein drying rate was slight from standard deviations for the mean hardness sabi#ained

the lowest to the highest. In the falling rate pdrithe for all the cover materials were low and they ranged from

material surface is no longer saturated withter and the 0.12~0.16 kg. This shows that there was uniformity in

drying rate is therefore controlled by diffusion of moietu hardness values obtained for amaranth grains.

from the interior of solid to the surfad®. As expected, the

decrease of relative humidity in the solar drying egst ;@ABIIQ%THI—?(E;QX‘&SSSSQEDCSNLSESgfﬁiégggrg%%'\:/%R

increases the erlng rate of the mater.lal because a higher MATERIALS AND THE OPEN SUN

driving force is developed. The drying rate decreases

. . . . . . Ty pe of Hardness Codour parameters
continuously with decreasing moisture content or increpsi Cover

drying time. These results are in agreement with the \ateria (kg) L ar b* h
observations of earlier research&td®’. Vellow 2.15 5283 7.68 3931  78.94
An ANOVA conducted at a 5% level of sidicance . *0.14  +0.83 018 £1.07  0.43
ted that for the first 2.5 hours of dryintipe drying rates Nectarine 2.23 23.35 732 3r.al 78.93
no . : ry rying re diffused +0.12 +0.90 044  +1.00  +0.74
Were'not S|gn|f|cantly different under all the fqdrylng Clear 220 5415 7.04 37.71 79.15
conditions (viz., clear cover, yellow cover, nectarindudied +0.13 #0.61  0.37 +1.78 +0.19
cover and the open sunp-Yalue, 0.823;Fgiti, 3.098; No cover 2.23 54.20  7.25 36.57 78.78

Feomputas 0.303). Further, the drying rates between~2% (open sun) _ #0.16 20.33 #0.16 Meanvﬁiitanmrdii'\izon
hours of drying were slightly differentp{value, 0.049; B N

Feriticals 2-839;Fcomputeds 2.848). This can be explained by the _. An ANOVA conducted on the d.ata”at 5@ level of
difference in the energy and relative humidity levels i significance sho.wed thaherewe.ls no significant dlf_ference
by the covereddryers and the open sun to attain the(Pvalue, 0542 Fuij, 3.682; Feompuies, 0.638) in the
equilbrium moisture content. General comparison, hagev hardness for amaranth grains dried under ffferdnt cover

. : : : materials. Similarly, there was no significant differenpe (
showed that the drying rates for the entire drying perio@ wer . .
not significantly different under all the four drying value, 0.695,Faisca, 3.098; Feompuiea, 0.488) between the

conditions p-value, 0.83%F i, 2.748; Feomutas, 0.282). hardness values for grains dried under the diffemnter

Similar observations have been noted for most cereal grair{gater'als and the open sun.
and other agricultural produc® ™ where the solar dryer
proves to dry products faster than the open sun.
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E. Effect of Drying on Colour of Amaranth Grains The mean values of crude protein content ranged from
17.0®6~17.21% for the grains dried under different cover
materials while a mean value of 17.54% was obtained for the
a* and b* parameters from thespectrophotometeand open sun. The corresponding standard deviationgirrgn
computing the hue angléX). The parameterk*, a* andb* from 0.09%0~0.31% were low, which confirmed uniformity
values represenight-dark spectrum with a range from 0 in the percentage crude protein contents of amaranth grains
(black) to 100 (white), the greerd spectrum with a range An ANOVA conducted at 5% level of significance showed
from -60 (green) to +60 (red), and the biyelow spectrum NO significant dfference p-value, 0.299;Fgitiy, 3.682;

with a range from60 (blue) to +60 (yellow), respectively. Feomputar, 1.310) in crude protein content for the different
Table | shows that*, a* andb* for amaranth grains dried COVer materials. Similarly, comparison of crude protein

under the different cover materials ranged from882 content for grains dried under the different cover maeria

54.20, 7.24-7.68 and 36.5739.31, respectively. Amaranth and the open sun showed no sigaifit difierencetvalue,
grains dried in the open sun achieved slightly Hijhvalue 0.067;Fciticas 3.098;Fcomputed; 2.783).

The determination of the effect of colour of cover
material on colour of amaranth grains involved recordihg

(54.20£0.33) and low values of* (7.2520.16) andb* Although higher temperatures prevailed in the dryer with
(36.57+043) parameters as compared to those for th&he clearcover, the nutritive value of amaranth grainrimse
different cover materials. of crude protein content was not significantly affectede T

resdts for crude protein content of amaranth grainsewer
Thel*, a* andb* parameters were utilized in computing satisfactory as they ranged betweefb6lsnd 18%. The
the h* values based on (5) and the results are also presentgfide protein content in grains dried in the open svas
in Table I. The results indicate that the computédralues slightly higher than those dried under the differenvezo
of amaanth grains were in the range of 78:789.15 forall  materials. This is an inditian that high temperatures may
the drying conditions (viz., thehreecover materials and the denature proteins in the grafis
open sun). The clear cover achieved the higlesvalue

while the open sun registered the lowest. The colour IV. CONCLUSION
parameters are related to the browning reaction where a
decrease inL* values, an increase ia* values and a The thin layer drying behaviour and quality assessment

decrease ih* values indicate more brownthj]. Hence, the of amaranth grainwereinvestigated in the sol@mergytent
preceding results imply that the clear cover material had les¥yers under natural convection and the open sun. The dryer
browning effect on the grains during drying as compare can be used to successfully dry amaranth grains faster than
with the other materials and tbgen sun. the open sun to an equilibrium moisture content of 7% d.b.
Drying time was the longest in open sun drying (7.5 hours)
significant differenceptvalue, 0.702F gisca» 3-682;F computa: due to the lower drying temperature compared to solar tent
0.362) in hue angles farainsdried under different cover drYing (4.5-7 hours). The entire thin layer drying of the
materials. Further comparison of the hue anglegrains 9rains occurred in the falling rate period. The effective
dried under dferent cover materials and the open alsoMoisture diffusivities increased with temperature andjeahn
showed no significant difference-yalue, 0.616;Fyijey,  TOM 3.45x10% ~ 4.60x10 nfs™. Statistical analyses
3.098; Foompueds 0.610). Generally an increase in temperatureshowed that the hardness, colour and croéein content of

At 5% level of significance, ANOVA showed no

led to increase in hue angle, as also noted bygtHi. ©!. the grains were not significantly different>0.05) whenthe
) ) samples dried in the open sun were compared withethos
F. Effect of Drying on Crude Protein Content of Amaranth dried in the dryers with clear, yellow and nectarine difiis
Grains PVC cover materials. However, the clear cover material

The crude protein contents of amaranth grains dried iecorded the highest hue angle*) and the lowest crude
the open sun and under different cover materials of varyingrotein content (17.07%) due to the high temperatures
transmissivities were determined using the standarcravii developed in the dryer. Generally, the results detrates
Kijeldhal method™!. The results presented in Table II showthat solar tent dryers can be utilized by srealle farmers in
the percentage crude protein contendiiddamaranth grains Kenya to enhance dryingf amaranth grains in thin layers
which is a function of the percentage of nitrogen found in thevithout significantly affecting their physical, dgal and

grains. nutritive properties.
TABLE I COMPARISON OF CRUDE PROTEIN CONTENT OF ACKNOWLEDGEMENT
AMARANT H GRAINS DRIED UNDER DIFFERENT COVER
MATERIALS AND THE OPEN SUN The authors sincerely express their appreciation to Jomo
Ty pe of Cover Material Crude Protein Content (%) Kenyatta University of Agriculture and Technology (JKUAT

for the financial support and research facilities offered to

Yellow cover 17.0840.17 ]
carry out this study.
Nectarine diffused cover 17.2140.20
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