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JINTRODUCTION

Gorgon nut (Exryale ferox), gged of an aguatic herb, is grown
in shallow water in castern and north-castems states of India.
Its wild populitions are also available in Bangladesh, China,
Japan and North America. It is characteriacd by its black
Iy 3 .roundl‘lupe(dimmmu'mgﬂutdhbl:ﬁm)
ainrnard seed'coat’, The nut is poppod or gesting the edible
starchy kernel out. The popped kemef is knowri a3 makAana
in India.
The processing of gorgon put consists of conditioning, roasting
at high tempesature and popping of aut. Conditioning creatés
a small gap between the kemel and the shell as well a5
| gelatinizes the kemel's starch. High temperature roasting
" genenales supar-heated sicam which possibly causes building-
up of pressure within the nut. This intemal pressure and
thermal treatment causes expansion of nut during roasting.
Longer period roasting increases the volume of nut 1o an
extent that it sfarts bursting which causes injuries to proces-
sors besides resulting unacceptable quality of makhana,
Before self-bursting of nut during soagtiag, it has 10 be hit by
the wooden mallet to get the uniformity in size, regularity in
shape and good expansion ratio. These chasacteristics of
mmkhanadcpdrdoumagnimdeof'mqmlmand.,gm.
change in volume of the nut during ronsting. The knowledge
of magnitude and trend of chidige in' voliame of aut duwring
nﬁjng may help in contrdlling the popping process and
o W.izaliow oliits. paramesers for gorgon it peockssing.
The objectives of the present work are 1o develop a mathe-
matical model for prediction of change in volume of gorgon
nut during rosting, and to examine the accuracy of predicied
values experimentally, :

MATHEMATICAL MODELLING

A conditioned 'gofgm nut comprised an outer shell, the starchy
kermel and a small gap between the kemel and the shell filled
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A mathematical model, based on theory of thermo-elasticity, heat and mass balances and petfect gas law,
has been developed for predicting mlume:ric. thermal expansion of gorgon nut during roasting. Change in
volume-of nut ai 2.5 min roasting time, 213°C nut temperature, and 335°C roasting pan temperature, is
Jound 10 be 37.2%. The accuracy of the model’s results has been examined by comparing the predicied and
measured values of changes in volume of the nut during rvasting. The predicied values varied from measured )

one by less than 10% after 2 min of roasting and thus, the model can be used for practical purposes.

It V., Vi and V, be theve

of the kemnel and volunie of thé
the shell respectively, then
Vi=W+V, B )]
For small change in volume
AV, = AV; + AV, ) 2)
Change in Volume of the Kernel, AV, o
The change in volume of the kemel can be obtained by heat

and mass transfer analysis of the kemel. For deducing the
expressions for moisture transfer from the kemel and heat

transfer (o the kemel from the shell, following assumptions
were made:
()) the kemel is incompressible and spherical in shape,

{it) hcal tansler to the kemet from the shell is through
conduclion during roasting. and

Tw

t

.

Shell,

Gap filled with qir.
water vapour

Kernel

Fig 1 Spherical model ol conditioned gorgon nut
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i h’(iii) spclf:tﬂc heat and htaulmn of vaﬁoﬂsal'ion of keh:el

areconstant at a particular roasting temperature.
Moisture Transfer

The moisture content of kernel during roasting is dependent
on initial and equilibrium moisture content of whole nut,

roasting time and temperature, The relationship between the-

nmsu:reoonhentofkmwlmdﬂ:enﬁmﬁnmsungtempuame
and time ctm be defined by the following functions:

My = (M) - ®
M, = (D, 0) | @
D, = fy (Moo T, M0 6)

where, M, |M,, D,,, 0, M, T, and M, respectively are mois-
ture content of kemel, decimal, db; moisture content of nut,
decimal, db; moisture diffusivity of nut, m* min™'; roasting
time, min; initiat moisture content of nut, fraction, db; roasting
pan temperature, ‘C; and equilibrium mmsture content of nut,
decimal, db : -

@ stiuting equations (4) and (5) into equation (3), the final

functions for M can be written as:
My, = fIf) (f, (Moo, T, My0)1. 6] (6)

‘The expressions for D,, M, and M, assuming the equilibrium
moisture dontent of the nut at high temperature conduction
roasting a4 zero’ are:

D,= d+o,u +Dy T+ Dy ML+ DM, T (D)

My = Mo CLexp C20) . ®

M= CiM, - Cy | | ©
in which

¢, = D, W/R?

where, Du, DI’ DZ' D3, D4, C}, Cz. Cg., C4 are oon_stnnts and R
is the radius of nut, m.

Putting the expression for M, from equation (8) into equation
) :

My ={C, C3 My €xp (-C20) - C4 (10)
The rate of moisture transfer from the kemnel could be witien
as: x5 e

de/ﬂB=—C|C1C3M ekp (-Cze) -1
Heat Transfer

Heat mpﬁt to the kernel from the hell by conductlon (neglec-
ting the convection and r loss) and heat transfer
through 1he pomt contact, can be written as:

Ga = A%k, R Ry, (T — m/tk - R) (12)
where, gip, & Ry Ry Ty, and 7, ‘.lespectlvely are heat input
to the quml I:W thermal conduk:uv:ly of air-water vapour
mixture, KWm™ t°c™'; radius of kernel plus gap between the
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shell and kemel, m; radius of kemel, m; shell wall temperature,
°C; and kemel temperature, °C at any time.
The heat accumulated in the kernel

Gu = Cx Wea (1 + My) (dT,/00) (13)

where, g,., Cpx, Wi are heat accumulated in the kernel, kW

specific heat of kemel, kJ kg™ "C"™'; and bone dried mass of
kemel, kg; respectively.

The heat utilized for vaporisation of moisture
Gou = — Ly Wyg (dM,/d6) (14)
where, g, aitd L, are heat utilized in vaporization of moisture

of kemel, kW and latent heat of vaporization of moisture of
the same, kJkg ™}, respectively.

(15} -

Onsubﬂmmdnm]hauons (12), (13)and ( 14) into equation

and rearrnnging the terms
dT,/80 = 4xk, Ry Ry (T, — T)/{Cpp Wi Ry — RV}
C o+ [/ (C (1 + M) (dM,/d6)

Let W,,,/Wnd = 6| then
=Wyl +M, -8 (1+ M)
where, W, W4, W, and M, are bone dried mass of shell, kg;

bonc dried mass of whole nut, kg; mass of kemel, kg: and
moisture content of shell, fraction, db; respectively.

Replacing the mass of the kernel in terms of mass of nut and
rearranging thie terms in the above equation, the simplified
form of heat transfer equation can be written as:

dT,/d0 = A(T, — T,) + B (dM,/d6) (16)

A=4mk, Ry Ry (14 M)/ [Cy Wog {(1 4+ M) =8 (1 + M)
- X (R - Rl and

B = L/(Cp (1 + M)

T, - T, =T,dI/d6 =— d7,/dg and putting the expression
for dM,/d0 from equation (11), equation (16) can be wriltcn

i ome

-dT/d0 = AT - Bc,c;c, M, exp (~ C, 0) an
Let, B, = BC,C,C3 M,, and
C =8 exp (-€,0) -
The equation (17) can be written in ‘simpler form as:
d7/d8 +'AT = C (18)

The equation (18) is first order differential equation Wthl'l
could be solved® as:

4 B, e (A - Cy (19)

15




The value of constant D couid be evaiuated By putting initial

conditionat® = 0,7 = T, in equation (19). On rearranging
the terms, the final equation for 7} is as follows:
Ty = Ty~ By [exp (- C, 0)- exp (- AB)/{(A-C,)

~ [Ty ~ Tio) exp (- AB)] (20)

From equation (10) and (20), the moisture content and tem-
perature of the kemal could be obtained respectively at different
time interval during roasting.

Now change in volume of the kernel due to change in moisture
and temperature can be written as:

AV = Vi [Y(Tx - Ti)) — ¥ My, = M) (21)

where, ¥ and ¥, are coefficient of volume thermal expansion,

"C™! and coefficient of moisture contraction, dimensionless,
respectively.

" Change in Volume of Air-water Vapour Mixture, AV,

Let, P,, V,, T, and m be the initial pressure, volume, absotute
temperature, and mass OF the air-water vapour mixture in the
gap under ambient conditions, respectively, Assuming the
shell of nut impermeable to the air-water vapour mixture for
the short period of roasting, the changes in pressure, volume,
temperature and mass during roasting period of 8 be AP, AV,
AT and Am, respectively, '

If the air-water vapour mixture obeys the ideal gas law, it can
be writlen for ambient condition® as:

P,V,=mG,T, (22

and after elapsed time 9
(Po+ AP) (V,+ AV) = (m+ Am) G, (T, + AT) (23)

where, Gy and G, are gas constants (Jkg
conditions and after time 6, respectively.

Dividing equation (23) by equation (22)
T, (P, +AP) (V, + AVY/ (T, +AT) P,V }
=G (m+A&n)/G,m
ASAV = AV, and V, = V,
AV, = V,IG, P, (m + Am) (T, + ADN)
AG, mT (P, + AP)} - 1]

C™") at initial

(29)

Replacing V, and V, by equations (25) and (26), respecti.\;ely |
in the above equation and rearranging the terms,
AV, =V {1 -8 { YTy - T,) — Y. My, ~ M)}
+8 (G, P, (m+Am) (T, + AT}/ (G, mT, (P, + AP)} - 1]
(28)

The equation (28) contains two unknown variables, ie, AV,
“and AP, thus sotution for AV, can be obtained if another
equation with same unknowns is derived.

Change in Volume Enclosed by the Shell, AV,

Change inwolume of nut was assumed to be enclosed by the
shell, The expression for AV, can also be derived in terms of
properties of the shell. Before deriving the expression for
change in volume enclosed by the shell (AV,), the following
assumptions were made: '

(i) the shell of the nut is spherical in shape and the shell
material of the nut is elastically isotropic;

(ii) the thermal anisotropy of the shell material is

restricted to the radial direction only;

thickness of the shell is small as compared to its
radius, and there is no abrupt change in curvature, so
that, bending stress can be neglected;

(iii)

] - - - - .

(iv) roasting pan temperature is very high and the mois-
ture content of thin shell of the nut is so low that, it
attains an equilibrium moisture content and tempera-

ture almost instantancously; and

(v} the temperature of the shell wall remains uniform
with respect to thickness, so there is no thermal stress

within the shell,

The net radial expansion of a thin spherical shell subjected to
an internal pressure AP (Fig 2), uniform temperature field
T, (Fig 1), and radial contraction due to moisture loss could
be obtained by the membrane theory of shells of revolutions
as follows: -

Considering the above assumptions, the simpler ‘membrane
theory’ for shell® may be written as:

0'9 = U’ = APR‘/ZI (29)

Let the volume of the air-water vapout gap V, be a fraction (§) where, Gg, Oy, AP, R,, and 1, respectively are circumfercntial

of the total enclosed initial volume of the shefl, V,

therefore,

V, =8V, (25)
and

Vo= (1 - 8V, (26)

Now substituting the expressions for AV, and AV, from the
equations (21) and (24), respectively in equation (2) as:
AV, =V, [Y Ty ~ Tyo) — YoMy — M,)]
+V, G, P, (m+ Am) (T, + ATV/G, mT, (P, + AP)} - 1]
27
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stress, Pa; meridonal stress, Pa; internal pressure, Pa; radius
of shell, m; and thickness of shcll of nut. '

The circumfcrential membrane strain in the shell is given by

'89—&'1,,+8m=(09—-V09)/E (30)

Fig 2 Force diagram for a spherical shell of gorgon nut under
internal pressure

IE (1) Journal—AG




whete, gy, £ Ens asti ,
thermal strain, circumfetential moisture strain, Poisson’s
ratio, and modulus of elasticity (Pa) of shell of gorgon nut,
respective*y. :
Thermal strain is given as:
ey = CAT,
where, & qnd AT, are coefficient of linear thermal expansion
of shell, 'C™; and change in temperature of shelf, °C,
respectively. '
‘Elastic circumferential strain is given by
| ) .
gg = AR/R, (32)
where, R, and AR, are radius of shell, m and change in the
same, respectively. '
Circumferential moisture strain is expressed as:
&y = BAMI
where, i land AM, are The coefficient of linear moisture

i-ontraction (dimensionless) and change in moisture content,
“of shell, fraction, db, respectively.

From eqmtién (30}
€ = (s — VOI/E + &g — En (34)

Substituting the equations (29), (31), (32), (33) into equation
(34) yields: .

AR, ='.R‘ [(APR‘/mE)(l-V)'FGAT,—BAM.]

(33)

(35)
The chanFe in volume enclosed by the shell becomes as:
AV, = 4x [(R, + AR)® — RY)/3

Neglecting the terms containing the higher order of AR,, the
simpiiﬁe:u form of above equation can be written as:

AV, = 4nR? AR, (36)

Putting the expression for AR, from equation (35) to equation
. (36), the expression for change in votume enclosed by the
shell can be obtained as:

AV, = 3V, [(APR/UE) (1 -v) + 0 AT, — BAM,] (37)

Now, eciuations {28) and (37) are two expressions for AV,
which could be solved simultaneously for change in volume
of the nut during roasting. .

MATER}ALS AND METHODS

Solution of Mathematical Model

The developed model was solved by employing the technique
of simultaneous solution of two equations having two un-
knowns, A computer program in FORTRAN-77 was
developed and used on amainframe computer Cyber 180/120.
The maderial temperature of 213°C, when the nut was roasted
at 335°C pan temperature for highest percentage of popping

of gorgon nut®, was taken for solution. The basic data required -

for solulion of the model were determined separately and used
in computer program (Table 1)*%. '
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v and E are elastic ciscumferentialstrain,

(31) |

Table 1 mdmmwoﬂud‘uwh
prediction of change In volume of nut during rossting®®

Radius of nut 4.5 mm
Shell thickness 1.0 mm
Gap betwsen shell and kemnel 0.2mm
Poisson's ratio of nut 0.3
Mowhlg of olasticity 940 x 10° Pa
Goefficient of lineer thermal expansion of nut ~ 3.88 x 107*/'c
Coefficient of inear moisture contraction of nut  0.0152
Cosfficient of volume thermal expansion of

kemel 2396x1074/'c
Coafficient of volume moisture contraction

of kemel 0.0603
Initial moisture content of nut 25.9% {db)
Initial temperature of nut 30°C
Final lemperature of nut 213°C
Initial mass of a single nut 458510 kg
Initial molsture content of kemel 33.4% (db)
Initial motsture content of shell 5% {db)
Final moisture contant of shell 2%
Latent heat of vaporisation of kemel molsture.  2175.7 kl/kg
Specificheatof kemel 2152 kikg C
Themal conductivity of vapour 1.41 Jim-min- G
Ratio 84 0513
Normal atmaspheric pressure 101.3 kPa
Nomal temperature 303.15K
G 0.979
Cs : 1.357
Cs _ _ 0.75

Measurement of Change in Volume of Nut

To measure the change in volume of the nut during roasting,
10 medium size sound conditioned nuts were randomly
selected for one replication and roasted one by one in a cast
iron pan at 335°C surface temperature for five minutes, Con-
ditioning of nut was carried out as per procedure’. The
diameter of the nut was measured at 0.5 min interval using a
vemier caliper having the least count of 0.001 mm. The
change in volume with respect to initial one was computed.
The experiment was replicated five times and the average
values were reported.

RESULTS AND DISCUSSION

The predicted change in volume of nut during roasting
increased rapidly in the beginning, and later its rate of increase
declined (Table 2). This may be due to higher rate of moisture
migration and temperature rise at initial stage and accumula-
tion of the former in the gap between the shell and the kemel
which may build-up pressure within the nut rapidly. The
predicted change in volume at 2.5 min of roasting time and
213°C nut temperature was found to be 142.1 mm’ which is
37.2% of initial volume of the nut. The high rate of increase
in volume reveals (hat the nut may burst on its own during
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‘ Table 2 Oﬂqpal'loénofpndielod-nd monwudvdtnootohmgolnvolumotnuulsss'c

rossting pan temperature

" Roasting Time, . Change In Volume of Nut, mm® . Variation from
min ~ Weasured Predicted Measured Values, %
Absolute Per cent of Absolute Per cont of Absolute Per cant of
initial . Initial Initial
‘0.0 00 — — 0.0 — — -
0.5: 151 (.7 39 98.72 259 554.2 . 564.1
1.0 388 {(23) ' 10.2 117.54 T 308 2029 202.0
15 80.7 (45) 21.1 12007 3338 60.0 60.2
20 1215 (4.1) N7 13660 358 12.4 129
.25 1285 (3.2) 33.9 142.10 ar.2 : 9.7 - 9.7
30 1343 (46) 352 14651 # 38.4 a1 9.1
a5 1396 (4.2) 365 150.22 g4 7.6 79
40 1436 (4.5) 3rs 153.42 40.2 68 : 69
.Figures in parenthesis are standard deviations.

. roasting which may cause injuries to the nearby persons and
inferior quality of makhgna. The experiments conducted to
measure the change in volume of nut showed bursting of few
nuts after about 2.5 min of roasting and yielded fractured

‘ﬂnakhana. It suggested that nut should be hit externally before
2.5 min to avoid the self-bursting of nut for having good
quality of makhana. This result is also with the agreement® of
the optimum roasting time, 2.5 + 0.2 min.

The predicted and measured values of changes in volume of
the nut, as far as examination of validity of model is con-
cerned, were compared (Table 2). It may be noted from the
table that variation between predicted and measured values
was very high(60% to 554.2%) till 1.5 min of roasting. The
large variation in the initial stage may be due {o the assump-
tion made in formulating the model that the shell of the nut
atiains an equilibrium temperature almost instantaneously at
high temperature conduction roasting which may not be
completely valid- in real situation, However, the variation
between the observed and predicted values after 2 min was
within 10% which suggests that the model could be used well
for the purpose beyond 2 min of roasting time,

.
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