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Thin layer drying of ginger (Zingiber officinale) in a multi-rack type 
solar tunnel drier 
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ABSTRACT 

Drying of ginger in a multi-rack type solar tunnel drier was studied. The drier consists of a UV-stabilized transparent 
plastic collector and a drying tunnel. Fresh ginger rhizomes were washed, peeled, spread in single layer in trays and dried 
from an initial moisture conlent of 594.01 to fi nal moisture content of9.89% (db) . The temperature, relati ve humidity and 
solar intensity received under ambient and inside the solar tunnel dri er were recorded. Mathematical modeling for thin 
layer drying showed that the diffusion approx imation model best described the ' over all ' dryi ng process of ginger in a 
solar tunnel drier. The 'over all ' effecti ve moisture diffusivity of ginger in solar tunnel drier was 1. 82 x 10-7 1112/s. The 
essential oil and oleorcsin contcnt of solar tunnel dried ginger were 2.0 and 4.5%, respectively and was at par with the 
quality of slln dried ginger. However, the microbial load of solar tunnel dried ginger was 6. 12 log cfu/g where as for SUIl

dried ginger it was 6.69 log cfu/g and hence so lar tunnel drying was considered superior. 
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(Zingiber officiJ/ (l /e L.) is an underground rhizome 
fresh vegetable, dry ginger spice and as preserved 

ginger. India is the largest producer and consumer 
Fully matured ginger rhi zomes harvested at about 

moisture content is used for making dry ginger. The 
hi,,QIlles are scraped with bamboo splits to remove the 

to accelerate drying process (Balakrishnan 2005). 
ginger is sun dried to safe moisture content of 

t~I~~~~;f,;;;~t~SiingleJayer in open yard which takes 
iii drying. The yield of dry ginger is 

ginger depending on the variety and cl imatic 
2005). The dry ginger so produced is known as 
or unbleached ginger and bulk of the ginger 

in Kerala are of this quality. Kerala accounts for 
of the total dried ginger production and about 90% 
ginger export trade (Madan 2005). 
tunnel drier (STD) uses solar energy as source of 

. the produce and can be an effici ent drying 
both farm and industrial level drying. Due to 
of foss il fuel and uncertainty regarding its future 

.ru'.OlllIY, the use of solar energy in food processing 
in the near future. Solar driers gives faster 
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drying rates by heating the air to 10 to 20°C above ambient , 
which causes the air to move faster through the drier and 
reduces the humidity of drying air (Bala el at. 2003). Hence 
the present study was conducted to evaluate the STD for 
drying ginger rhizomes, to obtain the drying characteristics 
curves in a STD and to determine the quality of dried ginger. 

MATERIALS AND METHODS 

The experime nts on so lar drying of g inger were 
conducted at Agricultural Engineering College and Research 
Institute, Coimbatore, Tamil Nadu during April 2009. A 
tunnel drier of size 2 III x 3 III and height of 2 m was 
fabri cated and installed on a concrete surface orienting 
towards east-west direction. The hoop structure was covered 
by UY-stabilized transparent polyethylene sheet (50 microns) 
to form the drying chamber (Fig I). A curtain type door of 
size 1.6 III x I rn made of the same material was provided in 
front of the solar tunnel drier. Natural ventilation to the drier 
was provided at the bottom of the door sheet using nylon 
mesh of size 800 mm x 400 mill . It served as air inlet to the 
drier. The experiments were carried between 9 and 17 hr. The 
temperature and relati ve humidity of ambient and heated air 
at different heights (0, 40, 80, 120 and 200 em) inside the 
drier were measured using a digital temperature and relative 
humidity meter (EQUINOX, EQ-321 S). The veloci ty of the 
ambient and drying air was measured with an anemometer 
(PROYA InstrumentlNC, AYM - 05) which can measure air 
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model to the experimental data, The highest value of R2 and 
Ihe lowesl va lues of ' , RMSE and MBE were used t 
determine the best fit (Togru l and Pehlivan 2002). 0 

Dimensions in mm 

Fig I Schematic view of solar tunnel drier 

velocity in the range 0-45 m/s. The solar radiation was 
measured both inside and outside the solar tunnel drier using 
a SUlll11cter. All the weather parameters were recorded at I hI' 
interval. 

Freshl y harvested ginger rh izomes (40 kg) obtai ned 
from local market was mechani cally washed and peeled 
partially. The ginger was spread in perforated stainless steel 
trays of size 790 x 400 x 300 mm with loading intensity o f 
2kg/tray. Totally there were 20 trays arranged in two racks. 
In each rack, 10 trays were arranged in fi ve rows one below 
the other. The trays in the rack were not rearranged till the 
end of five days. After five days, the bOllom trays were 
brought to the top and consecuti vely every day the trays were 
realTanged. Drying was carried till the weight reduction was 
constant, 

The moisture content data at different experimental mode 
were converted into the moisture rat io (MR) expression and 
curve filling with drying time were carried for s ix drying 
models (Table I), The coeffi cient of determination R2 was 
the primary criterion for selecting the best equation to describe 
the drying curve. In addition, the reduced chi -square ( ' ), 
root mean square error analysis (RMSE) and mean bias error 
(MBE) were calculated to evaluate Ihe effi ciency of filling a 

Table I Thin layer drying models 

Namc Modcl 

Newton MR ::; c-I:.t 
Page MR ::; e-1a " 

Modificd page MR ::; e H:O
n 

Diffusion MR ::; aeH:l) + 
approximation (I - a)e(-kbl) 

Two-tcrm 
cxponential 

Overhults 

MR ::; ae(- ).:I) + 
( I - a)e(-kat) 

MR ::; e [-(kt)"] 

Referencc 

Panchariya ef af, (2002) 

Lopez et al. (2000) 

Ozdcmir and Devres (1999) 

Ertckin and Yaldiz (2004) 

Erlekin and Yaldiz (2004) 

Overhult, et al. (1973) 

These stati stical parameters were calculated as fo llows: 

N (M R - MR ) ' 
"1.. 2 = L e,~p,i prc, i 

ied N - Il (I) 

[
I N ']i RMSE = - MR -N t,. ~ "p.; MR p,,; ) (2) 

I N 
MB E= - "'(MR . - MR .) N ~ ~~p,1 pre, I (3) 

where, MRexp,i is the i1h experimentally observed moisture 
ratio, MRpre,i is the ilh predicted moisture ratio, N is the 
number of observations, n is the number of constants in the 
model, 

The e ffe c tive mo istu re d iffus ivit y of ginger was 
calculated using the method of slopes by ploll ing In «M
M,)I(Mo-MJ) versus drying time (Geankoplis 2003). 

The quality of dry ginger was determined in terms ofils 
essential oi l content estimated as per the method described 
by AOAC (1975) using modified Clevenger apparatus, 
o leoresin content by the method of ASTA (1968), crude fibre 
content by Ihe method suggested by Sadasivam and Manickam 
(2008) and moisture content was analyzed in a fu lly automatic 
moisture meter (MA-SO), The total plate count was determined 
by serial dilution technique as enumerated by Ranganna 
( 1986). 

About 10 kg of ginger was sun-dried to compare !he 
quality of dry ginger with obtained from solar tunnel-dried 
The time required for complete drying by both the meJhods 
was also studied, The experiments were repeated thrice and 
the average va lues were reported, Sigma Plot (ver 6.0) 

statistical software was used to analyze 
during drying and for mathematical modeling of dJ:yinI 
curves, 

RESULTS AND DISCUS S rON 

The average weather parameters for April 2009 
during the period of study indicated that . 
from a minimum of 30,3°C at 9 hI' to a maximum 
at 13 hr (Fig 2a). The average relative humidity 
from 62.47% at 9 hr to 35.09% at 13 hr, which 
to the time when max imum solar radiation of 
was obtained (Fig 2b). The average wind speed 
from 0.5 mls at 9 hr to 0. 1 mls at 13 hr and then' 

1.3 mls at 17 hr (Fig 2c). 

Temperature, relative humidifY alld solar intensity 

the solar funll el drier 
The temperature inside the solar tunnel drier 
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Variation in weathe/' ' , ' 
palallletels fo/' a day during April 2009 

vallics of fi ve consecut ive days of the 111011th) 

in ' of t,ime from 9hl' to 13hr and then decreased 
~I ~as~ III temperature was also observed wit '; 

, III lelght of the drier, Inside tel ' 
mmimum of 40 goC ' nperature vaned 

of 56 7"C . al 9 ht at 40 cm height to a 
",""POt,di t',2 at 13 hr at 120 cm height to (Fig 3a). 

9 hr and ;~~~t~on 111 the ambient temperature was 
. . ' at 13 hr. The resulls showed Ihal 

jpel"9"4''',·e
C 

IIlslde the solar tunnel drier was more by 
.' than the ambient temperat ure S· '1 

was rep t db ' 11111 ar 
. Or e y Beena and Fuller (2002) d . 
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3 1.8%, respecti vely. The resulls b . d ' . 
ambient rehtive hum 'd"t o ,ta llle IIld.cated that the 
the (unnel (~ rier and tlh~ ~r~a~generalJ~ higher than that o f 

23.4%. Joy et al. (200 1 r~ ~:ence vaned between 9.3 and 
ambient a ir When con ) , : ted hl~h, re,latl ve humidity in 

TI' , l lM I e to the mr IIlslde the drier 
le II1te nSlty of solar rad i " ' 

progress of time from 9 hr< to ;3 J a,tlon II1creased with the 

average solar radiat ion inside the d
U

' a~l,d lI~en decreased, The 
WIIl1' at 9hr 10 .' n el tncteased from 678.88 

, a maXltnUIl1 of 850 75 WI ' 
The corresponding avera e .' m al 13 hr (Fig 3c). 
were 74929 d 8'89 (g ambIent soJaI' radiations received 

. an .39 W/m' The res t II b . 
agreement with the results re )on "d ' I , 0 tamed is in 
in a soJar tunnel drier b BII cc unng drYI ng of pineapple 

. . y a a et al. (2003) 
Dunng drYlllg of ginger in . .. 

tunnel dr' , a ITIUItI -I<lck tray type solar 
IeI' II was observed that tl ' , , 

moisture content moi sl' ' lele was vanatlon in 
, life ratIO and dryin ' I 

levels varied (Fig 4) TI fi . g la e as the tray 
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designated as 'Top I ', 'Top II ', 'Top III ', 'Top IV' and the 
lowest was 'Top V'. 

Effect of tray levels 011 moisture COlltellt 

Ginger was dried from an initial moisture content of 
about 594.0 I % (db) to a final moisture content of about 10% 
(db). It was observed that drying was faster for ginger placed 
in the topmost tray (Fig 4a). To get typical characteristics 
curves, the trays were le ft undisturbed till five days of drying. 
After that, the bottom most trays were brought to the top and 
rearranged every day to get uniformly dried produce. At the 
end of eighth day of drying, the moisture content of ginger 
in tray levels 'Top I ', 'Top Il', 'Top Ill ' , 'Top IV ' and 'Top 
V ' were 10.34,9.39, 10.3, 9.8 and 10.6% (db), respectively. 
The results obtained in the present study is in agreement with 
the resuits obtained by Beena and Fuller (2002) for drying of 
pineapple slices at different tray levels in a natural convection 
solar drier with biomass back up. 
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Fig 4 Drying characteristics of ginger in solar tunnel drier 

Effecl of tray levels all moisture ratio 
The reduction in moisture ratio for the tray levels 'Top 

[", 'Top II' , 'Top [[] ', 'Top IV ' and 'Top V ' after five days 
of drying were 0.03 , 0.08, 0.16, 0.09 and 0. 17, respectively 
(Fig 4b). This showed that the lower trays contain more 
moisture than the top trays. During the fina l hour of drying 
the moisture ratio reduced to 0.02, om , 0.02, 0.02 and 0.02 
for the tray levels 'Top I' , 'Top 11 ', 'Top III', 'Top IV' and 
'Top V' respectively. 

Effect of tray levels all drying rate 
At the end of first hour, the drying rate of ginger for the 

tray levels 'Top 1', 'Top II ', 'Top ill' , 'Top IV ' and 'Top Y' 
were 0.91 , 0.49, 0.39, 0.58 and 0. 35 kg (moisture removed)! 
kg (dry matter)!h ... It was thus clear that the drying rate Was 
higher at the first level of tray. At the end of fifth day, the 
drying rate reduced to 0.048, 0.046, 0.042, 0.041 and 0.045 
kg (moisture removed)/kg (dry maller)/hr. Finally, towards 
the end of drying, the drying rate reduced to 0.034 kg/kg/hr 
for all the tray levels inside the solar tunnel drier (Fig 40). 
The difference in drying rate was due to the temperature 
gradient which was maintained inside the drier initially al 

the beginning of the day which nan'owed down by noon. The 
drying rate decreased as the drying progressed from morning 
to evening. This may be due to the hardenjng of outer tissues 
and thereby reducing the removal of moistu re from ginger. 
The resuits obtained in the present study agree well with the 
resuits reported for pineapple drying by Beena and Fuller 
(2002). 

Mathematical modeling for solar Ilinnel drying of gillgtr 
Moisture ratio expression of ginger dried in solar tunnel 

drier were filled to six thin layer models and the values 01 
drying constants with their corresponding statistical 
parameters like R', RMSE, MBE and 'were detennined. In 
case of solar..tutlnel drying of ging~~~!!2!!!i!J~~~:_ 
model gave comparatively higher R2 value 
'overall ' drying. The values of " RMSE and MBE were 
0.04, -0.01 and 0.002, respectively which were lower for 
diffusion approximation model when compared to the otbet 
models. Hence, diffusion approximation model was assumed 
to represent the thin layer drying behaviour of ginger in 
tunne l drier. The pred icted moi sture ratios are in 
agreement with the observed values and therefore it 
concluded that diffusion approximation is relatively 
than the other five models. 

Effective moisture diffusivity 
The effecti ve moisture diffusivity for dnlinlt of glP 

solar tunnel drier varied from 2.02 x 10-1 m'ls for 
most level of trays to 1.58 x 10·7 m' ls for the trays at 
(Table 2). The 'over all' e ffective moisture 
ginger in solar tunnel drier was 1.82 x 10-7 m2/s . . 
and Kailappan (2006) reported that the effecltve 
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Table 2 Effective moisture diffusivit f . . 
different layers in solar tunner dr~~n~rYll1g of gll1ger in 
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behaviour of gil . 

• • • I. g~r 111 solar tunnel drier. Th . 
mOlstlll e dlffuSlvlty for s I . eoverall e ffecllve Tray level 

Effect ive moisture diffusivity 
(m' /s) 

2.02 X /0·7 

2. 12 X /0·7 

1.67 X 10.7 
1.93 x to·7 

1.58 x to·7 

1.82 x /0·1 

. . of chillies increased from 3.78 x 1O·9 t 710 
m'ls as the dryin . . o. x 

650C. g all temperature increased from 50 

drying of ginger 

Drying of ginger in open cemented yard took ei ht da 
from [Illtlal moisture content of 594.0 1% (db)g , ys 

content of 10% (db). to final 

eva/lialion of dried product 
It was observed that the biochemi . 
essential oil content (20%) I cal quality parameters 

. 0 , 0 eoresl11 content (45 %) 
fibre content (2.4%) of solar tunnel dried : ° 

at par with Sun dried ginger (Table 3) H gInger 
load of I . owever the 
h' so ar tunnel dried ginger was lower (6 12 
t ~~ the sun dried ginger (6.69 log cfu/g). He~ce 

solar tunnel-dried ginger 
t d was considered OSlin· ried ginger. 

Quality parameters of ginger dried b d 'f' . 
methods y I ,erent drymg 

Oleoresin Moisture Crude Microbia l 
content COntent fibre load 

(%) (%) (%) (log cfu/g) 
4.60 9.82 2.50 6.69 
4.50 9.65 2.40 6. 12 

be concluded that d " f' . 
tunnel d " (,IYlIlg 0 ginger 111 a multi-rack 

lIer took eIght days for d,ying from an 
content of 59401 % (db) fi 

[0% (db) Th '. o. to lIlal moisture 
d ·ed·· e essentIal 011 and oleoresin content 

par ;ith gmgerwere 2.0% and 4.5% respectively 
I.t"~ri·, 'rl .sun.dlled glllger. The microbial load of 

ginger gl.~ger was 6.12 log cfulg, whereas for 
I was 6.69 log cfllig Diff . 

model r . USlO n 
epresented the thin layer d . ( rYll1g 

I 8 0 aJ tunnel dryi f' . 2 X 10.7 1112/S. ng a gmger Was 
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