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MASS TRANSFER CHARACTERISTICS OF FRESH FRUITS 
STORED IN REGULAR AND CONTROLLED ATMOSPHERE 

CONDITIONS 

I. INTRODUCTION 

Consumer demand for fresh fruit throughout the year and 

the tremendous increase in production has created a need for 

sophisticated storage systems.  Fresh produce such as 

strawberries, raspberries, and blueberries are sold to the 

consumer shortly after harvest whereas apples and pears may 

be held in storage for six to eight months before being 

shipped to markets. 

The Pacific Northwest is a major producer of winter 

pears.  Winter pear varieties include d'Anjou, Cornice, and 

Bosc.  By 1973, the pacific coast states produced 95% of the 

pears grown in the United States (United States Department 

of Agriculture (USDA), 1986).  D'Anjou pears accounted for 

approximately 82% of the 1988-89 winter pear crop.  The 

d'Anjou variety requires an extended period of cold storage 

before proper ripening will occur.  If properly stored, 

d'Anjou pears can be marketed through the winter and into 

the early summer of the next year.  Production of d'Anjou 

pears in Oregon and Washington has increased from 3,165,144 

boxes in 1968-69 to 9,584,599 boxes to date in 1988-89 (Pear 

Committee, 1989).  Approximately half the d'Anjou pear crop 



is stored in controlled atmosphere warehouses. 

A primary concern in postharvest handling of fresh 

produce is removal of field heat. Rapid cooling of the 

fruit to storage temperature has been shown to maintain 

quality, prolong storage life, and decrease spoilage by 

reducing the processes of respiration and moisture loss. 

Most fruits contain 80 to 95% water by weight and 

moisture loss of 3 to 6% causes dramatic losses of quality 

(Hardenburg et al., 1954).  Fruit is normally sold by weight 

and moisture loss equates to monetary loss to the grower and 

storage company.  Storage companies must overpack containers 

to allow for estimated mass loss during storage. 

Mass loss characteristics of fresh fruits are necessary 

to accurately predict mass transfer to the environment 

during long term storage.  Berries are normally stored for 

short periods of time in refrigerated chambers with regular 

air.  Long term storage of pears utilizes refrigerated 

storage with environments of high humidity (90-95%) and a 

controlled atmosphere.  Relatively little information is 

available on rates of moisture loss of produce during 

commercial storage conditions (Hardenburg et al., 1954). 

Patel et al. (1988) noted that little information is 

available about moisture loss of respiring products at 

humidities approaching saturation.  No data on mass transfer 

rates of fresh produce in controlled atmosphere have been 

compiled. 



The specific objectives of this research were to 

determine cooling characteristics, mass transfer rates, and 

overall transpiration coefficients for: 

1) Strawberries, raspberries, and blueberries in 

refrigerated storage. 

2) D'Anjou pears held in regular air and controlled 

atmosphere refrigerated environments. 



II. LITERATURE REVIEW 

Temperature and atmospheric conditions are important 

factors affecting the quality of fruit during prolonged 

storage.  Temperature directly affects fruit mass transfer 

which is primarily reflected as loss of water.  Fresh 

produce deterioration increases two to three-fold for each 

100C above optimum storage temperature (Hardenburg et al., 

1954).  Consequently, refrigeration has long been recognized 

as necessary for fruit storage. 

Consumer demand has created the need to store fresh 

produce even longer periods than achievable with 

refrigeration alone.  Smock (1941) reported that the storage 

period of apples could be extended from 7 months to 9 months 

if both refrigeration and atmosphere control techniques were 

used.  Controlled atmosphere storage is a process which 

combines refrigerated storage with changes in atmospheric 

composition. Allen and Claypool (1948) reported similar 

increases in the storage life of pears.  The last two 

decades have witnessed significant increases in the 

construction and use of controlled atmosphere storage 

warehouses.  Fruit selected for prolonged storage must be 

picked at a point in its development that will ensure 

senescence does not occur before sale. 



2.1 FRUIT DEVELOPMENT 

Fruits are harvested at different stages of maturity 

depending on type and intended length of storage.  Fruit 

development stages include growth, maturation, physiological 

maturation, ripening, and senescence.  Thorough 

understanding of these processes is essential to determine 

optimum harvest time and estimated storageability. 

Development is the series of processes from growth 

initiation to death of a plant or plant part.  Watada et al. 

(1984) defined the stages of fruit development as follows. 

Growth is an irreversible increase in physical 

characteristics of a developing plant or plant part. 

Maturation is the stage of development leading to the 

attainment of physiological maturity.  Physiological 

maturity is the stage of development when a plant or plant 

part will continue ontogeny (life cycle) even if detached 

from the nutrient source.  Kader et al. (1985) stated the 

definition of maturity, as defined by U.S. Grade Standards, 

to be "that stage which will ensure proper completion of the 

ripening process." The phrase "ensure proper completion of 

the ripening process" lacks a concise definition. 

Therefore, most postharvest technologists prefer the 



definition: 

... that stage at which a commodity has reached a 
sufficient stage of development that after 
harvesting and postharvest handling, its quality 
will be at least the minimum acceptable to the 
ultimate consumer (Kader et al., 1985). 

Ripening is a combination of biochemical processes 

which occur from the latter stages of growth and development 

through the early stages of senescence.  These processes 

result in characteristic color, texture, or other sensory 

attributes. 

Senescence is the process which follows physiological 

maturity and leads to tissue death.  Figure 1 illustrates 

the interaction of the fruit development processes. 

INITIATION DEVELOPMENT DEATH 

GROWTH 

MATURATION 

PHYSIOLOGICAL 
MATURATION 

RIPENING 

SENESCENCE 

Figure 1.  Horticultural Maturity in Relation to Stages of 
Development (Watada et al., 1984). 



Fruit is harvested for fresh market or for long term 

storage.  Fruit harvested for fresh market would be 

harvested mature and ripe, somewhere during the ripening 

stage of development.  Fruit harvested for long term storage 

would be harvested mature and not ripe, ripening would 

normally occur after storage. 

2.1.1 Fruit Respiration 

Respiration is a process which converts organic 

materials (carbohydrates, proteins, fats) into carbon 

dioxide (C02) , water and heat (Kader et al., 1985). 

Respiration rate is determined from C02 evolution rates. 

Carbon dioxide evolution rates can be converted to heat of 

respiration values using the procedure outlined in American 

Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE) (1981).  Respiration rates are presented 

in units of mg C02/kghour for C02 evolution and 

kJ/Mg•per•day for heat of respiration. 

Ethylene gas (C2H4) is a by-product of internal 

combustion engines, cigarettes, fungi, ripening fruit, and 

senescing fruit.  Ethylene is considered a natural ripening 

hormone for fruit.  The presence of ethylene in a storage 

atmosphere increases ripening and senescence rates by 

increasing the respiration rate.  Ethylene percentages 

greater than 0.1% will promote ripening in most fruits 



(Kader et al., 1985).  Ethylene production usually increases 

with maturity, physical injury, disease incidence, and 

increased temperature.  Ethylene production rates decrease 

with storage at low temperature, reduced 02 (below 8%), and 

increased C02 (above 2%) (Kader et al.,1985). 

2.1.2 Fruit Maturity and Harvesting 

Fruits are classified as climacteric or nonclimacteric 

depending on respiratory and ethylene characteristics during 

maturation and ripening.  Climacteric fruits exhibit 

increased C02 and ethylene production rates during ripening. 

Nonclimacteric fruits exhibit reduced C02 and constant 

ethylene production rates during ripening (Figures 2a and 

2b).  Examples of climacteric fruits are apples, pears, and 

blueberries, whereas examples of nonclimacteric fruits are 

strawberries and raspberries. 

Climacteric fruits exhibit a longer postharvest life 

than do nonclimacteric fruits.  Climacteric fruits are 

harvested mature, not ripe, and ripen after harvest. 

Physiological maturity of a climacteric fruit is represented 

by a low rate of C02 production, depicted as point 1 in 

Figure 2a.  Climacteric fruit matures up to point 1, ripens 

from point 1 to 2, and senesces to final death from point 2 

on.  Nonclimacteric fruits are harvested mature and ripe, 

and do not ripen further after harvest. 
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Figure 2a. Carbon Dioxide and Ethylene Production of a 
Climacteric Fruit. 
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Figure 2b. Carbon Dioxide and Ethylene Production of a 
Nonclimacteric Fruit. 
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Fruit maturity at harvest profoundly influences 

reactions to storage conditions.  Proper harvest maturity is 

essential, since nutrients are not available to the fruit 

after harvest (Fidler et al., 1973). 

Berry maturity is evaluated by size, shape, color, and 

sweetness.  Flesh firmness pressure, soluble solids, acid 

content, and other tests are used to determine d'Anjou pear 

maturity.  However, flesh firmness is probably the most 

reliable indicator of pear maturity (Tvergyak, 1985). 

D'Anjou pears with firmness between 62 and 66 Newtons (14 to 

15 pounds) will properly ripen after 90 days in controlled 

atmosphere storage (Chen and Borgic, 1983). 

2.1.3 Product Cooling 

Most fruits benefit from rapid cooling.  Strawberries 

experience increased deterioration if not cooled within one 

hour of harvest (Kader et al., 1985).  Delayed cooling of 

D'Anjou pears influences skin color, fruit firmness, and 

postharvest life (Klahre et al., 1987).  The most common 

methods of removing field heat from fruits are hydrocooling, 

forced air cooling, and room cooling. 

Hydrocooling uses cold water to cool produce.  Cooling 

is accomplished by either flooding, spraying, or immersing 

with cold water (Hardenburg et al., 1954).  Fruits which are 
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hydrocooled must withstand the water and antifungal 

chemicals. 

Forced air cooling directs refrigerated air past 

palletized stacks of product.  The air circulates through 

the product and removes heat.  Forced air cooling is used on 

many types of fruits, including berries (Kader et al., 

1985). 

Room cooling uses a refrigerated room to cool the fruit 

to storage conditions.  Fruit is placed in contact with 

refrigerated air inside a refrigerated room.  Room cooling 

is the least expensive method of cooling, but also the 

slowest.  Room cooling can be used on all fruits, but often 

does not cool perishable commodities fast enough to prevent 

excess losses in quality (Kader et al., 1985). 

2.2 FRUIT STORAGE 

Proper storage conditions can prolong the storage life 

of climacteric and nonclimacteric fruits.  Climacteric 

fruits, due to decreases in respiration rate, lend 

themselves to prolonged storage.  Proper postharvest 

handling and storage will shift the curves in Figure 2a and 

2b to the right but will not change the rates. 
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2.2.1 Refrigerated Storage 

Fruit storage life is inversely proportional to the 

rate of respiration (Hardenburg et al., 1954).  Carbon 

dioxide evolution rates for strawberries held at 20-210C and 

00C ranged from 102-196 mg C02/kghour and 12-18 mg 

C02/kghour, respectively (Hardenburg et al., 1954). 

Blueberries exhibit C02 evolution rates of 52-87 mg 

C02/kghour held at 20-21
oC and 2-10 mg C02/kghour at 0

0C. 

Therefore, refrigeration increases storage life by reducing 

fruit respiration rate. 

2.2.2 Controlled Atmosphere Storage 

Fruit is often stored in an atmosphere of low oxygen, 

high carbon dioxide, or both.  The synthetic atmosphere is 

considered a controlled atmosphere if oxygen and carbon 

dioxide levels are closely monitored and controlled. 

Modified atmosphere refers to any synthetic atmosphere where 

no oxygen and carbon dioxide adjustments are made during 

storage or transport. 

Controlled atmosphere and modified atmosphere storage 

conditions are used to maintain fruit quality and extend 

fruit storage life by reducing respiration.  Controlled 

atmosphere storage is widely used in the Pacific Northwest 

for the storage of apples and pears. 
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2.2.2.1 Controlled Atmosphere PhYsioloov 

Jacques Etienne Berard, professor of chemistry at 

Montpellier, France, conducted fruit ripening studies in 

1819-20 and determined that fruits use oxygen and give off 

carbon dioxide, and fruits deprived of oxygen do not ripen 

(Dalrymple, 1969).  Lowering oxygen levels around fresh 

fruits reduces respiration in proportion to the 02 

concentration.  Benefits from low 02 storage are realized 

when 02 concentrations decrease below 5% (Kader et al., 

1985).  A minimum concentration of 1 to 3 percent 02 should 

be used depending on the product to avoid a shift from 

aerobic to anaerobic respiration (Kader, 1986).  Anaerobic 

respiration results in development of off flavors and tissue 

breakdown since ethanol is produced.  Fruit internal oxygen 

concentrations of approximately 0.2% will initiate anaerobic 

respiration. 

Increased carbon dioxide concentrations surrounding 

fruit also reduce respiration rates.  Little and Peggie 

(1987) credited Kid and West (1927) with the first use of 

increased C02 levels to reduce respiration rates.  Elevation 

of C02 concentrations above 5% noticeably suppresses fruit 

respiration, but excessive concentrations can induce off 

flavors (Kader et al., 1985). 

The effects of low oxygen and high carbon dioxide 
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atmospheres are believed to be additive, but very low 02 

(<1.0%) and excessively high C02 (>20%) levels can cause 

fruit tissue breakdown (Kader et al., 1985).  Hansen (1957) 

found that a low oxygen atmosphere is more effective in 

retarding fruit quality decline than high concentrations of 

carbon dioxide. 

2.2.2.2 Storage Diseases 

The two main diseases that affect pears held in storage 

are Botrytis cinerea and brown-core.  Botrytis cinerea (grey 

mold) is a common cause of decay in d'Anjou pears.  Botrytis 

is a fungus which may enter the fruit through the stem 

and/or wounds. The fungus is non-progressive at time of 

picking but develops during storage (Fidler et al., 1973). 

The presence of Botrytis promotes increased ethylene 

production and hence higher transpiration rates.  Sastry et 

al. (1978) stated that transpiration is increased by mold 

formation or rotting. 

Brown-core is a physiological disorder which affects 

d'Anjou, Bosc, and Bartlett pears stored in controlled 

atmospheres (Kupferman, 1987).  Brown-core is characterized 

by a brown discolored area in the core of the pear.  Factors 

affecting the incidence of brown-core are preharvest 

weather, fruit maturity, and C02 and 02 concentrations in 

the storage facility.  A cool season increases the incidence 
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of brown-core.  Overmature fruit stored in controlled 

atmosphere is more susceptible to brown-core.  Brown-core 

can result if a storage atmosphere of less than 1.0% 02 and 

greater than 0.1% C02 exist (Kupferman, 1987).  Hansen 

(1957) found no incidence of brown-core in Hood River area 

grown d'Anjou pears stored in 2.5% C02 and a 10% incidence 

with Medford area grown pears stored in the same conditions. 

2.3 MASS TRANSFER 

The mass transfer process in horticultural crops due to 

vapor pressure difference between the product and its 

surrounding air is termed transpiration.  Transpiration 

includes both water diffusion through the fruit and 

evaporation at the surface.  Water diffusion through the 

product does not constitute mass loss.  Actual mass loss 

results as internal water diffuses through the product 

surface and evaporates into the surrounding air.  Because 

the internal diffusion and surface evaporation are a linked 

phenomenon, transpiration is typically defined as a process 

of evaporation of water from the fruit to the atmosphere. 

Sastry et al. (1978) reported that fruits contain 

approximately 80 to 95 percent water depending on the 

variety.  The atmosphere inside the fruit is considered to 

be saturated due to the high water content.  Water vapor 

pressure inside the fruit is considered to be a function of 
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temperature only, since saturation exists.  However, both 

temperature and relative humidity affect the water vapor 

pressure of the air surrounding the fruit.  Water vapor 

pressure difference between fruit and surrounding air is the 

driving force for transpiration (Sastry, 1985). 

The transpiration rate of a fruit, as defined by Sastry 

et al. (1978), is the mass of moisture transpired per unit 

mass of commodity per unit time.  The transpiration 

coefficient of a fruit is then defined as the mass of 

moisture transpired per unit mass of commodity, per unit 

environmental water vapor pressure deficit per unit time. 

The transpiration rate and coefficient can also be expressed 

on a per unit surface area basis. 

Moisture loss from fruits has been separated into two 

realms, driving force (water vapor pressure deficit) and 

resistance to moisture loss (Sastry, 1985).  Driving force 

is affected by evaporative cooling, dissolved substances, 

and respiratory heat.  Resistance to moisture loss is 

affected by air velocity, product shape and size, and fruit 

condition. 
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2.3.1 Mass Transfer Equations 

The most widely used equation for mass loss from 

horticultural crops is: 

* = VPs " Pa) (1) 

where: 

m   = transpiration rate, (mg/skg or mg/sm2) 

K,,,  —  overall transpiration coefficient, (mg/s- 
kgkPa or mg/sm2kPa) 

Ps   = water vapor pressure at evaporating surface, 
(kPa) 

Pa   = water vapor pressure of surrounding air, 
(kPa) 

The overall transpiration coefficient is a function of 

the product skin resistance and the resistance to diffusion 

of water vapor from the product surface to the surrounding 

air (Fockens and Meffert, 1972).  Chau et al. (1984) 

expressed the overall mass transfer coefficient K,,, as: 

1 

\   =   (2) 

a s 

where: 

Ka   = air film mass transfer coefficient, (mg/s 
kgkPa or ms/sm2kPa) 

Ks   = skin mass transfer coefficient, (mg/s kg- 
kPa or mg/sm2kPa) 
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The skin mass transfer coefficient is governed by the 

product surface condition.  The air film mass transfer 

coefficient is governed by product size and surrounding air 

properties and flowrates (Chau and Gaffney, 1985). 

Therefore, air velocity past the product is an important 

factor when calculating K,,,. 

2.3.2 Evaporative Cooling Effects 

Water evaporation from the surface of fruit causes a 

localized lowering of the surface temperature.  This reduced 

surface temperature causes the vapor pressure at the 

evaporating surface to decrease (Sastry, 1985).  The reduced 

surface vapor pressure decreases the vapor pressure 

difference between the fruit and surrounding air.  The 

reduced vapor pressure difference decreases the 

transpiration rate. 

Sastry and Buffington (1982) developed a steady-state 

model to determine transpiration rates of spherical fruits 

with skins.  This model included the influences of 

evaporative cooling and the heat of respiration.  The fruit 

evaporating surface temperature was assumed to be 

immediately beneath the skin.  Chau et al. (1987) also used 

the temperature immediately beneath the product skin to be 

the evaporating surface temperature. 
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2.3.3 Vapor Pressure Lowering Due to Dissolved Substances 

The saturation vapor pressure of a water solution is 

known to be lower than the saturation vapor pressure of pure 

water at the same temperature. Water inside fruit contains 

dissolved sugars and gases which reduce the fruit surface 

vapor pressure (Sastry et al., 1978).  Therefore, the vapor 

pressure of the fruit surface is analogous to the vapor 

pressure of a solution. 

Gaffney et al. (1985) emphasized that the water vapor 

pressure calculated at the product surface is not of pure 

water, but of water with dissolved substances.  Therefore, 

the amount of vapor pressure lowering due to dissolved 

substances must be taken into account when calculating the 

fruit surface vapor pressure. 

Vapor pressure of a solution can be calculated using 

Raoult's law if the mole fraction of water in solution is 

known.  Raoult's law is given by: 

P„ 

a = Xa (4) 

where: 

Ps   = vapor pressure of water over the solution, 
(fruit surface vapor pressure), kPa 

P0   = vapor pressure of pure water, kPa 

Xa   = mole fraction of water in solution 
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The vapor pressure of the solution could be calculated 

if concentrations of all sugars were known.  Determination 

of sugar concentration is difficult, so another approach was 

needed.  The presence of dissolved substances reduces the 

freezing point as well as the vapor pressure of a solution. 

Gaffney et al. (1985) equated vapor pressure lowering with 

freezing point depression to obtain vapor pressure lowering 

as a function of freezing point depression. 

Brown and LeMay (1977) stated the freezing point 

depression as: 

ATf = K^ (5) 

where: 

ATf  = freezing point depression, 
0C 

Kf   = freezing point depression constant for water, 
1.860C-kg/mole 

n^   = molality (moles of solute per 1000 grams of 
solvent) 

Combining equations (4) and (5) yields: 

P» 1 
(6) 

P0 0.018ATf 

1 + 
Kf 

Equation (6) allows determination of the fruit surface vapor 

pressure knowing fruit temperature and freezing point 

depression.  The right hand side of equation (6) is termed 

the vapor pressure lowering (VPL) of a fruit.  Derivation of 

equation (6) is presented in Appendix A.  Freezing point 

depressions of various fruits are tabulated in ASHRAE (1985) 
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and Heldman and Singh (1981). 

2.3.4 Heat of Respiration 

Respiration is a normal life process of fruits and 

continues after harvest.  Hardenburg et al. (1954) expressed 

respiration as a chemical reaction in the form: 

C6H1206 + 602  > 6C02 + 6H20 + 673 kcal        (7) 

$ eat of respiration, also known as vital heat, must be 

removed from the product to slow senescence.  Vital heat 

increases fruit temperature which in turn increases 

transpiration rate. 

Carbon loss from carbon dioxide evolution constitutes 

mass loss and is directly proportional to the respiration 

rate.  Gaffney et al. (1985) stated that mass loss due to 

C02 evolution is normally an insignificant part of the total 

mass loss except when mass loss rates are very low.  Van 

Beek (1986) stated that carbon loss measurements should be 

conducted if low vapor pressure deficits are used.  Romero 

et al. (1986) and Chau et al. (1987) measured C02 evolution 

during mass loss experiments under large vapor pressure 

deficits, and found C02 mass loss nearly negligible compared 

to total mass loss. 
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2.3.5 Air Movement 

Sastry et al. (1978) reported most researchers found 

air movement past fruit to have slight but not a significant 

effect on the transpiration rate when thermal equilibrium 

existed between the fruit and surrounding air.  Air movement 

during product cooling increases transpiration rates since 

large temperature differences exist between the fruit and 

surroundincL air. __ 

Pieniazek (1944) found transpiration rates to increase 

with velocities up to 4 m/min, but remained constant above 4 

m/min.  The boundary layer surrounding the fruit approaches 

saturation as moisture is transpired from the fruit (Sastry, 

1985).  Low air velocities reduce the boundary layer 

moisture buildup by replacing the saturated air with 

unsaturated air.  Removal of saturated air increases the 

transpiration rate by increasing the vapor pressure 

differential.  Once the saturated air is removed, higher air 

velocities will not additionally effect the transpiration 

rate if thermal equilibrium exists. 

2.3.6 Product Shape and Size 

Size, shape, and surface area all affect fruit 

transpiration rate (Sastry et al., 1978).  Fruit with a 

large surface area to mass ratio will transpire more water 
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vapor than fruit with a small surface area to mass ratio 

(Sastry, 1985).  Products with large surface area to mass 

ratios provide a larger area per unit mass for moisture loss 

to occur.  Large products possess a smaller surface area to 

mass ratio than small products.  Karmarkar and Joshi (1940) 

noted that small fruits possessed thinner skins than large 

fruits which could cause additional differences in 

transpiration rates. 

Shape may affect surface area to mass ratio.  Apeland 

and Baugerod (1969) observed that long, thin shaped carrots 

lost more mass than thick, cylindrical shaped ones.  Long, 

thin carrots exhibit a larger surface area to mass ratio 

than thick, short ones. 

Chau et al. (1987) stated that transpiration 

coefficients based on surface area provide accurate results 

as mass loss is directly proportional to surface area. 

However, Fruit surface areas are extremely difficult to 

accurately measure.  The magnitude of error introduced into 

determination of transpiration coefficients based on surface 

area measurements may be significant. 

Transpiration rates based on mass would be more useful 

for calculations since precise determination of mass is 

readily achievable (Sastry et al., 1978).  Transpiration 

rates on a per kilogram basis could be used by commercial 

storages to determine product loss percentages during long 

term storage. 
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2.3.7 Fruit Condition 

Fruit surface structure and physiological 

characteristics also effect transpiration rates.  Different 

varieties of the same commodity have different epidermal 

structures and different resistances to moisture loss 

(Sastry et al., 1978). 

Fruit surfaces are almost entirely covered with a layer 

of natural wax which is largely impervious to moisture loss 

(Sastry et al., 1978).  The fruit skin and waxy layer offer 

large resistance to moisture loss.  However, stem scars, 

wounds, and cracks in the surface allow moisture loss.  Wax 

coating structure is more important than thickness.  Wax 

coatings with an ordered structure of overlapping 

platelettes provide more resistance to water loss than thick 

structureless coatings (Wills et al., 1981).  Pieniazek 

(1943) determined that wiping the natural wax off apples 

increased transpiration rates.  A new wax layer returned, 

but did not suppress the higher transpiration rate. 

Skin permeability is affected by dehydration during 

moisture loss (Sastry, 1985). Skin drying causes tissue 

turgidity and reduces permeability to water vapor loss. 

Cuts and bruises damage wax and skin layers and allow 

direct exposure of fruit flesh to surrounding air.  Physical 

openings such as surface cuts and bruises greatly increase 
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moisture loss by reducing resistance (Sastry, 1985).  Young 

fruit may have unhealed cuts and bruises which allow 

increased moisture loss and infection from pathogens. 

Sastry et al. (1978) noted that immature and overmature 

fruits transpire faster than mature fruit.  Pieniazek (1943) 

found early season apples had high transpiration rates due 

to high skin permeability. 
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III. EXPERIMENTAL PROCEDURES 

Experiments to determine mass transfer rates and 

cooling characteristics of Benton strawberries. Meeker 

raspberries, Jersey and Early Blue blueberries, and d'Anjou 

pears were conducted.  Each experiment was carried out in 

Agricultural Engineering Department laboratory facilities 

located on the Oregon State University Campus.  Fruit 

selection was based on local availability. 

3.1 ENVIRONMENTAL CHAMBERS 

Two environmentally controlled test chambers were 

constructed for this research.  The test chambers supported 

the experimental equipment and protected the fruit from high 

air velocities induced by the evaporator fans in the 

refrigerated surroundings.  Both test chambers were 

positioned inside a walk-in refrigerator. 

One environmental test chamber (hereafter referred to 

as the CA chamber) was designed to be gas tight enabling 

development of controlled atmosphere storage conditions 

within.  The chamber was constructed with an aluminum frame 

and walls of 7.6 mm plexiglass.  Joints were caulked with 

silicon to gain a gas tight seal.  Inner dimensions of the 

CA chamber were 0.64 m X 0.61 m X 0.91 m. 

The second environmental test chamber (hereafter 
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referred to as the COMMON chamber) was similar to the CA 

chamber except not designed to be gas tight.  Due to space 

limitations, the COMMON chamber was constructed with inner 

dimensions of 0.45 m X 0.6 m X 0.9 m. 

Each environmental chamber was fitted with a 

condensation dew point hygrometer, strain gage load cell, 

and thermocouples to measure fruit mass loss, temperature, 

and psychrometric conditions of the air inside the chambers. 

The walk-in refrigerator inside dimensions were 1.22 m x 

1.52 m x 2.03 m.  The floor, ceiling, and walls of the 

refrigerator were constructed of galvanized steel with 0.089 

m of polystyrene insulation.  Positions of the environmental 

test chambers inside the walk-in refrigerator are 

illustrated in Figure 3. 

mmm 

CA 
Chamber 

COMMON 
Chamber 

I 

niuiiuih EZZZZZZZ 

Figure 3.  Refrigerator Layout Illustrating Placement of 
the CA and COMMON Environmental Test Chambers. 
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Two General Eastern 1100DP condensation dew point 

hygrometers were mounted on the back walls of the 

environmental chambers.  Air flow past the sensing surfaces, 

to obtain accurate dew point temperature readings, was 

provided with vacuum pumps.  Flowmeters were used to adjust 

the airflow to 35.4 1/hour which was determined to be the 

optimum flow rate for the storage conditions. 

Two model U1T-50 Hottingeir Baldwin Measurements Inc. 

strain gage load cells were fastened to the top of the CA 

and COMMON chambers to measure mass loss of the berries and 

pears.  A two channel model MGT 232 Hottinger Baldwin 

Measurements Inc. 225 Hz carrier frequency amplifier 

(carrier amplifier) was then connected to the load cells to 

amplify the electronic signal generated by the load cells to 

levels detectable by the recording microprocessor. 

A model PD2064 Esterline Angus recording microprocessor 

equipped with a Facit paper tape perforator was used to 

record the product mass, product temperature, air dry bulb 

temperature, and air dew point temperature during each 

experiment (Figure 4).  Data was optically scanned from the 

paper tape and input into a computer for manipulation and 

analysis. 

3.2 FRUIT ACQUISITION 

The strawberries, raspberries, and blueberries selected 
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Air  Temperature 

Fruit Temperature 

Recording 
Microprocessor 

Load  Cell Amplifier 

Dew Point 
Hygrometer 

Strain  Gage 
Load  Cell 

Dew  Point 
Sensor 

Figure 4.  Electronic Sensor Layout for the Heat and Mass 
Transfer Experiments. 

for mass loss analyses were purchased locally within 2 hours 

of harvest and quickly transported to the laboratory.  The 

berries were placed in plastic pint baskets, weighed, and 

the weights recorded.  Berry baskets were then placed into 

the environmentally controlled test chambers inside the 

walk-in refrigerator.  Figure 5 illustrates the berry basket 

dimensions.  Berry moisture content was determined by 

weighing 10 containers of berries, oven drying the berries, 

and reweighing. 
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Figure 5.  Dimensions of Plastic Berry Baskets Used in 
Berry Experiments.  Figure from Chadwick 
(1988), reprinted with permission. 

Two boxes of d'Anjou pears were picked from eight trees 

at the Mid-Columbia Agricultural Experiment Station in Hood 

River, Oregon, and were placed into cardboard fruit boxes 

lined with polyethylene bags.  The bags were lapped over to 

form a semi-seal prior to placing the top cover on each box. 

The pears were then transported to the Agricultural 

Engineering Department at Oregon State University. 
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Transportation time was approximately 3 hours. 

Each pear was numbered with a felt tip pen, weighed and 

placed into one of two 0.30 m X 0.50 m X 0.25 m boxes 

constructed of 7.6 mm thick plexiglass.  Approximately 70 

pears were stacked three rows deep in each box. The boxes of 

pears were then placed inside the two environmentally 

controlled test chambers inside the walk-in refrigerator. 

3.3 HEAT TRANSFER EXPERIMENTS 

Product quality is directly affected by the length of 

time required to remove field heat.  The objective of 

refrigeration is to remove field heat from the product and 

to maintain a stable storage temperature for an extended 

period of time.  Room cooling was used for field heat 

removal and storage during all experiments.  Heat transfer 

experiments consisted of timing the cooling of flats of 

berries and boxes of d'Anjou pears. 

3.3.1 Cooling Flats of Berries 

Bulk cooling of berries was achieved by placing 12 

baskets in each environmental chamber in the arrangement of 

a 3 X 4 commercial flat (Figure 6).  Copper-Constantan 

thermocouples (T-type, 0.127 mm diameter) were positioned in 

the center of four different baskets.  Baskets were selected 
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— Berry baskets 

( i < > 

Figure 6.  Berry Basket Layout in Environmental Test 
Chamber. 

so a corner basket, a side basket, and a center basket were 

instrumented.  After the berries were loaded into the 

environmental chambers, temperature data were recorded every 

15 minutes until storage temperature was reached and then at 

30 minute intervals until the end of the experiment.  Berry 

experiments lasted from one to three weeks depending on 

berry type.  Benton strawberries and Meeker raspberries have 

a very short postharvest life, whereas Early Blue and Jersey 

Blueberries have longer storage lives. 

3.3.2 Cooling a Box of d'Aniou Pears 

Bulk cooling characteristics were determined for the 

two boxes of d'Anjou pears.  One box was stored in regular 

atmosphere conditions in the COMMON chamber, the other 
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stored in controlled atmosphere conditions in the CA 

chamber. 

Thermocouples (T-type, 0.127 mm diameter) were placed 

just under the skin of 10 pears in the CA chamber and 7 

pears in the COMMON chamber to document fruit temperature. 

The thermocouples were arranged so cooling characteristics 

by row could be recorded.  Temperature data were recorded 

every 30 minutes until storage temperature was reached, at 

60 minute intervals for the next 2 months, and 120 minute 

intervals for the remainder of the experiment. 

3.4 MASS TRANSFER EXPERIMENTS 

Mass transfer analyses require measurement or 

determination of surrounding air temperature, humidity, 

velocity, fruit temperature, and mass loss.  Thermocouples 

(T-type, 0.127 mm diameter) were used to measure fruit and 

air dry bulb temperatures. The optical dew point 

hygrometers measured dew point temperatures of the air. 

Relative humidity of the surrounding air was calculated 

using the measured dry bulb and dew point temperatures.  Air 

velocity was minimal since the fruit was sealed inside the 

two environmental chambers. 

Two metal frames were constructed and used to suspend 

berry flats and boxes of pears from the strain gage load 

cells.  The frame in the CA and COMMON chamber were 
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constructed of aluminum and 1040 steel, respectively. 

3.4.1 Mass Transfer of Berries 

Fresh berries have a relatively short postharvest life, 

consequently growers and processors tend to minimize 

expenditures on storage equipment.  Berries designated for 

processing are normally stored out of the sun or in 

refrigerated units.  Modified atmospheres may be used on 

small amounts of berries which are shipped long distances in 

refrigerated trucks or railcars.  Berry experiments were 

conducted using a regular air environment and refrigerated 

conditions in both the CA and COMMON chambers. 

The thermocouples (T-type, 0.127 mm diameter) were 

positioned, the environmental chambers sealed, and the 

carrier amplifier was tared to zero.  Berry mass was 

recorded every 15 minutes until storage temperature was 

reached.  Once storage temperature was reached, 30 minute 

intervals were used until the experiment ended.  The berries 

and baskets were reweighed at the end of the experiment to 

confirm recorded mass loss. 

3.4.2 Controlled Atmosphere Generation 

Commercial warehouses use controlled atmosphere storage 

conditions to maintain fruit quality and reduce mass loss 



35 

during long term storage.  Storage companies use controlled 

atmosphere generating equipment, computers and gas analysis 

equipment to maintain oxygen (02), carbon dioxide (C02) , and 

nitrogen (N2) percentages at specific levels in the sealed 

warehouses. 

Controlled atmosphere conditions inside a chamber can 

be obtained using recirculating or flow through air systems. 

A recirculating system removes, analyzes, modifies the 

composition, and returns air to the gas tight storage 

chamber.  A flow through system uses positive pressure to 

maintain a controlled atmosphere inside a storage chamber. 

In a flow through system, gases are metered into the chamber 

to obtain the proper atmospheric composition, any excess 

gases are vented outside.  Most commercial storages use the 

recirculation system due to storage room sizes.  Due to the 

large capitol costs of recirculating systems, most research 

is done with flow through systems. 

A flow through system (Figure 7) was used to maintain a 

controlled atmosphere in the CA chamber.  A Matheson 3 tube 

mixing flowmeter, three tanks of compressed gases, 9.53 mm 

inside diameter tygon tubing, and assorted brass fittings 

were affixed to the CA chamber.  Medical oxygen, prepurified 

nitrogen, and a mixture of 15% carbon dioxide with a 

nitrogen balance were used to modify the CA chamber 

atmosphere.  Fifteen percent carbon dioxide was used as 

higher levels could cause freezing of the two stage 
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regulators. 

Tygon tubing and brass fittings were used to connect 

the gas tank regulators to the Matheson flowmeter and the 

flowmeter to the CA chamber.  The gas tanks were strapped to 

the laboratory wall for safety.  Figure 7 illustrates the 

chamber layout with the gas equipment. 

Matheson Flowmeter 

Two  Stage 
Regulators ^s      ^     ^s 

cPcPcP 
fi^^fl^ 

1— Prepurified Nitrogen 
— Medical  Oxygen 
— 15%  Carbon  Dioxide/Nitrogen 

balance 

Figure 7.  Controlled Atmosphere Environmental Chamber 
Showing Gas Equipment Used. 
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3.4.3 Mass Transfer of d'Aniou Pears 

The marked, weighed, and boxed d'Anjou pears were 

placed Inside the CA and COMMON chambers.  Thermocouples 

were inserted, chambers sealed, and the carrier amplifier 

was tared to zero.  The Esterline Angus microprocessor was 

then set to record mass and temperature data at 30 minute 

intervals. 

The N2 regulator was set to 12 psi while the C02 and 02 

regulators were left off.  The N2 column of the Matheson 

flowmeter was set to 140 (full scale) to purge the CA 

chamber.  The purging procedure continued until the 02 level 

was considerably reduced.  The C02 and 02 regulators were 

then set to 12 psi and the Matheson flowmeter was adjusted 

to attain a 2% C02, 1% 02, and balance N2 atmosphere inside 

the CA chamber. 

3.4.4 Gas Level Determination 

Gas chromatography was used to determine 02, C02, and 

N2 percentages inside the CA chamber.  Internal volume of 

the CA chamber was 0.355 m3 and the Matheson flowmeter was 

adjusted to supply a flow rate of 1.34 x 10"6 m3/sec. 

Consequently, minor flow rate adjustments would not 

immediately effect the atmosphere in the CA chamber.  After 

a flow rate adjustment was made, the atmosphere was given 24 
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hours to stabilize before samples were extracted for gas 

chromatography analysis. 

Gas samples were analyzed each day until the atmosphere 

stabilized.  Once a stable atmosphere was reached, 02, C02, 

and N2 percentages were determined every two or three days. 

Gas samples were extracted from the CA chamber with a 

plastic Ice air tight syringe.  Gas sampling was done by 

inserting the syringe into the chamber, pumping 

approximately 20 times to get a representative sample of 

air, removing and then inserting the needle into a rubber 

cork to avoid gas leakage.  The gas sample was then injected 

into a model 5730A Hewlett Packard thermal conductivity 

detector gas chromatograph equipped with a parallel column. 

The gas chromatograph parallel column consisted of one 

1.52 m long, 6.35 mm ID column packed with 60-80 mesh 

molecular sieve 5A, and a second column 0.61 m long, 6.35 ram 

ID packed with 20-200 mesh silica gel. The first column 

separated oxygen and nitrogen while the second column 

separated the carbon dioxide from the oxygen and nitrogen. 

The septum and furnace temperatures of the gas chromatograph 

were 1000C and 600C, respectively.  The gas chromatograph 

integrator determined 02, C02, and N2 percentages in the 

sample and printed out the results. 

Ethylene percentages were determined using a model 211 

Carle flame ionization gas chromatograph.  Gas sampling 

techniques used were the same as documented above.  Ethylene 
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sampling was done less frequently than C02 and 02 due to the 

low percentages of ethylene present in the CA chamber. 
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IV. RESULTS AND DISCUSSION 

Two mass loss experiments were completed simultaneously 

for each fruit: test #1 in the CA chamber and test #2 in the 

COMMON chamber.  Replication was precluded due to lack of 

sufficient instrvunentation.  Regular air environments were 

used for all berry experiments.  D'Anjou pears were stored 

in controlled and regular air atmospheres in the CA and 

COMMON chambers, respectively. 

4.1 FRUIT MATURITY 

The researched fruits were harvested at commercial 

maturity.  The berries were harvested mature and ripe while 

the pears were harvested mature but not ripe.  Pears were 

harvested at optimum maturity for controlled atmosphere 

storage conditions namely, flesh firmness of approximately 

62 Newtons (14 pounds).  Table 1 summarizes fruit harvest 

conditions. 

Table 1.  Stage of Development at Harvest for Fruit Used in 
Experiments. 

Fruit Stage of Development 

Benton Strawberries 
Meeker Raspberries 
Early Blue Blueberries 
Jersey Blueberries 
d'Anjou Pears 

mature, ripe 
mature, ripe 
mature, ripe 
mature, ripe 
mature, not ripe 
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4.2 MOISTURE CONTENT OF BERRIES 

Berry moisture contents were determined and are 

summarized in Table 2.  Moisture contents determined in the 

lab fall within 5% of the referenced values.  The deviations 

from referenced values for the raspberries and blueberries 

may be due to fruit variety, maturity, and climatological 

variations during the growing season in different 

geographical locations.  Heldman and Singh (1981) and ASHRAE 

(1981) did not list fruit by variety or maturity. 

Table 2. Moisture Content of Berries Used in Heat and Mass 
Transfer Experiments. 

Fruit % Moisture 
Content 

ASHRAE 
(1981) 

Heldman 
and Singh 

(1981) 

Benton 
Strawberries NA1 90.0 89.3 

Meeker 
Raspberries 84.9 81.0 82.7 

Early Blue 
Blueberries 83.1 82.0 NA2 

Jersey 
Blueberries 84.4 82.0 NA2 

NA1  Data Not Available 
NA2 Not Listed 
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4.3 HEAT TRANSFER RESULTS 

4.3.1 Cooling a Commercial Flat of Berries 

Figures 8 through 15 (Appendix C) illustrate recorded 

air and fruit dry bulb temperatures during cooling of 

commercial sized flats of berries.  Each curve represents 

the temperature at the center of the specified fruit basket. 

The berry basket arrangement used in each particular 

experiment is shown in the upper right hand corner of the 

figure.  Orientation of the flats differed between the CA 

and COMMON chambers due to space limitations inside the 

walk-in refrigerator. 

Figures 8 and 9 illustrate the air and fruit 

temperatures recorded during cool down of the two tests of 

Benton strawberries.  Baskets on the edge of the commercial 

flat cooled faster due to a larger surface area being 

exposed to the surrounding cold air.  This phenomenon can be 

seen in all the berry cooling results.  The spike in the air 

temperature at approximately hour 23 is due to a 

refrigerator defrost cycle.  Air temperature increased 

approximately 30C during the period when the evaporator coil 

was electrically heated to remove accumulated ice. 

Cooling of raspberries is illustrated in Figures 10 and 

11.  The first raspberry test was arranged in the 

refrigerator quickly so little air temperature increase was 



43 

experienced (Figure 10).  The peak in air temperature at 

hour 2 reflects the refrigerator's defrost cycle.  The 

second raspberry test was started approximately 26 hours 

after the first due to local availability of raspberries. 

Fruit arrangement for the second test required the 

refrigerated chamber's door to remain open for a long period 

of time.  This allowed warm room air to enter the relatively 

small space and increase the internal air temperature.  This 

was indicated by the high initial air temperature of the 

second test (Figure 11), and the air temperature spike in 

the first test at about hour 26 (Figure 20, Appendix D). 

Early Blue blueberry cooling is illustrated in Figures 

12 and 13.  The large air temperature spike was due to the 

refrigerator defrost cycle.  A power outage occurred at 

approximately hour 7 and data were not recorded for nearly 

two^hoiirs. 

Jersey Blueberry cooling was consistent with the other 

berry experiments (Figures 14 and 15).  The temperature 

increase at approximately hour 19 was due to the 

refrigerator defrost cycle. 

Approximate cooling times for flats of berries were 

determined from Figures 8 through 15 and are presented in 

Table 3.  Refrigeration is used to remove heat of 

respiration and delay senescence.  Fruits with a high heat 

of respiration require longer to cool than fruits with low 

heat of respiration.  At 20oC, raspberries have a heat of 
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respiration of 62,850 kJ/Mg per day compared to 50,196 kJ/Mg 

per day and 22,375 kJ/Mg per day for strawberries and 

blueberries, respectively (ASHRAE, 1981).  Agreement with 

these data is indicated in Table 3 since raspberries 

required the longest and blueberries required the shortest 

time to reach storage temperature. 

Table 3.  Average Cooling Times for Commercial Flats of 
Locally Grown Berries. 

Fruit Average Cooling Time 
(hours) 

Benton Strawberries 

Meeker Raspberries 

Early Blue Blueberries 

Jersey Blueberries 

15.4 

17.1 

13.8 

14.9 

4.3.2 Cooling Boxes of d'Annou Pears 

Figures 16 and 17 (Appendix C) illustrate air and fruit 

dry bulb temperatures of two boxes of d'Anjou pears during 

cooling.  Each temperature curve is the average of 3 fruit 

temperature values within the row.  The box of pears in the 

CA chamber (Figure 16) was stored in a controlled atmosphere 

while the box of pears in the COMMON chamber (Figure 17) was 

stored in a regular air atmosphere. 
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The box of pears stored in the CA chamber required 

approximately 50 hours to cool to storage temperature 

whereas the pears in the COMMON chamber required 

approximately 54 hours.  Cooling characteristics inside the 

CA chamber were not affected by controlled atmospheregas 

conditions as the atmosphere had not been stabilized Jgefore 

cooling occurred. The top and bottom rows of fruit cooled 

faster thanthe_middle—row-.—-The top^.row-JvjLS„diuresEly^ 

exposed to the refrigerated air whereas the_bottgm_r°H--was 

laying on_^_surfacecool^„by~ejcternal air below 0oC. 

4.3.3 Temper&ture History of Fruits 

Air dry bulb, fruit dry bulb, and air dew point 

temperatures were recorded throughout the experiments and 

are presented in Figures 18 through 27 (Appendix D). 

Graphed values of air dry bulb temperature have been 

increased by 20C for clarity.  Average air dry bulb, fruit 

dry bulb, and air dew point temperatures after storage 

conditions were reached are presented in Table 4. 
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Table 4.  Average Air Dry Bulb, Fruit Dry Bulb, and Air Dew 
Point Temperatures After Storage Conditions were 
Reached. 

Fruit Test # Air Dry 
Bulb 
(0C) 

Fruit Dry 
Bulb 
(0C) 

Air Dew 
Point 

(0C) 

Benton 
Strawberries 

1 
2 

-0.6 
-0.5 

-0.5 
-0.4 

-0.8 
-4.1 

Meeker 
Raspberries 

1 
2 

-0.3 
-0.2 

-0.5 
-0.2 

-1.0 
-5.1 

Early Blue 
Blueberries 

1 
2 

-0.8 
-0.5 

-0.7 
-0.4 

-1.2 
-4.6 

Jersey 
Blueberries 

1 
2 

-0.8 
-0.3 

-0.9 
-0.5 

-2.4 
-4.6 

d'Anj ou 
Pears 

CA 
COMMON 

-0.3 
-0.1 

-0.3 
-0.4 

-0.8 
-5.6 

Relative values of fruit dry bulb and air dry bulb 

temperatures of Table 4 were dependent upon heat flow. 

Fruit dry bulb temperature below air dry bulb temperature 

implies evaporative cooling outweighed the heat of 

respiration.  The opposite is trug_j^en-fj^it*4rYl^jjilb 

temperature^jjxceeds air dry bulb temperature. 

Air dry bulb, fruit dry bulb, and air dew point 

temperatures in Figures 18 through 27 deviated very little 

except when there was an extended power outage, defrost 

cycle, or the refrigerator door was opened.  The 

refrigerator defrost cycle frequently caused the air dew 

point temperature to ri^^aboye, the^,frui-t—temperature'; 

especially for the CA chamber where relative humidity 
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approached saturation.  This phenomenon caused_an incra&se  

in fruit mass due jto water cendensang„jpjt]L_the fruit surface. 

This situation has been noted by other researchers.  Sastry 

et al. (1978) reference Gac (1971) and Ghani (1953) as 

finding increases in mass of grapes stored near saturation 

and low air velocities.  Patel et al. (1988) found mass 

fluctuations of apples, tomatoes, an^^-mushrsoms, in still air 

environments near saturation. 

Data breaks in Figures 22, 23, 26, and 27 were due to 

power failures turning off the recording microprocessor. 

The temperature spike at about hour 132 (Figures 26 and 27) 

was caused by opening the CA chamber to seal air leaks.  The 

increased temperature at about hour 1,550 was due to a 

nearly 4 hour power outage. 

4.4 TRANSPIRATION RATES OF BULK FRUITS 

VAccurate determination of fruit mass loss during 

storage is important to maintain fruit quality.  Equation 

(1) allows determination of mass loss rates (transpiration 

rates) if vapor pressure difference and transpiration 

coefficients are known. Transpiration coefficients must 

account for storage conditions since mass loss is dependant 

upon storage environment.  Therefore, the availability of 

accurate transpiration coefficient data would allow 

warehouse operators to more closely predict fruit mass 
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losses during storage. 

Mass versus time curves for all experiments were 

created and simple linear regression was used to determine 

transpiration rates.  Initial mass (y-intercept), 

transpiration rate, and correlation coefficients for all 

experiments are listed in Table 5.  Experimental data and 

regression lines are plotted together and shown in Figures 

28 through 38 (Appendix E). 

Table 5.  Initial Mass, Transpiration Rate, and Correlation 
Coefficients (r) Obtained from Regression 
Analyses. 

Fruit Test # Initial 
Mass 
(kg) 

Transpiration 
Rate 
(mg/s) 

r 

Benton 
Strawberries 

1 
2 

3.922 
4.231 

0.033 
0.334 

0.49 
0.98 

Meeker 
Raspberries 

1 
2 

3.518 
3.467 

0.052 
0.221 

0.84 
0.97 

Early Blue 
Blueberries 

1 
2 

4.008 
4.090 

0.004 
0.138 

0.21 
0.97 

Jersey 
Blueberries 

1 
2 

3.977 
4.020 

0.042 
0.121 

0.95 
0.99 

d'Anj ou 
Pears 

CA 
COMMON 

13.774 
13.951 

0.028 
0.110 

0.94 
0.99 

Figures 28 and 29 illustrate the mass of Benton 

strawberries versus time during the first and second tests, 

respectively.  Initial transpiration rates were high and 

decreased—ever-time to constant rates.  Strawberries stored 
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in the CA chamber (Figure 28) exhibited larger mass 

fluctuations than berries stored in the COMMON chamber 

(Figure 29).  This was due to the interaction between air 

dew point temperature and fruit dry bulb temperature causing 

periodic condensation on the fruit.  The large mass 

fluctuations observed in the CA chamber caused a very non- 

linear mass versus time curve.  Therefore, a very low 

correlation coefficient was obtained (Table 5). 

Meeker raspberry mass versus time graphs (Figures 30 

and 31) exhibited the same characteristics as the Benton 

Strawberries.  High, non-linear transpiration rates 

decreased with time to constant rates in both tests. 

Raspberries in the CA chamber (Figure 30) exhibited a lower 

transpiration rate than the berries in the COMMON chamber 

(Figure 31). 

Figures 32 and 33 illustrate mass versus time for the 

two Early Blue blueberry experiments. The transpiration 

rate of berries in the CA chamber was initially high, but 

then reduced dramatically (Figure 32).  The low 

transpiration rate combined with the mass fluctuations 

caused a very low correlation coefficient (Table 5). 

Berries stored in the COMMON chamber exhibited a very linear 

transpiration rate with time (Figure 33). 

Transpiration rate of Jersey blueberries stored in the 

CA chamber was initially high, decreased to an inflection 

point, increased to a second inflection point, and then 
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continued increasing slowly throughout the experiment 

(Figure 34).  Jersey blueberries stored in the COMMON 

chamber (Figure 35) exhibited the same transpiration 

characteristics as the other berries stored in the COMMON 

chamber. 

Graphs of mass versus time for the controlled 

atmosphere and regular air atmosphere stored d'Anjou pears 

are presented in Figures 36 and 37, respectively.  Pears 

stored in a controlled atmosphere (Figure 36) exhibited the 

same phenomenon as the Jersey blueberries stored in the CA 

chamber (Figure 34).  High initial transpiration rate 

decreasing to a inflection point, increasing to a second 

inflection point and then increasing throughout the 

experiment.  Fidler (1964) found the respiration rate of 

apples stored in cold storage to exhibit the same trends as 

found in Figures 34 and 36.  Therefore, the mass loss rate 

behavior of Jersey blueberries and d'Anjou pears can be 

attributed to changes in fruit respiration rate. 

Initial transpiration rate of the d'Anjou pears stored 

in the regular air atmosphere was high, then decreased over 

time to a constant rate (Figure 37).  The transpiration rate 

differences between controlled and regular air atmosphere 

stored d'Anjou pears have been compared in Figure 38. 

D'Anjou pears stored in the regular air atmosphere 

demonstrated a larger mass loss percentage (8.15%) than the 

d'Anjou pears stored in the controlled atmosphere (2.03%). 
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Patel et al. (1988) found high initial transpiration 

rates followed by a fairly rapid decline for apples and 

tomatoes.  Similar results have been presented in Figures 28 

through 38.  Fruit mass cycling seen in Figures 28 through 

38 was due to the dew point temperature increasing above the 

fruit dry bulb temperature which caused water to condense on 

the fruit surface.  The cycling of the mass over time is 

more evident in the CA chamber than the COMMON chamber due 

to higher relative humidity. 

4.5 DETERMINATION OF TRANSPIRATION COEFFICIENTS 

Determination of fruit transpiration coefficients 

requires knowledge of all unknowns in equation (1).  These 

values must either be measured or calculated from known 

equations.  Transpiration coefficients can be determined on 

an per unit surface area or per unit mass basis.  Therefore, 

fruit mass or surface area must be determined for all 

fruits.  Due to the difficulties and errors involved in 

determining fruit surface areas, transpiration coefficients 

have been determined on a mass basis and approximated on an 

area basis. 

4.5.1 Determination of P. and P.  : a s 

A FORTRAN computer program was written to calculate the 
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transpiration coefficient on a per unit mass basis (KJ for 

each recorded set of known environmental conditions.  The 

FORTRAN computer program calculated: 

Air water vapor pressure at saturation        Pas, 

Air water vapor pressure Pa, 

Fruit vapor pressure at saturation P0/ 

Fruit vapor pressure Ps, 

Transpiration coefficient on a mass basis      K,,,, 

Relative Humidity, <t>, 

given the air dry bulb, fruit dry bulb, and air dew point 

temperatures.  The computer program was written using 

psychrometric equations found in ASHRAE (1985).  A complete 

program listing appears in Appendix F. 

The FORTRAN program reads air dry bulb, air dew point, 

and fruit dry bulb temperatures from data files and 

calculates <J> and Pas.  Relative humidity and Pas are used to 

determine Pa.  Fruit dry bulb temperature is then used to 

calculate P0.  Equation (6), the known freezing point 

depression (Tf) of the fruit, and P0 are used to calculate 

Ps.  The procedure is repeated for each set of known 

temperatures throughout the experiment. 

After storage temperature was reached, average values 

for c|>/(Pax)( Pg^) 
Po' and P^ were determined and output. 

Average values of^xelative humidity, Pas, and Pa are 

presented in Table 6.  Table 7 presents Tf, VPL, and average 

values for p, and Ps.   *  ^ 
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Table 6.  Average Values of Relative Humidity, P , and P. 

Fruit Test # Relative 
Humidity 

(%) 

Pas 

(kPa) 

Pa 

(kPa) 

Benton 
Strawberries 

1 
2 

98.4 
74.1 

0.58012 
0.58808 

0.57102 
0.43586 

Meeker 
Raspberries 

1 
2 

94.7 
66.5 

0.59513 
0.60132 

0.56349 
0.40011 

Early Blue 
Blueberries 

1 
2 

96.8 
71.2 

0.57141 
0.58683 

0.55205 
0.41684 

Jersey 
Blueberries 

1 
2 

87.9 
69.9 

0.57114 
0.59451 

0.50222 
0.41543 

d'Anj ou 
Pears 

CA 
COMMON 

96.3 
63.5 

0.61815 
0.60481 

0.57281 
0.38344 

Table 7, Freezing Point Depression, Vapor Pressure Lowering 
(VPL), Average Product Vapor Pressure at 
Saturation, and Average Product Vapor Pressure. 

Fruit Test # 
rc) 

VPL(^ 
 Jb 

Po 
(kPa) (kPa) 

Benton 1 0.8 0.99 0.58496 0.57911 
Strawberries 2 0.8 0.99 0.59002 0.58412 

Meeker 1 0.6 0.99 0.58586 0.57999 
Raspberries 2 0.6 0.99 0.60183 0.59582 

Early Blue 1 1.6 0.98 0.57915 0.56823 
Blueberries 2 1.6 0.98 0.58974 0.57863 

Jersey 1 1.6 0.98 0.56914 0.55776 
Blueberries 2 1.6 0.98 0.58780 0.57604 

d'Anj ou CA 1.8 0.98 0.59615 0.60675 
Pears COMMON 1.8 0.98 0.59146 0.57997 

Average values for Tables 6 and 7 determined after 
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storage temperatures were reached.  Values of Tf for berries 

and d'Anjou pears were obtained from ASHRAE (1981) and Chau 

et al. (1987), respectively. 

4.5.2 Determination of Fruit Surface Areas 

Accurate measurement of fruit surface area is required 

to determine transpiration coefficients on a per unit area 

basis (Karea) . All experimental data were accumulated from 

fruit stored in bulk to simulate commercial storage 

conditions.  Therefore, actual fruit surface areas actively 

involved in transpiration of water and gases were 

approximated.  All berry experiments used pint berry baskets 

(Figure 5) in the layout of a commercial flat (Figure 6). 

The exposed portion of the berries was considered to be the 

top and sides of the berry baskets.  Fruit surface area 

exposed across the tops of the berry baskets was calculated 

as 0.13 m2. With 0.003 m2 exposed per basket side, and 48 

exposed sides, total exposed berry surface area was 

calculated to be 0.27 m2. 

Accurate measurement of d'Anjou pear surface area was 

also very difficult since bulk storage conditions were used. 

Representative samples could be sliced, the perimeters 

digitized, and the overall surface area estimated.  However, 

significant errors may still persist.  A surface area to 

mass relationship for individual d'Anjou pears determined by 
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Chau et al. (1987) was adapted.  From this relationship, 

total surface area of d'Anjou pears stored in the CA and 

COMMON chambers were approximated as 1.10 m2 and 1.20 m2, 

respectively. Initial fruit mass and surface areas used for 

K,,, and Karea calculations have been summarized in Table 8. 

Table 8.  Initial Mass and Surface Area of Fruits. 

Fruit Test # Initial 
Mass 
(kg) 

Surface 
Area 
(m2) 

Benton 
Strawberries 

1 
2 

3.968 
4.305 

0.27 
0.27 

Meeker 
Raspberries 

1 
2 

3.549 
3.503 

0.27 
0.27 

Early Blue 
Blueberries 

1 
2 

4.010 
4.107 

0.27 
0.27 

Jersey 
Blueberries 

1 
2 

3.990 
4.045 

0.27 
0.27 

d•Anj ou 
Pears 

CA 
COMMON 

13.752 
13.978 

1.10 
1.20 

4.5.3 Determination of Transpiration Coefficients 

Transpiration coefficients determined on a per unit 

mass basis (KJ were calculated using the FORTRAN computer 

program.  Equation (1), values of Ps, Pa, transpiration 

rate, and initial mass, were used to determine K,,, for each 

set of known air dry bulb, air dew point, and fruit dry bulb 

temperatures.  Graphs of K,,, versus time were generated for 



56 

each experiment (Figures 41 through 50, Appendix H). An 

average K,,, value for each experiment was calculated once 

storage conditions were reached. 

Transpiration coefficients determined on a per unit 

surface area basis (Karea) were calculated using equation (1) 

and the values from Tables 5, 6, 7, and the estimated 

surface area values from Table 8.  Values of K,,, and Karea are 

presented in Table 9. 

Table 9.  Transpiration Coefficients Determined on a Mass 
and Area Basis. 

Fruit Test # 
(mg/skgkPa) 

if 
area ? 

(mg/s-m   kPa) 

Benton 
Strawberries 

Meeker 
Raspberries 

Early Blue 
Blueberries 

Jersey 
Blueberries 

d•Anj ou 
Pears 

1 
2 

1 
2 

1 
2 

1 
2 

CA 
COMMON 

1.03 15.12 
0.55 8.64 

0.80 11.67 
0.33 4.18 

0.06 0.92 
0.23 3.16 

0.31 2.80 
0.19 2.79 

0.08 0.75 
0.04 0.47 

4.6 TRANSPIRATION RATE COMPARISON 

Berries stored in the COMMON chamber exhibited a 

transpiration rate 2 to 34 times greater than fruit stored 

in the CA chamber (Table 5).  Fruit maturity between tests 
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was similar since both tests were conducted with fruit from 

the same picking.  Transpiration rate is directly 

proportional to vapor pressure difference.  Therefore, the 

lower relative humidity in the COMMON chamber (Table 6) 

induced higher transpiration rates due to increased vapor 

pressure differences. 

Elevated C02 and reduced 02 decrease transpiration by 

reducing product respiration. High relative humidity 

reduces transpiration by reduction of the vapor pressure 

difference.  The d'Anjou pears stored in a controlled 

atmosphere (CA chamber) exhibited a lower transpiration rate 

than d'Anjou pears stored in a regular air atmosphere 

(COMMON chamber) due to the combination of these factors. 

Controlled atmosphere storage conditions were achieved 

inside the CA chamber during the d'Anjou pear experiment. 

At first, leaks in the CA chamber prevented 02 levels from 

decreasing below 10%.  Therefore, the CA chamber was opened 

and leaks sealed approximately 132 hours into the 

experiment.  The controlled atmosphere inside the CA chamber 

then stabilized after approximately 276 hours (Figure 39, 

Appendix G) .  Except for a few low 02 readings, C02 and 02 

percentages remained stable for the duration of the 

experiment.  Relative humidity stabilized at approximately 

96% after storage temperature was reached. 

Ethylene levels inside the CA chamber during the 

d'Anjou pear experiment are illustrated in Figure 40 



58 

(Appendix G) . As expected, ethylene levels were low due to 

the reduced 02 level in the controlled atmosphere.  Chen 

(1986) reported storage atmospheres of 1% 02 dramatically 

reduced d'Anjou pear ethylene production.  The low ethylene 

levels had negligible effects on fruit respiration and 

ripening. 

4.7 TRANSPIRATION COEFFICIENT VERSUS TIME 

Transpiration coefficients initially increased during 

fruit cooling, then cycled throughout the experiment. 

Initial increases were due to fruit cooling, where the vapor 

pressure difference decreased over time.  The cycling 

effects were due to environmental condition variations, 

specifically, interaction of the fruit dry bulb and air dew 

point temperatures which induced transient condensation 

followed by free water evaporation. 

The FORTRAN program yielded negative values for K,,, when 

Pa exceeded Ps. This occurred due to evaporative cooling 

and vapor pressure lowering reducing Pg and environmental 

conditions increasing Pa.  Negative K,,, values indicate a 

reverse of equation (1) , when water was condensed onto the 

fruit surface. 

Transpiration coefficients of fruit stored in the CA 

chamber exhibited large cycles, both in the positive and 

negative directions (Figures 41, 43, 45, 47, and 49).  This 
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was due to air dew point temperature variations which 

affected the calculation of the vapor pressure difference. 

The vapor pressure difference in the CA chamber was small as 

environmental conditions were near saturation.  Therefore, a 

small deviation in the air dew point temperature had a large 

influence on the calculated vapor pressure difference.  Due 

to environmental temperature changes during the 

refrigerator's defrost cycle, air flow past the dew point 

sensor was not adequate.  Therefore, dew point temperature 

fluctuations occurred. 

Transpiration coefficients of fruits stored in the 

COMMON chamber did not exhibit the large cycles exhibited by 

fruit in the CA chamber (Figures 42, 44, 46, 48, and 50). 

Vapor pressure difference was much greater in the COMMON 

chamber than the CA chamber as indicated by the low relative 

humidity in the COMMON chamber (Table 6).  The higher air 

dry bulb and dew point temperatures during the 

refrigerator's defrost cycle decreased the vapor pressure 

difference and increased K,,,. 

Due to this fact, most transpiration coefficient 

research has been done with low relative humidity 

environments.  Results obtained with low relative humidity 

environments will give less variation in K,,,, but results 

will not reflect commercial storage conditions. 

All experiments indicate increasing K,,, during fruit 

cooling.  After storage conditions were reached, K,,, 
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maintained a relatively constant value.  Figures 41 through 

50 show that K,,, was not dependent on time.  Chau et al. 

(1987) found K,,, not to vary with time at low relative 

humidities except for Tifblue blueberries where K,,, decreased 

with time.  Early Blue blueberries stored in the COMMON 

chamber exhibited a small K,,, decrease over time whereas the 

berries stored in the CA chamber did not. 

4.8 TRANSPIRATION COEFFICIENT COMPARISONS 

Berry results from Table 9 were compared to each other 

to determine trends.  Fruit maturity between tests was 

similar as quantities were obtained from the same picking. 

Except for Early Blue blueberries, berries stored in the CA 

chamber exhibited higher transpiration coefficients than 

berries stored in the COMMON chamber. 

The major difference between the CA and COMMON chambers 

was the higher relative humidity inside the CA chamber. 

Average relative humidities in the CA and COMMON chambers 

ranged from 87.9 to 98.4% and 66.5 to 74.1%, respectively 

(Table 6).  The results indicate that the larger vapor 

pressure difference observed in the COMMON chamber resulted 

in a decrease of the transpiration coefficients.  Except for 

a few cases, Patel et al. (1988) found transpiration 

coefficients to decrease with increasing vapor pressure 

difference. 
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Respiration will be reduced if sufficient oxygen is not 

available to the fruit.  Mass balance calculations were 

completed to determine if respiration of berries stored in 

the CA chamber was reduced by oxygen depletion.  The stored 

strawberries, raspberries, and blueberries required 50.95, 

64.56, and 30.52 mg 02/hour for proper respiration.  The CA 

chamber dew point hygrometer vacuum pump exchanged 35.4 

liters of air per hour.  The 35.4 liters of air per hour 

introduced 10,620 mg 02/hour into the CA chamber. 

Therefore, fruit respiration in the CA chamber was not 

reduced by oxygen depletion. 

D'Anjou pear transpiration coefficients showed the same 

decrease with increasing vapor pressure difference as 

exhibited by the berry experiments.  Mass loss of fruit 

stored in a controlled atmosphere environment has not been 

researched in the past.  Therefore, the effects of a 

controlled atmosphere on transpiration coefficients has not 

been determined.  Since relative humidities were dissimilar 

between the two tests, the effects of a controlled 

atmosphere on K,,, could not be determined.  The effects of 

controlled atmosphere on K,,, could be evaluated if relative 

humidities were similar between the CA and COMMON chambers. 

Experimentally determined transpiration coefficients 

were compared to results obtained from other researchers. 

Comparison was difficult as experimental procedures and 

results differ.  Also, results of relatively few fruits have 



62 

been published.  Romero et al. (1986), Chau et al. (1987), 

and Chadwick (1988) have experimentally determined 

transpiration coefficients of selected fruits both on a per 

unit mass and per unit area basis. 

Romero et al. (1986) and Chau et al. (1987) both tested 

individual fruits and assumed berries to be small spheres. 

Atmospheric conditions used by Romero et al. (1986) included 

dry bulb temperatures ranging from 15 to 240C, relative 

humidities from 45 to 65%, and air velocities of 250 to 500 

cm/sec.  Chau et al. (1987) used dry bulb temperatures 

ranging from 11 to 240C and relative humidities ranging from 

45 to 65%. 

Low relative humidities were used by Romero et al. 

(1986) and Chau et al. (1987) to reduce the influences of 

evaporative cooling and vapor pressure lowering.  These 

experimental methods do not represent typical commercial 

fruit storage conditions.  Fruits are typically stored in 

bulk containers inside refrigerated rooms with minimal air 

velocity past the fruit surfaces once storage temperature 

has been achieved.  Chadwick (1988) determined K,,, for 
t ~ 

commodities stored in bulk conditions, refrigerated storage 

(-0.50C), and still air. 

Benton strawberry 1^ values were compared with other 

researchers.  Chau et al. (1987) reported K,,, to be 2.88 

mg/s-kgkPa for Pajaro strawberries in a still air 

environments—Chadwick (1988) determined K,,, to be 1.72 
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mg/skgkPa for Benton strawberries in bulk storage 

conditions.  Differences between Chau et al. (1987), 

(^adwick_J lgg£,)-y---an.d_the values in Table 9 could be 

attributed to__relative humidity of the surrounding air or 

yearly_jv-ariations—of_-.the__g3:gwing_season cl imate. 

Romero et al. (1986) reported Pajaro strawberries 

having Karea ranging from 12.2 to 18.4 mg/sm
2kPa for air 

velocities of 250 to 500 cm/sec.  These values are higher 

than the results in Table 9.  Differences could be 

attributed to air velocities and the method used to 

determine fruit surface areas.  Values in Table 9 were 

determined in a still air environment and areas were assumed 

to be those of a slab of berries. 

Chadwick (1988) found K,,, to be 0.88 mg/skgkPa for 

Meeker raspberries stored in bulk conditions.  This compares 

well with K,,, of 0.80 mg/s-kg-kPa from Table 9.  Experimental 

procedures and relative humidities were similar during both 

experiments. 

Early Blue and Jersey blueberry results were compared 

with results obtained by other researchers.  Chau et al. 

(198Tpand Romero et al. (1986) reported Karea to be 1.94 

mg/s-m2kPa and 1.5 mg/sm2kPa/ respectively, for Tifblue 

blueberries in a still air-environment. .The differences 

between these values and the values presented in Table 9 

could be attributed to blueberry variety or methocTof 

calculating fruit surface area. 
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Chau et al. (1987) reported Karea for d'Anjou pears as 

0.684 mg/sm2kPa which is greater than Karea determined for 

d'Anjou pears stored in the COMMON chamber (Table 9).  The 

method used to determine d'Anjou fruit surface area for 

Table 9 was identical to that used by Chau et al. (1987). 

However, the bulk storage conditions used for this research 

allowed less fruit surface area to actively transpire 

moisture.  Other differences could be attributed to fruit 

maturity, fruit variations, or experimental procedures. 

Transpiration coefficient differences between the 

results in Table 9 and other researchers could be due to 

experimental procedures used, fruit variety, fruit growth 

location, or seasonal variations in growing climate.  Fruit 

tested in an environment of high temperature, low humidity, 

and high air velocity will cause high vapor pressure 

differences to exist between the fruit and surrounding air. 

Determination of fruit surface area differs widely among 

researchers. 

Bulk storage conditions used in this research differed 

from the single fruit used brother researchers.  In bulk 

storage conditions, fruit surfaces are in,.contact, with each 

other and with the storage container.  Therefore, less fruit 

surface area is involved in transpiration of water to the 

atmosphere.  The reduced area actively involved in 

transpiration decreased moisture loss on a per unit mass 

basis. 
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Transpiration coefficients of Early Blue and Jersey 

blueberries were compared to transpiration coefficients of 

Tifblue blueberries.  Differences could be attributed to 

fruit variety, fruit growth location, fruit maturity, or 

physical injury of samples.  Chau et al. (1987) found large 

differences in K,,, values from sample to sample. 

4.9 D'ANJOU PEAR QUALITY AFTER STORAGE 

The d'Anjou pear mass transfer experiment was 

terminated after 114 days due to an infection of Botrytis 

cinerea in the CA chamber.  The mold became evident towards 

the middle of the experiment and had infected the lower end 

of one d'Anjou pear before the experiment was terminated. 

The increased C02 level in the controlled atmosphere chamber 

reduced the growth of the mold.  Stewart (1978) found 

increased levels of C02 reduced Botrytis rot on head 

lettuce. 

D'Anjou pears stored in the controlled atmosphere 

exhibited less skin shrinkage and wax breakdown than the 

pears stored in the regular air atmosphere.  Controlled 

atmosphere stored d'Anjou pears exhibited a shinny smooth 

surface compared with the dull rough surface of the COMMON 

pears.  Therefore, higher fruit quality was obtained by 

controlled atmosphere storage. 

Pears from both chambers were inspected for brown-core 
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and found to have none.  Therefore, fruit quality was not 

compromised by the elevated C02 level in the controlled 

atmosphere chamber.  The only disease detected in either 

chamber was Botrytis cinerea. 
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V. CONCLUSIONS 

Relatively little documented data are available on mass 

transfer rates from fresh fruits and vegetables during 

commercial storage conditions.  Past mass transfer research 

has used idealistic situations where fruits were assumed to 

be stored individually.  Since fruits are normally stored in 

bulk, mass transfer research should be conducted in actual 

or simulated bulk storage conditions. 

Experiments were conducted to determine bulk cooling 

times and mass transfer characteristics for Benton 

strawberries. Meeker^raspberries, Early Blue and Jersey 

--15l\^berjviM:fc_an^_di
,

iA^j_cm_]gears stored in regular and 

controlled atmosphere conditions.  The collected data were 

^analyzed„and oyerall transpiration coefficients determined. 

^^^nejd^coeffdcients,=W|ere compared to published results. 

Cooling times were found to depend on fruit initial" 

temperature and heat of respiration.  Of the berries tested, 

raspberriesjwere found to„re9[i^re_t^_ longest time to reach 

storage temperature. 

Transpiration rates were initially large but decreased 

to relatively constant values once storage temperature was 

reached.  Changes in transpiration rates of Jersey 

blueberries and d'Anjou pears were similar to respiration 

rate changes found in apples stored in refrigerated 

conditions. 
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Overall transpiration coefficients were found to vary 

with vapor pressure difference.  High vapor pressure 

differences decreased the overall transpiration coefficient 

except for Early Blue blueberries.  The transpiration 

coefficient was not time dependent except for Jersey 

blueberries where the transpiration coefficient decreased 

slightly over time. 

D'Anjou pears stored in a controlled atmosphere 

exhibited less mass loss than d'Anjou pears stored in a 

regular air atmosphere.  Since relative humidities were 

dissimilar between the two tests, the decrease cannot be 

specifically attributed to controlled atmosphere reduction 

of fruit respiration.  Therefore, the affects of a 

controlled atmosphere on mass loss could not be separated 

from the affects of relative humidity.  Fruit stored in the 

controlled atmosphere was found to have much higher quality 

upon removal from storage than fruit stored in the regular 

air atmosphere. 
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VI. RECOMMENDATIONS 

Recommendation for further research include: 

1. Conduct analyses to determine what factors cause 

variations in K,,, when high relative humidity 

environments are used for storage conditions. 

2. Determine transpiration coefficients in controlled 

and regular air atmospheres using the same 

relative humidities. 

3. Conduct experiments to determine if a relationship 

exists between environmental vapor pressure 

deficit and the fruit transpiration coefficient. 

4. Conduct experiments to determine if different size 

groupings of pears exhibit different transpiration 

coefficients in bulk storage. 
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APPENDIX A 

Derivation of Equation 6 
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An equation which relates vapor pressure lowering to 

freezing point depression was derived by combining Raoults 

Law with the equation of freezing point depression.  The 

result allows determination of vapor pressure lowering due 

to dissolved substances of a fruit knowing only the fruits 

freezing point depression. 

Raoults Law 

where: 

p 
soln 

PH20 
XH20 

Psoln PH20   XH20 

= vapor pressure of water over the solution 
= vapor pressure of water over pure water 
= mole fraction of water in the solution 

Hence, 
' soln 

H20 

By definition,  X, H20 

=  X H20 

moles H20 

moles H20 + moles solute 

(1) 

(2) 

Freezing point depression :  ATf = m * Kf 

^T, 
Hence,   m = 

K, 

where m = molality of solute in solution 

moles solute 
By definition,  m = 

kg of water 

From (1) and (2) , 

P. soln moles H20 

(3) 

(4) 

H20 moles H20 + moles solute 
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moles H20 + moles solute 

moles H20 

' soln 

H20 moles solute 

moles H20 

(5) 

The molecular weight of H20 is 18 g/mole, thus the number of 

moles of water present in a sample is (1/18) the total 

number of grams present. 

Hence, 

moles solute 

moles H20 

moles solute 

(1/18)* g H20 

18  * moles solute 

1000 * kg H20 

0.018  * moles solute 

kg H20 

By   (4), 
moles solute 

kg H20 
= m and by   (3),     m = 

^T. 

K, 

Therefore: 

0.018  * moles solute 

kg H20 
0.018m = 

0.018   AT, 

K, 
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and 

moles solute       0.018 AT f 

moles H20 Kf 

Substituting (6) into (5) yields: 

p 
soln 

PH20 0.018   ATf 

1     +       
Kf 

substituting: 

Ps         =  Psoln            and Po -   PH20 

Equation   (6)   becomes: 

Ps 
= 

1 

Po 
1      + 

0.018   ATf 

Kf 

(6) 

(6) 
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APPENDIX B 

Experimental Equipment Specifications 
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Refrigerator. 

Imperial Manufacturing Ice Cold Coolers, Inc. 

1.22 m x 1.52 m x 2.03 m walk-in refrigerator 

Esterline Angus PD 2064 Microprocessor. 

Range:        0 to 4 Volts 

Resolution:   0.1 0C, or 0F 

Facit Paper Tape Perforator. 

Input        115 V 

General Eastern Condensation Dew Point Hygrometer. 

Model: 

Input: 

Range: 

Accuracy: 

Resolution: 

Output: 

Universal Electric Co. Vacuum Pump. 

Input:        115 V 

RPM: 1770 

C & E Instrument PM-1000 Flowmeter. 

Model:        10230 

Capacity:     0.25-2.25 1/min 

Omega Engineering Copper-Constantan (T-type) Thermocouple. 

Gage: 0.127 mm diameter (36 gage) 

Hottinger-Baldwin Measurements. Inc.. Carrier Amplifier. 

Model: MGT 232 

Input:        115V 

System 1100DP 

115 V 

-400C to  800C 

0.30C   (over entire operating range) 

0.10C 

100 mV/0C 
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Output:        1.8144 kg/4000 mV (4 lbs/4000 mV) 

Hottinaer-Baldvin Measurements. Inc.. Load Cell. 

Model:        U1T 

Capacity:     0 - 45 kg 

Matheson 3 Tube Mixing Flowmeter. 

Compressed Gases. 

Medical Oxygen 

Prepurified Nitrogen 

15% carbon dioxide, balance of nitrogen 

Hewlett Packard Thermoconductivity Gas Chromatoqraph. 

Model: 5730A 

Detector Temperature: 2000C 

Injection Port Temperature:       100oC 

Oven Temperature: 600C 

Input: 115 V 

Hewlett Packard Integrator 

Model:   HP 3380A 

Carle Flame lonization Gas Chromatoqraph. 

Model:        211 

Shimadzu Chromatopac Integrator 

Model    C-R3A 

Mettler Electric Scales. 

Model:        P1200 

Capacity:     1.2 kg 
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APPENDIX C 

Bulk Cooling Characteristics of Flats of 
Berries and Boxes of d'Anjou Pears 
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Figure 8.  Air and Fruit Dry Bulb Temperatures During Cool Down of 

Benton Strawberries Stored in the CA Chamber. 
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Figure 9.  Air and Fruit Dry Bulb Temperatures During Cool Down of 
Benton Strawberries Stored in the COMMON Chamber. 
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Air and Fruit Dry Bulb Temperatures During Cool Down of 
Meeker Raspberries Stored in the CA Chamber. 
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Figure 11.  Air and Fruit Dry Bulb Temperatures During Cool Down of 
Meeker Raspberries Stored in the COMMON Chamber. 
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Figure 12, 

Time (hours) 
Air and Fruit Dry Bulb Temperatures During Cool Down 
of Early Blue Blueberries Stored in the CA Chamber. 
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Air and Fruit Dry Bulb Temperatures During Cool Down 
of Early Blue Blueberries Stored in the COMMON Chamber, 
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Figure 15.  Air and Fruit Dry Bulb Temperatures During Cool Down 

of Jersey Blueberries Stored in the COMMON Chamber. 
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Time (hours) 
Air and Fruit Dry Bulb Temperatures During Cool Down 
of d'Anjou Pears Stored in a Controlled Atmosphere. 
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APPENDIX D 

Air Dry Bulb, Fruit Dry Bulb, and Air Dew 
Point Temperature History of Berries 

and d'Anjou Pears 
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Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Benton Strawberries Stored in the CA Chamber. 
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Fiqure 19.  Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Benton Strawberries Stored in the COMMON Chamber, 
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Figure 20.  Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 

History of Meeker Raspberries Stored in the CA Chamber. 
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Figure 21.  Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Meeker Raspberries Stored in the COMMON Chamber. 
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Figure 22. 

Time (hours) 

Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Early Blue Blueberries Stored in the CA Chamber. 
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Figure 23. Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Early Blue Blueberries Stored in the COMMON Chamber. 
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Figure 24, 

Time (hours) 
Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Jersey Blueberries Stored in the CA Chamber. 
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Figure 25, 

Time (hours) 
Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of Jersey Blueberries Stored in the COMMON Chamber. 
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Fiaure 26.  Air Dry Bulb, Fruit Dry Bulb, and Air Dew Point Temperature 
History of d'Anjou Pears Stored in a Controlled Atmosphere. 
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APPENDIX E 

Fruit Mass versus Time Plotted with 
Regression Line 
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Figure 28.   Mass of Benton Strawberries Stored in the CA Chamber versus 
Time Plotted with Regression Line. 
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Mass of Benton Strawberries Stored in the COMMON Chamber 
versus Time Plotted with Regression Line. 
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Mass of Meeker Raspberries Stored in the CA Chamber versus 
Time Plotted with Regression Line. 
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Figure 31.  Mass of Meeker Raspberries Stored in the COMMON Chamber 
versus Time Plotted with Regression Line. 
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Figure 32, 

Time (hours) 
Mass of Early Blue Blueberries Stored in the CA Chamber 
versus Time Plotted with Regression Line. 
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Figure 33. 

Time (hours) 

Mass of Early Blue Blueberries Stored in the COMMON Chamber 
versus Time Plotted with Regression Line. 
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Figure 34 

Time (hours) 

Mass of Jersey Blueberries Stored in the CA Chamber versus 
Time Plotted with Regression Line. 
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Figure 35, 

Time (hours) 
Mass of Jersey Blueberries Stored in the COMMON Chamber 
versus Time Plotted with Regression Line. 
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Figure 36.  Mass of d'Anjou Pears Stored in a Controlled Atmosphere 
versus Time Plotted with Regression Line. 
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Figure 37.  Mass of d'Anjou Pears Stored in a Regular Air Atmosphere 
versus Time Plotted with Regression Line. 
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Figure   38.     Mass  Comparison of  d'Anjou Pears   Stored  in a  Controlled 
and a Regular Air Atmosphere. 
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APPENDIX F 

FORTRAN Program Listing 
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C PROGRAM WRITTEN BY: 
C 
C WAYNE E. HATCH 
C 
C FOR 
C PEAR RESEARCH 
C JUNE 1,1988 
C 
C 
C   THIS PROGRAM CALCULATES THE TRANSPIRATION COEFFICIENT OF 
C   A  FRUIT GIVEN THE AIR DEW POINT TEMPERATURE, AIR DRY 
C   BULB TEMPERATURE, FRUIT DRY BULB TEMPERATURE, VAPOR 
C   PRESSURE LOWERING EFFECT (VPL), AND THE MASS LOSS RATE 
C   PER KILOGRAM OF FRUIT.  THE PROGRAM IS WRITTEN TO READ 
C   TWO INPUT FILES.  THE FIRST INPUT FILE HAS TWO COLUMNS 
C   OF TEMPERATURES, THE FIRST BEING THE AIR DEW POINT 
C   TEMPERATURE AND THE SECOND BEING THE AIR DRY BULB 
C   TEMPERATURE.  THE SECOND FILE HAS ONE COLUMN FOR THE 
C   FRUIT DRY BULB TEMPERATURE.  ALL TEMPERATURES MUST BE IN 
C   CELSIUS. 
C 
C   DATA FILE SPECIFICATIONS: 
C 
C   AIR DRY BULB AND DEW POINT TEMPERATURE FILE: 
C 
C   LINE #1 DESCRIPTIVE TITLE 
C   LINE #2 DPT      DBT 
C   LINE #3 -0.5     -0.1 
C 
C   LAST LINE        100.O    100.0 
C 
C   -70.0 IS USED TO DENOTE A POINT WHICH HAS NO DATA 
C 
C 
C   FRUIT DRY BULB TEMPERATURE FILE: 
C 
C   LINE #1 -0.1 
C   LINE #2 -0.3 
C 
C   LAST LINE       100.0 
C 
C   -70 IS USED TO DENOTE A POINT WHICH HAS NO DATA 
C 
C 
C*********************************************************** 

REAL DBT,WBT,DBTAB,WBTAB,RH,SV,HR,DPT,PS 
REAL PATM,RHP,COEFF,MLOSS,HRWB,PSWB,PSDB,PSDP 
REAL RAIR,PW,DPTAB,HRSAT,PA,PWS,FDBT,VPL 
CHARACTER * 3 HEAD1, HEAD2, HEAD3 
CHARACTER * 12 INFILE, OUTFILE, TITLES, THIRD 
CHARACTER * 12 AVEFILE, CHAN 
CHARACTER * 30 TITLE 
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COMMON 01,02,03,04,05,06,07,08,09,010,011,012,013 
COMMON DBT,WBT,DPT,H,SV,RH,HR,DB,WB,DP,EN,S,R,HUM 
REAL SID 
PATM=101325. 
MCOUNT=0 
MDPT=0 
MDBT=0 
MFDBT=0 
DPTSUM=0.0 
DBTSUM=0.0 
FDBTSUM=0.0 
RPHSUM=0.0 
PSSUM=0.0 
PASUM=0.0 
PWSSUM=0.0 
SIDSUM=0.0 
COEFFSUM=0.0 
Cl=»5674.5359 
02=6.3925247 
C3=-0.9677843E-2 
C4=0.62215701E-6 
C5=0.20747825E-8 
C6=-0.9484024E-12 
07=4.1635019 
C8=-5800.2206 
09=1.3914993 
C10=-0.048640239 
011=0.41764768E-4 
C12=-0.14452093E-7 
013=6.5459673 
RAIR=287.055 
WRITE(*,*)' ENTER INPUT FILENAME FOR AIR DPT AND DBT • 
READ(*,5) INFILE 
WRITE(*,*)' ENTER INPUT FILENAME FOR PRODUCT DBT • 
READ(*,5) THIRD 
WRITE(*,*)' ENTER THE FRUIT CHANNEL NUMBER » 
READ(*,5) CHAN 

4 FORMAT(13) 
5 FORMAT(A) 

WRITE(*,*)' ENTER OUTPUT FILENAME FOR NUMBER LISTS » 
READ(*,5) OUTFILE 
WRITE(*,*)' ENTER OUTPUT FILENAME FOR AVERAGES • 
READ(*,5) AVEFILE 
WRITE(*,*)• ENTER MALL LOSS RATE IN  (mg/s kg) • 
READ(*,*) MLOSS 
WRITE(*,*)• ENTER VPL AMOUNT • 
READ(*,*) VPL 
0PEN(UNIT=5, FILE=INFILE) 
0PEN(UNIT=7, FILE=OUTFILE, STATUS=•NEW•) 
0PEN(UNIT=8, FILE=THIRD) 
0PEN(UNIT=9, FILE=AVEFILE) 
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C READ AND WRITE TITLE AND COLUMN HEADERS 
C 

READ(5,9) TITLE 
9    FORMAT(A) 

READ(5,15) HEAD1, HEAD2 
15   FORMAT(7X,A,6X,A) 

WRITE(7,*)•  
Z  t 

WRITE(7,1225)'     FRUIT TYPE IS:',TITLE 
WRITE(7,1220) •  FRUIT DBT CHANNEL IS:',CHAN 
WRITE(7,*)' ' 
WRITER,!?) HEAD1, HEAD2, 'FDET1, 'RHP1, • K' ,    ' Ps • , 
Z'Pa1 

WRITE(7,18)•(C)»,•(C)',•(C)',•(%)•,•(mg/s kg 
ZkPa)•,•(kPa)•,•(kPa)' 

17 FORMAT(4X,A,6X,A,5X,A,6X,A,8X,A,12X,A,8X,A) 
18 FORMAT(4X,A,6X,A,6X,A,6X,A,4X,A,4X,A,5X,A) 

WRITE(7,*) •  
Z  i 

C 
C LOOP THROUGH AND CALCULATE VALUES 
C 

DO 1100 1=1, 2000 
READ(5,20) DPT, DBT 

20    FORMAT(7X,F5.1,4X,F5.1) 
READ(8,22) FDBT 

22    FORMAT(7X,F5.1) 
IF(DPT .LE. -50.0) MDPT=MDPT + 1 
IF(DBT .LE. -50.0) MDBT=MDBT + 1 
IF(FDBT .LE. -50.0) MFDBT=MFDBT + 1 
IF(DPT .LE. -50.0) THEN 
CALL MISSES(DPT,DBT,FDBT,RHP,PSDB,PWS,COEFF 

Z,PA,MCOUNT) 
GO TO 1000 

ELSEIF(DBT .LE. -50.0) THEN 
CALL MISSES(DPT,DBT,FDBT,RHP,PSDB,PWS,COEFF 

Z,PA,MCOUNT) 
GO TO 1000 

ELSEIF(FDBT .LE. -50.0) THEN 
CALL MISSES(DPT,DBT,FDBT,RHP,PSDB,PWS 

Z,COEFF,PA,MCOUNT) 
GO TO 1000 

ELSE 
CONTINUE 

ENDIF 
IF(FDBT .GE. 80.0) GO TO 1200 
IF(DPT .GE. 80.0) GO TO 1200 
IF(DBT .GE. 80.0) GO TO 1200 
DBTAB=DBT+273.15 
DPTAB=DPT+273.15 
FDBTAB=FDBT+273.15 

C CALCULATE PS AT DEW POINT TEMPERATURE 



119 

CALL PSATDEW(DPT,DPTAB,PSDP,J) 
IF(J .EQ. 1) THEN 
WRITE(*,*)' TEMPERATURES ARE OUT OF THE SCOPE OF 

Z THIS MODEL* 
GO TO 1000 

ENDIF 
C CALCULATE HUMIDITY RATIO 

HR=.62198*(PSDP/(PATM-PSDP)) 
C CALCULATE PS AT DRY BULB TEMPERATURE 

CALL PSATDRY(DBT,DBTAB,PSDB,J) 
IF(J .EQ. 1) THEN 
WRITE(*,*)' TEMPERATURES ARE OUT OF THE SCOPE OF 

Z THIS MODEL1 

GO TO 1000 
ENDIF 
HRSAT=.62198*(PSDB/(PATM-PSDB)) 
DOFSAT=HR/HRSAT 

C CALCULATE RELATIVE HUMIDITY 
RH=DOFSAT/(1-(1-DOFSAT)*(PSDB/PATM)) 
RHP=RH*100 

C CALCULATE SPECIFIC VOLUME 
SV=((RAIR*DBTAB)*(1+1.6078*HR))/PATM 

C CALCULATE ENTHALPY 
H=DBT+HR*(2501+1.805*DBT) 

C CALCULATE Pa IN kPa 
SID=PSDB/1000 
PA=SID*RH 

C 
C NOW CALCULATE VAPOR PRESSURE OF PURE WATER 

CALL PSATDRY(FDBT,FDBTAB,PWS,J) 
IF(J .EQ. 1) THEN 
WRITE(*,*)' TEMPERATURES ARE OUT OF THE SCOPE OF 

Z THIS MODEL' 
GO TO 700 

ENDIF 
700   PWS=PWS/1000 

PS=VPL*PWS 
COEFF=MLOSS/(PS - PA) 

1000  DPTSUM=DPTSUM + DPT 
DBTSUM=DBTSUM + DBT 
FDBTSUM=FDBTSUM + FDBT 
RHPSUM=RHPSUM + RHP 
PSSUM=PSSUM + PS 
PASUM=PASUM + PA 
PWSSUM=PWSSUM + PWS 
SIDSUM=SIDSUM + SID 
COEFFSUM=COEFFSUM + COEFF 
WRITE(7,1020) DPT, DBT, FDBT, RHP, COEFF,PS,PA 

1020  FORMAT(2X,F5.1,4X,F5.1,4X,F5.1,4X,F5.1,5X,F9.6 
Z,4X,F9.6,1X,F9.6) 

1100 CONTINUE 
C 
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C CALCULATE AVERAGE VALUES AND PRINT TO A FILE FOR USE 
C 
1200 NUM=I-1 

AVDPT=(DPTSUM -(-70 * MDPT))/(I-l-MDPT) 
AVDBT=(DBTSUM -(-70 * MDBT))/(I-l-MDBT) 
AVFDBT=(FDBTSUM -(-70 * MFDBT))/(I-1-MFDBT) 
AVRHP=RHPSUM/(I-1-MCOUNT) 
AVPS=PSSUM/(I-1-MCOUNT) 
AVPA=PASUM/(I-1-MCOUNT) 
AVPWS=PWSSUM/(I-1-MCOUNT) 
AVSID=SIDSUM/(I-1-MCOUNT) 
AVCOEFF=COEFFSUM/(I-1-MCOUNT) 
WRITE (9, *) • ===================================== 
Z=============================== • 
WRITE(9,1225)•     FRUIT TYPE IS:',TITLE 
WRITE(9,1220)•  FRUIT DBT CHANNEL IS:',CHAN 
WRITE(9,1226) 'NUMBER OF OBSERVATIONS ISt^NUM 
WRITE(9,1222)' MASS LOSS 

Z RATE ISr'fMLOSS,' mg/s kg1 

WRITE(9,1223)• VPL 
ZAMOUNT IS: •,VPL 

1220 FORMAT(8X,A,2X,A) 
1222 FORMAT(10X,A,F10.7,A) 
1223 FORMAT(10X,A,F4.2) 
1225 FORMAT(12X,A,2X,A) 
1226 FORMAT(5X,A,IX,16) 

WRITE(9,1250)•  THE AVERAGE VALUES ARE:' 
1250 FORMAT(10X,A) 

WRITE(9,*)' • 
WRITE(9,1270) HEAD1, HEAD2, 'FDBT•, 'RHP1, • Pa•,• 

Z PS', ' K' 
WRITE(9/1280) •(C)•, •(C)•, '(C)',•(%)•, 

Z •(kPa)',•(kPa)•,•(mg/s kg kPa)• 
WRITE(9,*) •  

z  i 

WRITE(9,1260) AVDPT,AVDBT,AVFDBT,AVRHP,AVPA 
Z,AVPS,AVCOEFF 
WRITE (9, *) • ===================================== 
Z============================== • 
WRITE(9,*)'   • 
WRITE(9,*)'   • 
WRITE(9,1281) 'Pas', 'Po' 
WRITE(9,1283) •(kPa)•, •(kPa)' 
WRITE(9,*)•  

Z  • 
WRITE(9,1282) AVSID, AVPWS 
WRITE(9,*)'   • 
WRITE(9,*)•=================================== 
Z=================================== • 

1260 FORMAT(7X,F5.1,4X,F5.1,4X,F5.1,4X,F5.2,lX,F9.6 
Z,2X,F9.6,2X,F9.6) 

1270 FORMAT(9X,A,6X,A,5X,A,6X,A,5X,A,8X,A,8X,A) 
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1280 FORMAT(9X,A,6X,A,6X,A,6X,A,4X,A,6X,A,3X,A) 
1281 FORMAT(12X,A,10X/A) 
1282 FORMAT (8X^9.6,4X^9. 6) 
1283 FORMATfllXjA^X^) 

CLOSE(UNIT=5) 
CLOSE(UNIT=7) 
CLOSE(UNIT=8) 
CLOSE(UNIT=9) 
STOP 
END 

C 
C SUBROUTINE FOR MISSING DATA  
C 

SUBROUTINE MISSES(DPT,DBT,FDBT,RHP,PSDB,PWS,COEFF 
Z,PA,MCOUNT) 
RHP=0.0 
PSDB=0.0 
PA=0.0 
DPT=DPT 
DBT=DBT 
FDBT=FDBT 
PWS=0.0 
COEFF=0.0 
MCOUNT=MCOUNT + 1 
RETURN 
END 

C 
C SUBROUTINE TO CALCULATE PSDB  
C 
C   DRY   BULB  TEMPERATURE  MUST  BE   KNOWN  TO  USE   THIS   SUBROUTINE 
C 

SUBROUTINE PSATDRY(DBT,DBTAB,PSDB,J) 
COMMON Cl,C2,C3,C4,C5,C6,C7,C8,C9,CIO,Cll,C12,C13 
J=0 
IF(DBT .GE. -100 .AND. DBT .LT. 0) THEN 

PSDB=EXP(C1/DBTAB +C2 +C3*DBTAB +C4*DBTAB**2 
Z +C5*DBTAB**3+C6*DBTAB**4 +C7*ALOG(DBTAB)) 
ELSEIF(DBT .GE. 0 .AND. DBT .LE. 200) THEN 

PSDB=EXP(C8/DBTAB +C9 +C10*DBTAB +C11*DBTAB**2 
Z +C12*DBTAB**3+C13*ALOG(DBTAB)) 
ELSE 
J=l 

ENDIF 
RETURN 
END 

C 
C SUBROUTINE TO CALCULATE PSDP  
C 
C 

SUBROUTINE PSATDEW(DPT,DPTAB,PSDP,J) 
COMMON 01,02,03,04,05,06,07,08,09,CIO,Cll,C12,C13 
J=0 
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IF(DPT .GE. -100 .AND. DPT .LT. 0) THEN 
PSDP=EXP(C1/DPTAB +C2 +C3*DPTAB +C4*DPTAB**2 

Z +C5*DPTAB**3+C6*DPTAB**4 +C7*ALOG(DPTAB)) 
ELSEIF(DPT .GE. 0 .AND. DPT .LE. 200) THEN 

PSDP=EXP(C8/DPTAB +C9 +C10*DPTAB +C11*DPTAB**2 
Z +C12*DPTAB**3+C13*ALOG(DPTAB)) 
ELSE 

J=l 
ENDIF 
RETURN 
END 
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APPENDIX G 

CA Chamber Gas Levels During 
the Controlled Atmosphere Storage 

of d'Anjou Pears. 
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APPENDIX H 

Graphs of Transpiration Coefficients 
versus Time 
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