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ABSTRACT 

ENZA New Zealand (International) is considering the use of modified atmosphere 
packaging (MAP) as an adjunct to cool storage for cartons of apples. The objectives of 
this study were to measure modified atmosphere development in apple cartons and to 
develop a mathematical model that could be used as a tool for package design and 
optimization. 

Storage trials were carried out with film-lined cartons of 'Braeburn' ,  'Royal Gala' ,  and 
'Granny Smith' apples. Measured package O2 and CO2 concentrations showed excellent 
reproducibility for cartons with heat-sealed liners. Liners closed by folding produced 
less modified and less consistent package atmospheres, especially for thicker films 
(40 ).tm versus 25 ).tm). Macroscopic holes in the liners resulted in almost total loss of 
atmosphere modification, whereas microscopic holes resulted in smaller changes 
apparent for O2 concentrations only. A high incidence of film damage could quickly 
erode any potential fruit quality benefits imparted by the liners. 

Packing of warm rather than pre-cooled fruit resulted in much faster rates of atmosphere 
modification, without the development of unduly low O2 or high CO2 concentrations. 
The detrimental quality effects of slower cooling rates for film-lined cartons may 
outweigh any benefits of more rapid modified atmosphere development. Short-term 
exposures (less than 24 hours) to 20°C resulted in relatively short-lived and non-critical 
disturbances to package atmospheres. Periods of more than 3 days at 20°C led to a 
significant risk of anaerobic conditions or harmful CO2 levels forming within the fruit, 
especially within the 40 ).tm liners. Folding rather than heat-sealing of liners did not 
reduce this risk. 

The MAP model simulated fruit respiration as a function of temperature and fruit O2 and 
CO2 concentrations; O2, CO2, N2, and water vapour exchange between the fruit, package, 
and external atmospheres; condensation of moisture within the package; and moisture 
sorption by paper-based packaging materials. Gas concentrations and temperature 
throughout (i) the fruit and (ii) the package atmosphere were each assumed to be 
uniform with position. The model can be applied to a wide range of packages under 
variable-temperature storage regimes. The model closely predicted observed trends in 
experimental data collected during the MA storage trials, but tended to under-predict 
CO2 concentrations and performed less well under conditions of extremely modified 
atmospheres. Sensitivity analyses showed that this lack of fit was not greater than that 
which could be explained by uncertainties in respiration and permeability data. It is 
recommended that future work be aimed at resolving the worst of these uncertainties 
before a significant amount of effort is directed towards further model development. 

The MAP model was considered sufficiently accurate for it to be usefully applied to the 
design and optimization of MAP systems. 

III 



ACKNOWLEDGEMENTS 

Firstly, I thank my supervisors for their advice and assistance throughout the course of 
this project: 

• Professor Donald Cleland, Department of Process and Environmental 
Technology, Massey University (Chief Supervisor). Your cheerful optimism 
was always encouraging, even during those moments when I didn't fully share 
it. Thank you for all your help. 

• Professor Nigel Banks, Department of Plant Science, Massey University. I 'm 
sure that you sometimes felt like the only sane person in a sea of engineers. 
Thank you for guiding me through the realm of postharvest physiology. I hope 
that I haven't put you off working with engineering types forever. 

• Professor Andrew Cleland, Department of Food Technology. Thank you for 
talking me into the idea of doing a PhD in the first place (I think!), and for 
your advice and encouragement along the way. 

I also thank the following people for their technical or administrative support: 

• Mr John Alger, Mr Bruce Collins, Mr Wayne Mallett, and Mr Don McLean, 
Department of Process and Environmental Technology, Massey University. 
Thank you for making, maintaining, and repairing so much of the experimental 
equipment that I used in this work (even extending to cars). Your 
craftsmanship and expertise were very much appreciated. 

• Dr Gisela Ahlborn, formerly Manager - Research and Development, ENZA 
New Zealand (International). 

• Dr John Field-Dodgson, General Manager - Technical Support, ENZA New 
Zealand (International). 

• Ms Stella McLeod, formerly of ENZA New Zealand (International). 

• Dr Chris Watkins (formerly of HortResearch, Mt Albert Research Centre) for 
helpful initial discussions. 

I thank the following people for their practical support during the final preparation of 
this thesis: 

• Mrs Joy Kerr for her excellent proof-reading. Any errors that remain are 
entirely my responsibility. 

• Mr Pieter Merts and Mrs Lisa Merts for photocopying, checking through my 
reference list, and helping to collate all the pages. 

v 



VI MODELLING OF MAP SYSTEMS FOR ApPLES 

• The staff of the Refrigeration and Energy Section of the Meat Industry 
Research Institute of New Zealand for their forbearance while I struggled to 
finish this work. 

The work reported in this thesis was funded by ENZA New Zealand (International) 
(through a Don Sinclair Research Fellowship) and by the New Zealand Vice
Chancellors ' Committee (through a New Zealand Universities' Postgraduate 
Scholarship). I sincerely thank both of these organizations for their financial support. 

Finally, a big thank you to all my family and friends for your friendship, support, and 
encouragement. I daren't list names for fear of omitting someone, but you guys make 
it all worthwhile. 



ERRATA 

p. x Sub-sections of section 8.2.1 should be numbered 8.2.1.1, 8.2.1.2, and 8.2.1.3. 

p. 13 Second-to-Iast line of second paragraph. 'Late harvested fruit were used in the 
trail ... ' should read 'Late harvested fruit were used in the trial ... ' . 

p. 33 Eq.2.7. The symbol RQ/f'I should be RQ (as listed in the definition of symbols on 
p. 34). 

p.37 Defmition of symbois for Eq. 2.12. Units of [it.., and [lliN should read (m3·m-3). 

p.96 Eq. 6.14 should read 

p. 114 Eq. 6.85 should read 

d8 - = -«(8 - 8 ) 
dt e 

p. 121 Throughout Chapter 7, the symbol 'e' represents the local error tolerance bound for 
the numerical solution method. Throughout the rest of the thesis 'e' represents the 
porosity of the fruit flesh (m3·m-3). 

p. 151 Section 8.2.2.1 should be numbered 8.2.1.1. . 

p. 155 Section 8.2.2.2 should be numbered 8.2.1.2. 

p. 158 Section 8.2.2.3 should be numbered 8.2.1.3. 
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NOMENCLATURE 

This section lists the nomenclature used in the mathematical fonnulation of the MAP 
model (Chapter 6). Miscellaneous symbols used locally in Chapters 2, 4, 7, and 8 are 
defined in the text as necessary. 

a 
A{tlm 
Afroil 
A holes 
An 
Apack 
Alray 
aw 
aw. tray 
b 
Bi 
Bi' 
Cpa 
Cpf 
Cpl 
Cpv 
Cpw 
C 
Ceo, e 
Ceo"p 
Ceo,,f 
CH,o.P 
C H2O, e 
Ci 
Ci.e 
Ci.pO 
Ci,p

l 

CN' e 
CNl,p 
CO,,f 
CO"e 
C01,p 
D 
Di, e.fJ 

Di, ref 
Di,air 
Deo" ejJ 
D H2O, e.fJ 

empirical parameter of the fruit surface area-volume correlation (Eq. 6. 1 7) 
total surface area for gas penneation through the packaging film (m

2
) 

total fruit surface area (m
2
) 

total area of holes in the packaging film (m
2
) 

individual fruit surface area (m
2
) 

average heat transfer area of the packaging materials (m
2
) 

effective tray surface area for moisture sorption (m
2
'1ray· l ) 

fruit water activity 
tray water activity 
empirical parameter of the fruit surface area-volume correlation (Eq. 6. 1 7) 
Biot number for heat transfer 
Biot number for mass transfer 
specific heat capacity of dry air (J ·kg·1 X· I ) 
specific heat capacity of the fruit flesh (J ·kg· 1 'KI) 
specific heat capacity of the dry trays (J ·kg· I X· I ) 
specific heat capacity of water vapour (J ·kg· I X· I ) 
specific heat capacity of l iquid water (J ·kg· 1 X· I ) 
parameter of the GAB isothenn model (Eq. 2.2 2) 
CO2 concentration in the store atmosphere (kg CO2 m·3) 
CO2 concentration in the package atmosphere (kg CO2 ·m·3) 
CO2 concentration in the fruit internal atmosphere (kg CO2 m·3) 
concentration of water vapour in the package atmosphere (kg H20 m·3) 
concentration of water vapour in the store atmosphere (kg H20 m·3) 
mass concentration of gas species i (kgm·3) 
ambient concentration of gas species i (kgm·3) 
initial package concentration of gas species i (kgm·3) 
package concentration of gas species i at time t (kgm·3) 
N2 concentration in the store atmosphere (kg N2 m·3) 
N2 concentration in the package atmosphere (kg N2 m·3) 
O2 concentration in the fruit internal atmosphere (kg O2 ·m·3) 
O2 concentration in the store atmosphere (kg O2 m·3) 
O2 concentration in the package atmosphere (kg O2 m·3) 
mass diffusivity (m

2
·s· l) 

effective diffusivity of gas species i through holes in the packaging film 
(m

2
·s· l ) 

diffusivity of gas species i in air at temperature Tref (m
2
·s·l ) 

diffusivity of gas species i in air (m
2 
·S· I ) 

effective diffusivity of CO2 through holes in the packaging fi lm (m
2·s· l) 

effective diffusivity of water vapour through holes in the packaging film 
(m

2
·s· l ) 

XXI 



XXll 

DN1, eJJ 
Do" �tr Ea i 
h 
he 
hf 
hfg 
hp 
Hp 
k 
keo, 
ko, 
kg, skin 
kg, tray 
kg, fruit 
kg,film 

Mi,p 
Mco" p 
MH,o,p 
MN"p 
MO" p 
Mcond , f 
Mcond,p 
Mj. initial 
Mf 
Mn 
Mp 
Mtray 
Mw, tray 
Mri 
MrC 
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effective diffusivity of N2 through holes in the packaging film (m
2
's- l )  

effective diffusivity of O2  through holes in  the packaging film (m2 's-l) 
activation energy for permeation of gas species i (Jmol- I ) 
surface heat transfer coefficient (W m-

2 
X-I ) 

convective heat transfer coefficient at the external package surface (W m-
2 
X-I) 

convective heat transfer coefficient at the fruit surface (W m-
2 
X-I ) 

latent heat of vaporization of water (J 'kg- I ) 
convective heat transfer coefficient at the internal packaging-film surface 
(Wm-

2
'KI) 

absolute humidity of the package atmosphere (kg 'kg- I ) 
general rate constant (units variable) 
fruit skin permeance to CO2 (m 'S- I ) 
fruit skin permeance to O2 (m 'S- I ) 
fruit skin permeance to water vapour (s m-I )  
mass transfer coefficient for moisture sorption at the tray surface (s  m-I ) 
mass transfer coefficient for moisture condensation at the fruit surface (s m-I ) 
mass transfer coefficient for moisture condensation at the inside surface of the 
packaging film (s m-I ) 
competitive inhibition constant (kg CO2 'm-3) 
uncompetitive inhibition constant (kg CO2 m-3) 
half saturation constant (kg O2 'm-3) 
parameter of the GAB isotherm model (Eq. 2 .22) 
characteristic dimension (m) 
net mass flow of gas species i into the package by all mechanisms except bulk 
flow (mol 's- I ) 
net mass flow of CO2 into the package through fruit gas exchange, permeation, 
and diffusion (kg -s- I ) 
net mass flow of H20 into the package through fruit moisture loss, permeation, 
diffusion, condensation/evaporation, and sorption/desorption (kg-s- I ) 
net mass flow of N2 into the package through permeation and diffusion (kg 's- I ) 
net mass flow of O2 into the package through fruit gas exchange, permeation, 
and diffusion (kg 's- I ) 
mass of gas species i in the package atmosphere (kg) 
mass of CO2 in the package atmosphere (kg) 
mass of water vapour in the package atmosphere (kg) 
mass of N2 in package atmosphere (kg) 
mass of O2 in package atmosphere (kg) 
mass of condensate on the fruit surface (kg) 
mass of condensate on the inside packaging film surface (kg) 
initial total fruit mass (kg) 
total fruit mass (kg) 
individual fruit mass (kg) 
mass of dry air in the package atmosphere (kg) 
tray dry mass (kg'1ray- l) 
mass of water absorbed by the moulded-pulp trays (kg -tray-I )  
molecular mass of gas species i (gmol- I ) 
molar mass of carbon (g'mol-I ) 



Mrco, MrH,o MrN, Mro, 
I1h 
l1i 

I1p./o/ 
N 
Nlra." 
PSGr, tray 
PSG/.film 
PSGt.j 
PSGt. e 
PSGt.p 

Pw. tray 
Pw./ 
Pw, e 
Pw.P 
P 
Po . ,I 
Palm 
Pi 
Peo, 
PH,o 
PN1 
PO, Pp 
Q 
QIO 
R 
RHe 
RHp 
RQm 
SAcorr 
t 
to.5 
th 

NOMENCLATURE 

molar mass of CO2 (gmol- I ) 
molar mass of water (gmol- I ) 
molar mass of N2 (g-mol- I ) 
molar mass of O2 (g-mol- I ) 

XXlll 

total molar flow into the package through holes in the packaging film (mol 's- I ) 
net molar flow of gas species i into the package by all mechanisms except bulk 
flow (mol 's- I ) 
net molar flow of CO2 into the package through fruit gas exchange, permeation, 
and diffusion (mol 's- I ) 
net molar flow of H20 into the package through fruit moisture loss, permeation, 
diffusion, condensation/evaporation, and sorption/desorption (mol 's- I ) 
net molar flow of N2 into the package through permeation and diffusion 
(mol 's- I )  
net molar flow of O2 into the package through fruit gas exchange, permeation, 
and diffusion (mol 's- I ) 
total number of moles of gas in the package atmosphere 
number of fruit in the package 
number of moulded-pulp trays per package 
saturated vapour pressure of water at the tray temperature (Pa) 
saturated vapour pressure of water at the packaging film temperature (Pa) 
saturated vapour pressure of water at the fruit surf8:ce temperature (Pa) 
saturated vapour pressure of water at the store air temperature (Pa) 
saturated vapour pressure of water at the te�perature of the package 
atmosphere (Pa) 
partial pressure of water vapour at the tray surface (Pa) 
partial pressure of water vapour beneath the fruit skin (Pa) 
partial pressure of water vapour in the store atmosphere CPa) 
partial pressure of water vapour in the package atmosphere (Pa) 
pressure (Pa) 
pre-exponential factor for permeation of gas species i (m

2
's- l )  

atmospheric pressure (Pa) 
permeabil ity of the packaging film to gas species i (m2 

'S- I )  
packaging film permeability to CO2 Cm

2
·s- l )  

packaging film permeability to water vapour (m
2
·s- l )  

packaging film permeability to N2 (m
2
's- l )  

packaging film permeability to O2 (m
2
·s-l )  

package atmosphere pressure (Pa) 
cumulative O2 consumption (kg O2 'kg-I ) 
temperature coefficient for respiration 
gas constant (J 'mol- I K- I ) 
relative humidity of the store air (%) 
relative humidity of the package atmosphere (%) 
mass-based respiratory quotient for aerobic respiration (kg 'kg- I )  
empirical correction factor for evaporation of moisture from the fruit surface 
time (s) 
half cooling or warming time or half life (s) 
time at which holes in the packaging film are formed (s) 



XXIV 

T 
T,'eJ 
Upack 
V 
Vmax 
Vmax.reJ 
Vcarton 
Vi. P 
Veo,. P 
VH,o. P 
VN:. p 
Vo" p 
�, 
Vp, min 
Vp 
Vp.h 
W 

x 

Xeo, 
XH:O 
XN, 
X01 
XeD, e 
XN, e 
X01, e 
x'n 
x,ray 
Y 
Y/ 
[i] 
[i]e 
[i]p 
[C02]e 
[H20]e 
[H20]p 
[N2]e 
[02]e 

a 
y 
E 
'I1J 
'I1p 
'I1rray 
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temperature (K) 
reference temperature (K) 
overall heat transfer coefficient for the packaging materials (W ·m·2 K'! )  
aerobic respiration rate (kg O2 'kg' ! ·S· I ) 
maximum aerobic respiration rate at the fruit temperature (kg O2 'kg' ! 's' ! )  
maximum aerobic respiration rate at the reference temperature (kg O2 'kg'! ·S· ! )  
carton volume (m3) 
volume of gas species i in the package atmosphere (m3) 
volume of CO2 in the package atmosphere (m3) 
volume of water vapour in the package atmosphere (m3) 
volume of N2 in the package atmosphere (m3) 
volume of O2 in the package atmosphere (m3) 
individual fruit volume (m3) 
minimum package atmosphere volume (m3) 
volume of the package atmosphere (m3) 
package atmosphere volume at time th (m3) 
respiratory heat generation per unit mass of O2 consumption (J 'kg' ! )  
packaging film thickness (m) 
thickness of the th layer of packaging material (m) 
mole fraction of gas species i in the bulk flow through holes in the packaging 
film 
mole fraction of CO2 in the flow through holes in the packaging film 
mole fraction of water vapour in the flow through holes in the packaging film 
mole fraction of N2 in the flow through holes in the packaging film 
mole fraction of O2 in the flow through holes in the packaging film 
mole fraction of CO2 in the store air (dry air basis) 
mole fraction of N2 in the store air (dry air basis) 
mole fraction of O2 in the store air (dry air basis) 
parameter of the GAB isotherm model (Eq. 2 .22) 
tray moisture content on a dry solids basis (kg 'kg' !) 
fractional unaccomplished temperature change 
fractional unaccomplished concentration change for gas species i 
volume concentration of gas species i (m3 'ill.3) 
volume concentration of gas species i in the store atmosphere (m3 'ill.3) 
volume concentration of gas species i in the package atmosphere (m3 'ill.3) 
volume concentration of CO2 in the store atmosphere (m3 'ill.3) 
volume concentration of water vapour in the store atmosphere (m3 'ill.3) 
volume concentration of water vapour in the package atmosphere (m3 ·m·3) 
volume concentration of N2 in the store atmosphere (m3 ·m·3) 
volume concentration of O2 in the store atmosphere (m3 'ill.3) 

constant in Eq. 6.82 (S· I )  
constant in Eq .  6 .82 
fruit flesh porosity (m3 ·m·3) 
fruit specific enthalpy (J ·kg· l )  
specific enthalpy of the package atmosphere (dry air basis) (J 'kg'!) 
specific enthalpy of the moulded-pulp fruit trays (dry mass basis) (J 'kg'! )  



e temperature (0C) 
ee store air temperature (Oe) 
Sf fruit temperature (Oe) 

NOMENCLA TURE 

eli/m temperature of the packaging film (Oe) 
8i initial temperature (Oe) 
Sp temperature of the package atmosphere (Oe) 
ere! reference temperature (Oe) 
A thermal conductivity (W -m- I X- I ) 
Ai thermal conductivity of the rh layer of packaging material (W -m- I X- I) 
� empirical correction factor for gas diffusion through holes 
Pr. il/ilial initial fruit flesh density (kg -m-3) 
P! fruit flesh density (kgm-3) 
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