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Problem statement: Post-harvest refrigeration

Post-harvest refrigeration is essential for extending the shelf life of fruits and vegetables. After a cantaloupe
has ripened to a desired level, it needs to be properly refrigerated to keep it fresh during its long-distance

transport from the field to the grocery store.

Determine the fime and gnergy reguirement for the post-harvest refrigeration of a cantaloupe using the

information given in the problem.

Figure 1 shows the cross-section of a cantaloupe. It has three different regions: i) the rind: outer shell, ii)
the fruit region, and iii) the seed-cavity. The dimensions and thermos-physical properties of the different

sections of a cantaloupe are provided in Table 1.

The radius,of the seed cavity is 5 cm, followed by a fruity-flesh region (mesocarp) of thickness 3.5 cm,
followed by an outer shell/rind of thickness 1.5 cm. Assume that a cantaloupe can be modeled as a sphere

of radius 10 cm.

Table 1: Dimensions and properties of different regions of a cantaloupe.

Regions Radius Thickness Thermal heat | Density
(cm) (cm) conductivity (W/m- | capacity (J/kg-K) | (kg/m?)
K)
Outer shell/rind (3) | - 1.5 0.2 1200
Fruity flesh | - 3.5 0.6 4200 1000
/(mesocarp)(2)
Seed cavity (1) 5 - 0.03 520

seed cavity

mesocarp

5602714

(a) (b)

Figure 1: Cross-section of a cantaloupe: (a)-actual fruit’s cross-section (source: internet) (b) modeled

cross-section
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The cantaloupe is cooled inside an industrial refrigeration storage facility via forced air gonvection. The
temperature of the cold air is 2 °C, and convective heat transfer coefficient at the cantaloupe shell-air
interface is 50 W/m?-K, and heat is transported into the inner surface of the fruits via conduction.

The initial temperature of the harvested cantaloupe is 30°C, and the cooling process is complete when the
temperature of the fruity-flesh region at the seed-cavity interface reaches 5 °C. whow Tz = 5%

a. Determine whether the transient temperature variation of the cantaloupe can be estimated using a

lumped capacitance model. Explain the reasons for your answer.

b. Using 1-D approximate solution to transient conduction, determine how long it will take for the
temperature of the inner radius of the fruity flesh region to reach 5 °C.

Hint: Use mass weighted average properties to form a hypothetical solid cantaloupe with uniform
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c. Numerically simulate the cooling process and determine the time (final time) it will take for the 4T N k
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e. Compare your answer from parts b and ¢, and comment on any differences you have observed.

BONUS (1 point): Vary the convective heat transfer coefficient from 50 W/m?-K to 180 W/m?-K.
Determine the time taken for the fruit-seed cavity interface to reach 5 °C. Plot the time on the y-axis vs

heat transfer coefficient on the x-axis.
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You have to design an industrial post-harvest refrigeration facility to cool 500 cantaloupes, as shown in b)
Figure 2. You have decided to use the same forced convection air-based cooling technology to cool 500

cantaloupes in your industrial refrigeration facility.
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Code for C and D combined

Saturday, December 7, 2024 1:29 AM

% This code contains both part C and D
clear all;
% Model constants
radius = [0, 0.05, 0.085, 0.1]; % Include the center and all layer
boundaries
r_tot = radius(end); % in m
h = 180; % W/m2-K
T inf = 2; % oC
T final = 5; % oC
Material properties
= [0.03, 0.6, 0.2];
o = [520, 1000, 1200];
= [1470, 4200, 3150];
patial discretization
41;
r = r_tot/(N-1);
= [];
s Assign material properties to nodes
k_nodes = zeros(1l, N);
rho_nodes = zeros(1, N);
cp_nodes = zeros(1, N);
layer_thickness = diff(radius);
total_thickness sum(layer_thickness);
nodes_per_layer round(N *x layer_thickness / total_thickness);
% apply material property to each node
index = 1;
for layer = 1:length(nodes_per_layer)

© =

X

O 2000 35 X °
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count = nodes_per_layer(layer);
% Generate positions for nodes in this layer
if layer ==
r_layer = linspace(radius(layer), radius(layer + 1), count);
% First layer includes center
else
r_layer = linspace(radius(layer), radius(layer + 1), count +
1); % Include boundary so +1
r_layer = r_layer(2:end); % Exclude duplicate boundary from
previous layer
end
% Append node positions to r=[]
r = [r, r_layer]; % Append radial positions
% Assign material properties for this layer
k_nodes(index:index + count - 1) = k(layer);
rho_nodes(index:index + count - 1) = rho(layer);
cp_nodes(index:index + count - 1) = cp(layer);
% Update index for the next layer
index = index + count;
end
r_len = length(r);
% Time discretization
dt = 5; % this is kind of arbiturary becasue the calculated value did
not converge
t_sim = 360000;
N_time = t_sim / dt + 1;
t = 0:dt:t_sim;
% Initial conditions
T ini = 30; % oC
T old = ones(r_len, 1) x T_ini;

T new = T_old;
T_hist = zeros(r_1len, N_time);
Q_conv = 0; % at start

A_outer = 4 x pi *x r(end)”~2; % Cantalopes' surface area
% Time loop
for i = 1:N_time - 1

T old = T_new;

% Center node
T new(1l) = T old(1) + (T_old(2) — T_old(1)) * (6 *x k_nodes(1)
% dt)/(rho_nodes(1) x cp_nodes(1l) * dr"~2);
% Interior nodes
for j = 2:N-1

rn=(j-1) % dr; % nodal position
r_minus = r_n - dr / 2;
r_plus = r_n + dr / 2;

T_new(j) = T_old(j) + ((T_old(j-1) — T_old(j)) =*
k_nodes(j-1)*r_minus®2 / dr + (T_old(j+1) - T_old(j)) * k_nodes(j+1)
*x r_plus®2 / dr ) / ((rho_nodes(j)*cp_nodes(j)*(r_n"3-r_minus”™3) +
rho_nodes(j)*cp_nodes(j)*x(r_plus”3-r_n”"3)) / (3xdt));

end

% Convection boundary node
r_outer = r(end);
r_inner = r(end) - dr / 2;

T _new(N) = T_old(N) + (T_old(N-1) — T_old(N)) * 3 %
k_nodes(N) x (r_outer — r_inner)”~2 *x dt / (dr * rho_nodes(N)
cp_nodes(N) x (r_outer*3 - (r_outer — dr/2)73)) + (T_inf - T_old(N))
* 3 x h x r_outer*2 x dt / (rho_nodes(N) % cp_nodes(N) *x (r_outer™3 -
(r_outer - dr/2)73));

% Compute convection energy at the boundary

dQ_conv = h x A_outer x (T_new(N) - T_inf) * dt; % Convection
heat for each time stamp

Q_conv = Q_conv + dQ_conv; % Accumulate total convection energy

% Update history

T hist(:, i) = T_new;

% Plot
plot(r, T_new, 'b-', 'LineWidth', 2);
xlabel('Position (r) [m]"');
ylabel('Temperature (T) [°C]');
title(sprintf('Temperature Distribution at t = %.3f s', i % dt));
grid on;
pause(0.01);
% stopping condition
if T_new(nodes_per_layer(1)) <=5
fprintf('Stopping simulation at time = %.2f seconds\n', i *
dt);
fprintf('Stopping simulation at time = %.2f hours\n', i x dt
/ 3600);
fprintf('Temperature at r = 0.05m = %.3f oC\n',
T_new(nodes_per_layer(1)));
break;
end
end
% Total energy required
Q_total = Q_conv;
% Display results
fprintf('Total energy required by the refrigeration system: %.3f J
\n', Q_total);



Code for Bonus Question

Saturday, December 7, 2024 8:30 PM

% This code is for the Bonus Question
clear all;
% Model constants
radius = [0, 0.05, 0.085, 0.1]; % Include the center and all layer
boundaries
r_tot = radius(end); % in m
T_inf = 2; % oC
T final = 5; % oC
% Material properties
k = [0.03, 0.6, 0.2];
rho = [520, 1000, 1200];
cp = [1470, 4200, 3150];
% Spatial discretization
N = 41;
d r_tot/(N-1);
r=1[1;
% Assign material properties to nodes
k_nodes = zeros(1, N);
rho_nodes = zeros(1, N);
cp_nodes = zeros(1, N);
layer_thickness = diff(radius);
total_thickness = sum(layer_thickness);
nodes_per_layer round(N *x layer_thickness / total_thickness);
% Apply material property to each node
index = 1;
for layer = 1:length(nodes_per_layer)
count nodes_per_layer(layer);
% Generate positions for nodes in this layer
if layer ==1
r_layer = linspace(radius(layer), radius(layer + 1), count);
% First layer includes center
else
r_layer = linspace(radius(layer), radius(layer + 1), count +
1); % Include boundary so +1
r_layer = r_layer(2:end); % Exclude duplicate boundary from
previous layer
end
% Append node positions to r=[]
r = [r, r_layer]; % Append radial positions
% Assign material properties for this layer
k_nodes(index:index + count - 1) = k(layer);
rho_nodes(index:index + count - 1) = rho(layer);
cp_nodes(index:index + count - 1) = cp(layer);
% Update index for the next layer
index = index + count;
end
r_len = length(r);
% Time discretization
dt = 5; % This is arbitrary because the calculated value did not
converge
t_sim = 360000;
N_time = t_sim / dt + 1;
% Initial conditions
T ini = 30; % oC
% Vary h from 50 to 180
h = 50:1:180; % Convection coefficients to test by the increment of 1
oC
time_to_cool = zeros(size(h)); % Array to store times for the graph
for h_index = 1:length(h)

r

h_now = h(h_index); % Current convection coefficient
T_old = ones(r_len, 1) x T_ini;

T_new = T_old;

Q_conv = 0; % Reset convection energy

A_outer = 4 x pi x r(end)”2; % Surface area of the cantaloupe
% Time loop
for 1 = 1:N_time - 1

T old = T_new;

% Center node

T new(1l) = T_old(1) + (T_old(2) - T_old(1)) * (6 * k_nodes(1)
* dt)/(rho_nodes(1) *x cp_nodes(1l) *x dr™2);

% Interior nodes

for j = 2:N-1

r.n = (j-1) % dr; % nodal position

r_minus = r_n - dr / 2;

r plus = r_n + dr / 2;

T_new(j) = T_old(j) + ((T_old(j-1) - T_old(j)) =*
k_nodes(j-1)*r_minus~2 / dr + (T_old(j+1) - T_old(j)) * k_nodes(j+1)
* r_plus®2 / dr ) / ((rho_nodes(j)*cp_nodes(j)*(r_n"3-r_minus”3) +
rho_nodes(j)*cp_nodes(j)*x(r_plus”3-r_n"3)) / (3xdt));

end

% Convection boundary node
r_outer = r(end);

r_inner = r(end) - dr / 2;

T new(N) = T_old(N) + (T_old(N-1) — T_old(N)) % 3 %
k_nodes(N) x (r_outer — r_inner)”2 x dt / (dr * rho_nodes(N) *
cp_nodes(N) x (r_outer™3 - (r_outer - dr/2)73)) + (T_inf - T_old(N))
* 3 % h_now * r_outer™2 x dt / (rho_nodes(N) x cp_nodes(N)
(r_outer*3 - (r_outer - dr/2)"3));

% Check stopping condition
if T_new(nodes_per_layer(1l)) <= T_final
time_to_cool(h_index) = i % dt; % Record time for this
"h™ on the each node from 1 to 131
break;
end
end
end
% Plot results
figure;
plot(h, time_to_cool / 3600, 'b-o', 'LineWidth', 2); % Convert time
to hours
xlabel('Convection Coefficient, h [W/m"2-K]');
ylabel('Time to Reach 5°C at the first layer [hours]');
title('Bonus Question');
grid on;



