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ABSTRACT:

Cooking is a basic need of human life and it requires thermal energy to heat up the cooking material to carry out the cooking. The simulations have been performed
to predict out the profiles of heating parameters across the large scale cooking vessel while carrying out cooking in an indirect type of steam cooker. The indirect
type of steam cooker considered for carrying out the simulations consists of three vessels placed one upon another and each of the vessels contains 3 kg of raw rice
and 7.5 kg of water. The heating rate is assumed in such a way that, the entire wall surface areas of each of the vessels being used for transferring the heat
simultaneously. The predicted results reveal that heat transfer coefficient initially increases and later on it decrease. The predicted results show that temperature of
the vessel contents increases initially at the faster rate and later on the rate of rising temperature reduces continuously. The predicted results show that the velocity
of thermo-siphoning convective water circulating loops decreases continuously as the heating operation is in progress.

Introduction:

Cooking is the basic need of human being and it requires thermal energy. There are various types of cooking arts like open pan cooking methodology,
direct steam cooking and an indirect type of steam cooking are exist and in practice continuously. Cooking is the largest energy consuming sector in the
world contributing 31% of the total energy consumption of the world (Legros et al; 2009). Cooking is an endothermic physic-chemical process and
therefore, it is need of hour to make the cooking practices more energy efficient because sources of fossil fuels are depleting steadily (Ganguli et al; 2012
and Joshi et al; 2012). Carrying out cooking on a small scale is an easy task but it is difficult to carry out uniform cooking on a large scale in hospitality
sector because temperature dead zones are going to form which lead to non-uniform cooking. The present research is related to the prediction of heating
parameters across the cooking vessel which being used to carry out the uniform cooking on a large scale in an indirect type of steam cooker. The indirect
type of steam cooker operating at atmospheric steam pressure has been shown schematically inside the Figure 1. It consists of three vessels placed one
upon another by maintaining the clearance between each other. Each vessel contains 3 kg of raw rice and 7.5 kg of water because during cooking rice
absorbs 2.5 times of water. The entire vessel assembly in enclosed by the steaming chamber and water is taken inside the base of steaming chamber and
placed on the flame directly. As heating is in progress, the water taken inside the base of steaming chamber gets heat up, boils up, steam gets generate,
generated steam travels upward and condenses on the outer wall surface of each of the vessels. The condensed steam transfers its latent heat to the vessel
contents and temperature of vessel contents increases. The suggesting modification for each of the vessels is that the inside base of each vessel is covered
by fine wire mesh in order to utilize the entire basal surface area of each of the vessels effectively for heat transfer and to heat up the entire water content
of the vessel uniformly. The thermo-siphoning circulating convective loops formed inside the cooking vessel have been shown schematically inside the
Figure 2. If the wire mesh is not placed on the inside base of the cooking vessel, then basal surface area of the vessel is not going to utilize for heat transfer
entirely because it is partly occupied by water and partly by rice grains. Therefore, there is a possibility of forming dead zones across the cooking bed of
rice grains while carrying out the cooking on a large scale. The bed of rice grains causes the resistance to the circulating convective water loops and
pressure drop gets occur across the bed and velocity of circulating convective water loop reduces and heat transfer coefficient reduces. The bed of rice
grains and chana dal is having the voidage in the range of 65 to 70% but across the toor dal it is of around 35%. Therefore, the bed of toor dal is more
compact and hence, more pressure drop gets occur. The dimensional ratios of toor dal and chana dal are shown schematically inside the Figure 3. Chana
dal is bigger in size as compared to toor dal and therefore the bed of toor dal is comparatively more compact. From the dimensional ratios of these dals it
is observed that H/D ratio for toor dal is very small as compared to chana dal. Chana dal is almost hemispherical in shape while toor dal is almost like a
flat dish and therefore the bed of toor dal is comparatively more compact. Therefore, heat transfer coefficient and area of heat transfer across the bed of
toor dal is comparatively less and hence the rate of heat transfer is lower which reduces the overall cooking efficiency and also leads to non-uniform
cooking. Therefore, the present modification of providing wire mesh across the inside base of each vessel has been suggested to heat up the water content
of the bed of hard lentils like toor dal at faster rate. As the wire mesh is placed at the inside base of the cooking vessel then entire basal surface area of
the vessel gets utilize for heat transfer and therefore, water below the wire mesh gets heat up at faster rate and passes upward via convection as shown in
Figure 2. Therefore, entire water content of the bed of food grains gets heat up uniformly and as a result uniform cooking can be carried out.
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Research and Methodology:

An indirect type of steam cooker as shown in Figure 1 has been considered for carrying out the simulations and it consists of three vessels placed one
upon another by maintaining the clearance between each other in order to circulate the steam inside the cooker through an angle of 360°. Each of the
vessels is having diameter of 360 mm and height of 140 mm and inside base of the each vessel is covered by perforated wire mesh. Further it was assumed
that each of the vessels contains 3 kg of raw rice and 7.5 kg of water. The entire vessel assembly is enclosed by the steaming chamber. The water is taken
inside the base of steaming chamber and place on the flame directly. The rate of heat input is assumed to be such that the entire wall surface areas of each
of the vessels being used for transferring heat simultaneously right from the beginning of heating of vessel contents. It is assumed that the steam formed
inside the steaming chamber is at 100°C and 1 bar of saturated vapor pressure. The simulations have been performed to predict out the temperature profile
inside the cooking vessel, velocity profile of circulating convective water loops inside the vessel and heat transfer coefficient profile inside the vessel.
The energy/heat transfer balancing model has been developed and solved numerically to predict out the profiles of above mentioned heating parameters.

Results and discussion:

The cooking vessel of an indirect type of steam cooker containing 3 kg of raw rice and 7.5 kg of water has been shown schematically inside the Figure
2. As the heat supply is started, the water taken inside the base of steaming chamber gets heat up, boils and generates steam. The generated steam travels
upward and gets condense on the outer walls of the vessels. The condensed steam transfers its latent heat to the vessel contents and therefore, temperature
of vessel contents increases. The transferred heat increases the temperature of wall side water and reduces the density of that heated water. Therefore,
density difference gets develop between the central water and wall side heated water of the vessel and as a result thermo-siphoning convective water
loops get develop inside the cooking vessel. The energy balance across the circulating convective loops has been done as follows:
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Where h is height of rice bed, ¢ is the voidage across the rice bed and H is the height of water pool. The velocity of the circulating loops (u) has been
estimated by solving the above equations.

The rate of cooking depends upon the temperature and the % cooking occuring per second (%Cs) is given by the following mathematical relation (Rekha
et al; 2011)

%Csec = 5X 1075T2 — 0.0064 X T + 0.2189

Where, T is the temperature in °C. The overall % cooking (%Ceran) after 1 sec of initiating the actual cooking process is given by
%Caverall(l) = %Csec(l)
The overall % cooking (%Coveran) after 2 seconds of initiating the actual cooking process is given by
%Coverait 2) = %Csecr) T %Csec(2)
The overall % cooking (%Coveran) after n seconds of initiating the actual cooking process is given by
%Coveraiin) = %Csecry + %Cseczy T+ + %Csec(ny

As the cooking gets initiate, then the voidage of rice bed reduces. Initial voidage (o) of the cooking bed is equal to be 0.665 and once 100% cooking

takes place then it reduces by 58%. Therefore, the resulting voidage of the cooking after 1 second of initiating the actual cooking process is given by

& = & — WX%Caverall(l)XgO

Similarly, the resulting voidage of the cooking bed after 2 seconds of initiating the actual cooking process is given by

&= g — WX%Caverall(Z)XgO

As cooking proceeds then the bed of rice expands and hence the height of rice bed increases and by 100% cooking the height of rice bed increases by 3
times. The initial height of the bed (ho) is equal to be 35 mm and by 100% cooking it increases to 140 mm. The height of the cooking bed after 1 sec of
initiating the actual cooking process is given by

3R,
hl = hO +mx %Cuverall(l)

Similarly, the height of the bed after 2 seconds of initiating the actual cooking process is given by

3h,

h, = hy + 100

X %Coverall(z)
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As cooking proceeds, the size of rice particles increases and by 100% cooking it increases by 25%. Therefore, the length of rice particles depends upon
the extent of cooking. The initial length (dp) of rice particle is assumed to be equal to 3 mm. The length of rice particle (d,) after 1 second of initiating
the actual cooking process is given by

25
dpl = dpo + MX deX %Caverull(l)

Similarly, the length of rice particle after 2 seconds of initiating the actual cooking process is given by

25
dya = dyo + 155 X dyo X %overu 2

While carrying out the simulations, it is assumed that once the entire internal steel structured body of the cooker gets heat up to the temperature of steam
then steam gets utilize to heat up the vessel content. As the steam condenses on the outer wall of the vessel, then it transfers its latent heat to the vessel
contents.

The rate of heat absorbed by the vessel content = h,A;AT + h,A,AT

Where, h; and h; are the inside heat transfer coefficients across free water and rice bed respectively, A; and A; are the heat transfer areas across free water
and rice bed respectively and AT is the temperature gradient between the condensing steam and vessel content. The heat transfer coefficient across the
free water has been estimated as follows:
hyD;
K

= f(Re)f(Pr) = 0.04Re®75pr®33

D;u, C
Re= —— d and Pr = il
u K

Heat capacity depends upon the temperature and it is given by

E
Cp= A+Bt+Ct* +Dt> + z ,Where,A = —203.606,B = 1523.29,C = —3196.413,D = 2474.455,E = 3.855326

. ] .
Cpisin (m) and t is Temperature(T)(K)/1000

As the temperature increases, then the viscosity of water decreases and therefore viscosity of water depends upon temperature and it is given by

B
u(Pas) = AX lo(ﬁ),A =2414X107° Pa.s,B =2478K,C =140K and T is in K

As the temperature increases, then the thermal conductivity of water increases and therefore thermal conductivity of water depends upon temperature and
it is given by

w
K = —9X107°T? + 0.0021T + 0.5594 ,Where, K is in (ﬁ) and T is in OC : Derived from the known data
As the temperature increases, then the density of water decreases and therefore density of water depends upon temperature and it is given by

K
p = —0.0035T% — 0.0772T + 1000.9, Where, p is inm—‘g, and T is in OC : Derived from the known data
The inside heat transfer coefficient (h,) across the bed of rice grains has been estimated as follows (Geb, David et al; 2012):

h,D
—— = 0.057((Re)***) (Pr**)

It was assumed that initial temperature of water is to be same as the ambient temperature of 25°C. Further it was also assumed that the heat absorbed by
water content of the vessel is going to distribute instantly and uniformly throughout the entire water content of the vessel. The heat balance across the
cooking vessel is given by

dr
(myCpy + mcp)a = h,A,AT + hyA,AT

Where, m; and m are the masses of rice and water respectively. Cp; and Cp are the heat capacities of rice and water respectively.

(M Cpy + MmCp) (Tyne — Tp)
At

= (MA; + hA) Tsteam — Tt)
Assume 4t is equal to be 1 sec.

Temperature of the vessel content after 1 second of initiating the heating of vessel content is given by

(hIOAIO + hZOAZO) (Tsteum - TO)
My Cpro + MCyp)

T, =Ty +

Temperature of the vessel content after 2 seconds of initiating the heating of vessel content is given by
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(h11411 + h21421) Tsteam — To)
My Cpry + mCyy)

T, =T, +

The simulation approach has been tabulated in Table 1 as follows

;')me TCC) | TK) Cp(I/kg?C) '(fN i | P | 1Ea) umis) | Re Pr m?”
25 20816 | 4187.488 | 0.60627 | 996.7825 | 0.00089023 | 0.22458 | 75439 6.5 | 6705
252018 | 208381 | 4187.32 0.60664 | 996726389 | 0.00088575 | 0.22451 | 7579372 | 6.11 | 6715
254434 | 208603 | 4187155 | 060700 | 996.669972 | 0.00088130 | 0.22444 | 76148.08 | 6.08 | 673.0

The predicted temperature profile inside the cooking vessel has been shown in Figure 4 and it shows that temperature initially increases at faster rate and
later on the rate of rising temperature decreases or reduces. It is because of the decreasing rate of heat transfer due to continuous reduction in the
temperature gradient between the condensing steam and the vessel contents.

The predicted velocity profile of the convective circulating loop has been shown in Figure 5 and it shows that velocity decreases continuously. It is
because of as the temperature of vessel content increases, then the difference between the densities of central water and side wall heated water decreases
and therefore, the effect of thermo-siphoning action gets mitigate continuously.

The predicted profiles of heat transfer coefficients have been shown in Figure 6 and it shows that initially heat transfer coefficient increase with time due
to increase in thermal conductivity and reduction in the viscosity of water with rise in temperature. But later on it starts to decrease due to the reduction
in the velocity of the circulating convective loops.

The scientific reasoning behind placing the perforated wire mesh over the inside base of the cooking vessel is that to utilize the entire basal surface area
of the vessel for transferring the heat effectively and to heat up the entire water content of the vessel uniformly to carry out the uniform cooking throughout
the entire volume of the vessel. As the perforated fine wire mesh is covered the inside base of the cooking vessel, then indistinct circulating convective
water loops get form throughout instead of forming distinct loops across the free water and rice bed separately.

Conclusion:

As the perforated wire mesh is placed over the inside base of the cooking vessel of an indirect type of steam cooker, then heat transfer process can be
controlled by convective mechanism only and entire water content of the vessel gets heated up uniformly in a short heating time so that uniform and
accelerated cooking can be carried out throughout the entire volume of the cooking vessel even on a large scale by avoiding the possibility of forming
temperature dead zones.
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Figure 1: Schematic of an indirect type of steam cooker
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Figure 4: Variation of temperature inside the cooking vessel with time
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Figure 5: Variation in velocity of circulating convective loop inside the cooking vessel with time
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Figure 6: Variation in heat transfer coefficient inside the cooking vessel with time
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