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Thermnl properties olblack PCPlh?r 

a re g reaUy affected by it'S te mpera ture and 
m Ois tUre Content, In genera l, SpeCifi c heat is 
repreSented by a fUn ction of mois ture con tent 
Us ing linea r re la tions (M ohsenin 1980) . In 
ea rly Work, th e e ffeCl' of tempe rature On s pecific 
hea t of agriculturalmat'erials Was genera lly no t 
co ns id e red (S ing h & Gos wa mi 2000). Th e 
differ e nti a l SCa nning ca lo rim e try (DSC) 
fa cilitates the meas uremen t of specific heat as a 
fun ction of tempera ture. 
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Va rious inves tiga tors have studied the therma l 
prOperties of agricultural materials using DSC 
and therma l conductivity m e ter Such as fo r 
CUmin seed (Sing h & Gos wam i 2000), gra m 
(Dutta et al. 1988), borage seeds (Yang el al. 
2002), min o r mille t g rains (Subra m anian & 
Vis wa nathan 2003) and g una seed (Av iara el 

01. 2008). Th e effect o f mois ture Content and 
temperature On the Specific heat of po tato us ing 
DSC was s tudied by Wang & Brennan (1993). 

black pepper POwder, Was dried in tray dryer 
at 50"C to achieve t'he d esired low mOis tUre 
Content. To achieve hi g h mOis tUre co ntents, 
ca lculated amOunt of Wa ter was added and 
mixed th oroughly to ensure uniform mOis tUre 
dis tributi on. T he sa mples were packed in low 
denSity polye thy lene (LOP E) pOUches and kept 
a t 5

u

C for 48 h in re fri ge rato r fOr uniform 
dis tribution of mois ture throug hout the seed . 
For measurement of the t'he rmal properties, the 
p Ouches were taken out from th e refrigerator 
and allowed to warm to room tempera ture fo r 
2 to 3 h. Five levels of mOis tUre Content (3.3%, 
6.7%, 10.3%, 13.8% a nd 18.2% dry bas is) were 
se lec ted in thi s stUdy. Ex periments we re 
condu cted in T hermal and Phys ica l Properties 
Laboratory at I1 T, Kharagpu,> India. 

c"J:perhuclI tnl iOIl nnd observntiolI 

The Objective of the paper was to s tUdy the effect 
of temperature and mois ture COMent On Specific 
heat, th ermal conductiVity a nd diffus ivity of 
cryo-g round bla ck p e ppe r POwder. The 
variatio n s in Specifi c heat w ith moi s ture 
Content and temperature a nd th at of th erm al 
condu ctiVity and diffu s ivity with mois tu re 

at Constant temperature of 30u C Were 

The black pepp e r was g ro un d in the g rinder 
(Mode l Pu lve rise tte 14, Fritsch indus tri es, 
Germany) USing liquid nitrogen (LN,) so th a t 
properties of black pepper POwder do no t va ry 
s ig nificantly. The g rOund black pepper sa mples 
thu s obta ined were used fOr d etermina tion of 
therma l properties of black pepper. 

Specific heat of the black p epper samples Was 
d e te rmin e d by USing Diffe ren tia l SCanning 
Ca lo rim e try (Netzsch DSC 204 ' Phoeni x', 
Germany), Before condU cting the experiments, 
the DSC Was ca librated for temperature range 
fro m -150% to 350°C. For determination of 
specifi c heat, the black pepper samples were kept 
in an a luminium cru cible in small quantity 
(betwee n 12.300 to 14. 70 0 m g) at all five 
mois ture levels. The a lUminium cru cible was 
closed and run in th e DSC for the temperature 

pepp er (va r. Panniy ur_J) was prOCured 
In d ia n inst itute of Sp ices Research, 

Kerala (India) . Th e seed s were 
ma nu ally a nd brOken, foreig n mattel~ 

defo rm e d and immature seed s we re 
before the samples were prepa red fo r experim ent. 

ini tia l m Ois tUre Co nte nt o f seed was 
'ned by th e vacuum Oven method 

1986) at a tempera ture of 80"C and 
of 100 mm Hg until a Constant weight 

tained. The initia l mois ture Content of 
pepper was found to be 10.4% dry 

Initially, th e seeds were s to red at room 

tll re (25"C) fOr 2 to 3 weeks . For 

a prede termined quantity of 

range of -150% to 350°C. Tn th is eXperimen t, 
thennog rams we re obtained and the Va riat ion 
o f spec ifi c h e al' with te mpe ra ture we re 
determ ined by the me thod I'eported by Sing h 
& Gos

wam i 
(2 000, 2006) fo r each m o is ture 

Content. Cons idering th at mos t of th e spice 
g rinding (cryogenic as well as con ventional) 
takes place be twee n te mpe ra ture ranges of _ 
150% to 100°C, the data was taken between _ 
150% to 100°C for ana lYSis. 

A quick the rm a l condu ctivi ty me te r (MOde l: 
Ke mthe nn QTM-03, Kyoto Elec tron ics 
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Manufacturing Co. ltd, Tokyo, Japan) was used 
for determination of the rmal conductivity of the 
black pepper samples. The therma l conductivity 
meter was cal ibrated us ing standard reference 
plate. After cal ibration, a sample pan of volume 
100 cm' was filled w ith black pepper sa mples 
for dete rmination of therma l condu ctivity. The 
weight of b lack pepper sample in pan of volume 
100 cm' was a lso measured to calculate the bulk 
density of th e samples. The ex periments were 
conducted in tripli ca te at five mois ture levels 
at average sample temperature of 30°C in the 
th e rmal condu ctiv ity me te r and the mea n 
va lues were taken in the s tudy. 
The bulk thermal diffu s ivity of black pepper 
samples was calcu la ted from experimentall y 
ob ta ined va lues of specifi c heat, bulk thermal 
conductivity and bulk density a t 30°C usi ng 
Eq. (1) (Singh & Goswmni 2000): 

(1 ) 

where Ct
b 

is the bu lk the rmal diffu sivity (m' s· '), 
kb the bu lk therma l conductiv ity (W m·' K'), 
C

p 
the specific hea t (J kg· ' K ') and p is the bulk 

density (kg m-' ). 

Stlltisticn lllll ll lys is 

The data obtained were a na lysed ll sin g 
Stati s ti ca 6.0 and M icrosoft Exce l 2003 fo r 
obtaining the variation in speci fi c heat with 
temperature and moi s ture content. Analysis of 
variance (ANOVA) was a lso performed for 
s tati sti ca l analys is o f the thermal proper ties 
(Table 1). 

Re sults and di scuss ipn 

Specific hell I ((,) 

Bnmwnf ct cd. 

The specific heat of bl ack pe ppe r s ample 
increa sed w ith increCl se in moi sture co ntent 
(F ig. 1). A s imila r trend was repor ted in the 
specific heat of guna seed (Aviara el III. 2008), 
cumin seed (Singh & Goswami 2000), soybean 
(Avia ra cl III. 2003; Deshpande & Bal 1999; 
Deshpande el III. 1996), sheanut kernel (Av iara 
& Haque 2001), and borage seed (Yang el III. 
2002). The results indica ted that the specific heat 
was affected s ignifi ca ntly by moi sture content 
and temperature. 

The specifi c heat increa sed f rom 225.68 to 
4479.53 J kg·' K-' w ith the increase in mois ture 
content (M) from 3.3% to 18.2% d ry basis and 
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Table 1. ANOVA for specific heat, thermal conducti vity and thermal diffusivity of cryo-grou nd black 
pepper powder 

Source d.1. M ean Square F Valuc P Value 

SpeCific heot 
Moisture content 1 35177986 35.7* 1.49E-07 

Temperature 1 36824921 37.2* 9.23E-08 

Thermal conducti vity 

Moisture content 1 265.24 15.6* 0.004214 

Thermal diffu sivity 

Moisture content 272.38 16."1* 0.003914 

~ S ignificant at P<O.01 ; F tabu lated vnlucs at the degree of freed o m 1, 58 is 7,09 and 1,46 is 7,22 
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that the th e · I . lIn a condu cti v 't . 
II1cre£lse in mOist . I Y II1 creased with 

Ul e Content Si ·1 
reported for th tl . . ml ar trend was 

'50.0 0.0 
Temperature 0C 50.0 100,0 r · , 

'Ig. 2 , Ill fl ul'll cL' uf ! 
l' lll pert1{ul'L' on' " , 

ground bbck pep, .spl..'C/l!c heat uf 
pel powder 

e lell11al cond uctiv·t f 
The reI t· seed (Aviara cl III. 2008) . I y 0 g una a lonships o f s . . Cun 
tempera ture mld . p eclfl c hea t with GOSwami 2000) b ' lIn seed (Sing h & 
presented in ~ablel;~I::~~·~content ha ve been 1996), sheanut k~r~,~ (~an (Des hpande el III. 
T/ borage seed (Yan el ll i 2vlala & Haque 2001), 

ICtlllll l colJdlJClivity(k) et III. 2003) and g il . 002), la ugh n ce (Yang 
TI I ' , 1111 et gra ms (S b 

le t le rmal conductivit Viswanathan 2003) I u rama nian & 
sample at an average te Y o f black peppe r the rm al conduct . . t· t fwas observed that the 
presented in Fig 3 F. mpe ra ture of 30°C is at an average t IVI yo black pepper samples 

.. 10111 the fIgure it is I empelature of 300C· 
T ' C ea r from 0·JI61 to 01844 W mcreased 

able 2 S d . n,-' K·' w·tl . . eCOI) order reg res . . I 1 lncrease 
CO" t t Sial) eq uatJOllS for' .(. 

en and temperature specl Ie heat of black pepp 
"Det '1 er sample v's' . 

ill s of pilrameter I ·a· v IS moisture 

MOisture cont ent 
(% d.b.) 

3.3 
6.7 

10.3 

Second ord er reg -. " 
l ess lon equa tion 

3_ Third order regression e f 0.981 
tUre and mOisture conte~l:a Ions for specific heat of black pe 

ppcr sa mple vis ' . 
of parameter . a-VIS tempera_ 

Third order regression equa tion 
-150 
-100 
-50 

o 
50 
100 

C" = -O.OOOM' + 0.006M' _ 0068M 
C 5 . + 0454 ,, = E-05M' - 0 OOOM' . 
C _ . - 0.002M + 0.545 

" - -6E-05M' + 0.002M' _ 00 
C _ . 25M + 0836 

" - -O.OOOM' + 0.014M' - 0142M 
C" = -O.OOOM' + 0.026M' _ 0 ·266M + 1.464 
C" = -O.OOIM' + 0.036M' _ 0·3 + 2.898 

. 43M + 5.005 

0.936 
0.946 

1 000 
0.997 

0.665 
0.938 



152 

in mois ture content from 3.3% to 18.2%. The 
relationship be tween therm al conductivity and 
moisture content ca n be expressed by Eg. (2) : 

k
l
,= 0.0005M ' - 0.0056M + 0.1314 (r' = 0.96) (2) 

for 3.3% dry basis < M < 18.2% d ry basis 

Simila r results we re reported by Chand ra & 

Muir (1971) for wheat and Singh & Goswami 
(2000) for cu min seed . They reported that the 
therm al conductivity increased as a non-linear 
function of moisture content. It was observed 
that th e rmal 'condu c ti vi ty was a ffect ed 
s ignificantly by moisture content (Table 1). 

Themlnl rliffll sivillj (a) 

. The thermal diffu sivity o f black pe pper samples 
a t 30°C was ca lculated usi ng Eg . (1) and its 
va ri ati on with moisture content is shown in 
Fig. 4. The the rmal diffu s ivi ty increased non­
linearl y from 10.86 x 10'· to 17.36 x 10.6 m' S·I 

with increase in moisture conten t from 3.3% 
to 18.2% dry basis a t 30°C. The re lationship 
be twee n thermal diffu s ivity wi th moi s ture 
content can be represented by Eg. (3): 

" .---------------------------------~ 

- , 

".1--------------------------------
3 ,12 15 11 l' 

Moisture content (%d.b.) 

Fig. 4. V<1riation in lherlni'll diffu sivity of bl<tck pepper 
powder due to moisture content at 30°C 

a" = 0.024M ' - 0.0748M + 10.985 (r' = 0.93) (3) 

for 3.3% dry bas is < M < 18.2% dry bas is 

From Table 1, it is clea r that thermal diffusivity 
was affected signifi ca ntl y by moisture content. 

Both positive and neg ativ e relati o n ship 
between ther mal diffu sivity (a) and moisture 

Bnmwnl et <II. 

content (M) have been reported (Dutta cl nl. 
1988); Jiang el nl. 1986; Yang 01 nl. 2002; Singh 
& Goswami 2000). From Eg. (1), it is clear that 
the magni tude o f 0. depends on the combined 
effect of k, p(rho) and C" For the material where 
the value for k increases fa ster thnn that for 
p(rho) and C

I
, in th e sa me temperatu re and 

moi sture ranges, su ch as gram , th erm al 
diffu sivity would increase with in crea se in 
mois ture conten t (Dutta cllli. 1988; Yang cl nl. 

2002). 

From this stud y, it was obse rved that specifi c 
heat of black peppe r samples increased from 
225.68 to 4479.53 J kg,l K-' w ith th e increase in 
mois ture co nte nt fro m 3.3% to 18.2% a nel 
te mpera ture fr o m -150°C to 100°e. It was 
affected s ig nificantl y (p" O.OI) by moi s ture 
content and temperature. The th e rm al 
conducti vity of black pepper powder increased 
from 0.1161 to 0.1844 W n,- ' K" with the increase 
in mois ture content from 3.3% to 18.2% at 30°C. 
Its variation showed a quadra tic relationshi p 
with moisture content and it WCl S affected 
sign ificantly by moisture conlent. The therma l 
diffu sivity o f black peppe r powder increased 
from 10.86 x 10'6 to 17.36 x lO,6 m' S,I at 30°C 
with th e increase of moi s ture conten t fro m 
3.3% to 18.2%. It was affected s igni fican tly by 
moisture content and its variation showed a 
quadratic relationship w ith moisture content. 
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