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Moisture loss from fresh fruit and vegetables inside

refrigerated storages is the main cause of loss of salable

weight, nutritional quality, appearance and textural

quality (Kader, A.A., 1985). Appropriate literature was

reviewed to improve knowledge of research involving

transpiration rates and coefficients of fresh commodities

in refrigerated storages. Mathematical models from

literature were used to analyze and predict moisture loss

and temperature history for d'Anjou pears stored in common

and controlled atmospheres. Experiments were conducted

to record moisture loss and temperature history for dtAnjou

pears stored in common and controlled atmospheres.

Environmental conditions inside refrigerated storage

duplicated those found in commercial storages. D'Anjou
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pears stored in common and controlled atmospheres.

Environmental conditions inside refrigerated storage

duplicated those found in commercial storages. D'Anjou

pears stored in common atmosphere were found to lose

moisture four times more than those stored in controlled

atmospheres. DtAnjou pear transpiration rates were found

to increase with decreasing relative humidity. Transient

gains of mass due to condensation were recorded in common

and controlled atmosphere chambers. Mass losses,

temperature histories and transpiration coefficients were

plotted. Transpiration rates and transpiration

coefficients were calculated, discussed and compared to

other researchers' results.
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MASS TRANSFER CHARACTERISTICS OF D'ANJOU

PEARS STORED IN COMMON AND CONTROLLED

ATMOSPHERE CONDITIONS

I INTRODUCTION

The Pacific Northwest states of Washington, Oregon and

California along with Alberta and Britsh Columbia, Canada

are regions of high fruit production. Apples comprise

the largest commodity produced. However, nearly all of

the pears produced in the United States come from this

region. Pear production in Oregon, Washington and

California accounted for 95 percent of the United States

crop (USDA, 1986). Lancaster (1989), reported that

Washington state would produce approximately 51 percent

(110 million boxes) of the estimated total apple crop

(214,561,000 boxes) in the United States in 1989. Diede,

1989, estimated that total pear production in the Pacific

Coast region would be approximately 12 million boxes in

1989. Miles, 1989, estimated that the combined Barlett

and winter pear production in Oregon would total

approximately 10.7 million boxes.

Gross farm sales of all pears produced in Oregon during

1989 was projected to be $60,304,000 (Miles, 1989) and

ranked as the State's eighth leading agricultural

commodity. Winter pears accounted for 70.2 percent of
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this preliminary production value and 68.2 percent

(approximately 7.3 million boxes) of the total quantity

harvested. Pacific Northwest winter pear production

totaled 252,788 metric tonnes in 1989 up about 10 percent

from 1988 (W.P.C.C, 1989). D'Anjou pear production in the

Pacific coast states totaled 192,486 metric tonnes in 1989

against 191,957 metric tonnes in 1988, which represents

76 percent of the total Pacific Northwest States pear

production (P.C.W.P.M.O, 1989 and W.P.C.C, 1989). Winter

pear production in the Pacific Northwest increased 255

percent from 1964 to 1988 (P.C.W.P.M.O, 1989 and W.P.C.C,

1989). In 1988, 75 percent of the total pear crop was

consumed within the United States and 25 percent was

exported as fresh fruit (P.C.W.P.M.O, 1989).

Winter pears are required to go through a period of

cold storage before the hormones (primarily ethylene)

necessary for ripening will be released from the product.

Consequently, all winter pears must be packed in either

regular atmosphere or controlled atmosphere (CA) cold

storage for at least two months after being picked. Winter

pears may be held in CA cold storage for six to eight

months to avoid oversupply in the retail market and fit

the consumer demand (USDA Handbook 66, 1986).

Pears are respiring products inside refrigerated

storage and thus continue to lose water and carbon dioxide

and produce heat. Transpiration or water loss is one of
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the main causes of loss of salable weight, nutritional

quality, appearance (wilting and shriveling) and textural

quality (softening, juiciness...) (Kader,A.A, 1985). Since

fruits are sold by weight, loss of weight during storage

is of market value. Warehouse companies overpack

fruit cartons to balance the loss of weight via

transpiration during storage. The development of accurate

moisture loss data from commodities during storage assists

in the design of storage facilities as described below:

Rate of moisture loss from fruitsis controlled by

the vapor pressure difference between the fruit surface

and its environment, which is governed by temperature and

relative humidity. Many stored fruits and vegetables show

visual shriveling or wilting after losing three percent

to five percent of their initial weight. Shrinkage may

affect product appearance sufficiently to cause rejection

of the product by the consumer (Sastry S K , 1985)

Designing a storage to minimize shrinkage requires

knowledge of optimum storage temperatures and humidities,

rates of moisture loss from fruits at various vapor pressure

differences, the effect of the packaging systems on

moisture loss rates and the effect of various heat sources

on the cold storage (Sainsbury G.F., 1985).

Diverse experimental methods used to determine fresh

fruit transpiration coefficients have resulted in a very

wide range of values for the same product. Numerous factors
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and phenomena in relationship with transpiration and how

they were taken in account increased the range of results

(Sastry, 1978). Sastry (1978), presented a list of nineteen

commodities along with their transpiration coefficients

obtained directly or calculated from literature. He stated

that the coefficients were not highly reliable, and that

numerous limitations must be born in mind before using

them. Sastry further suggested a strong need for further

research on transpiration rates and behavior of fruits and

vegetables in cold storage. Chau et al., 1988, Patel et

al., 1988, and Patel and Sastry, 1988, expressed the need

for accurate data which yields perishable commodity

transpiration coefficients and helped develop models to

predict them.

The stated need for improved data and the fact that

Oregon produces 90 percent of the region's pears were

combined to develop this research project. The specific

objectives of this research were to determine transpiration

rates, transpiration coefficients and temperature

histories for d'Anjou pears held in cold storage for five

months, approximately. The pears were stored in controlled

atmosphere and common atmosphere environmental conditions

very similar to those used in commercial warehouses.



not replaceable and products are subject to weight loss.
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II LITERATURE REVIEW

The transpiration coefficient of a fruit or vegetable

has been defined as the mass of moisture transpired per

unit mass of commodity ( or per unit surface area of

commodity), per unit environmental water vapor pressure

deficit per unit time, Sastry (1978).

Transpiration rate or rate of moisture loss from a

fruit or vegetable is the mass of moisture transpired per

unit mass of commodity ( or per unit surface area of

commodity) per unit time, Sastry (1978).

The widely used mathematical model to express the rate of

moisture loss is:

ii = Kpf ( PS a) (1)

Where,

ii = rate of moisture loss, mg/skg or mg/sin2

Km = overall transpiration coefficient, mg/skgkPa

or mg/s9n2kPa

P5 = water vapor pressure at evaporating surface,

kPa

= water vapor pressure of surrounding air, kPa

Moisture lost from fresh produce after harvest is
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This phenomena has both physiological and economic effects

on fruits and vegetables in cold storage. Equation (1)

illustrates that transpiration rate is

water vapor pressure deficit (PS - a) between the product

and the surrounding air which depends on temperature and

relative humidity. Freshly harvested products loose water

36 times faster at 25°C (77°F) and 30 percent relative

humiditjthan at 0°C (32 °F) and 90 percent relative humidity

(Gordon, 1985) . Thus, many commodities are precooled to

rapidly remove field heat and placed in cold storage under

recommended conditions as soon as possible after harvest

for maximum storage life. General recommended storage

conditions are constant temperature (depending on

commodity) and relative humidity from 85 to 100 percent

(USDA Handbook 66).

2.1 Fresh fruit harvesting and handling in the Pacific

Northwest

2.1.1 Harvest

Apples and pears are hand harvested and put in pallet

bins. Pallet bins (bins) are wooden boxes with common

outside dimensions l.22m by l.22m with inside depth of

0.61m and hold approximately 0.88 m3 of produce. The

advent of bin storage containers has created subsequent

changes in handling methods in orchards and warehouses.
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Growers were forced to improve field equipment to handle

bins. In warehouses, large quantities of fruit require

more efficient refrigeration equipment and more precise

control of environmental conditions. This latest

requirement is one of the reasons for development of

controlled atmosphere storages (Yost et al., 1976).

2.1.2 Transport of fruit

Fruits are subject to physical damages during

transportation either within the field or from the field

to warehouses. Primary reasons for fruit bruising are:

-overfilled bins.

-dropped bins

-vibration of fruit against rough surfaces of bins or

other fruit.

Growers may be able to minimize fruit physical injuries

by adapting the following:

l.Minimize movement of full bins.

2.Maintain farm roads in good condition.

3.Liiuit transport speed.

4.Reduce tire air pressure.

5.tlse air suspension systems on new equipment.

6.Maintain smooth bin surfaces.

7.Supervise all operations to avoid rough handling.



2.1.3 Temperature protection

The time between harvest and cold storage is the period

of highest transpiration rates for fruits and vegetables.

Thus, products should be kept at minimum temperature during

this period. The time between picking and placement in

cold storage should be minimized.

Shading products in the field, avoiding harvest

during high temperature periods and scheduling frequent

fruit transport from the field to warehouses are good

practices to reduce physiological desorders as bleaching,

surface burning or scalding, uneven ripening, excessive

softening and desiccation (Kader, 1985).

Good temperature management begins with rapid removal

of field heat. Lower temperatures inhibit growth of decay

organisms, decrease transpiration rate and reduce ethylene

production by the commodity.

Cold storages should be loaded according to the

capability of refrigerating equipment. Temperature should

be maintained within a narrow range depending on the stored

commodity. However, chilling injury or freezing must be

avoided.

2.1.4 Warehouses

8

The first operation in a packing line removes fruit

from field bins. Two methods are commonly used, dry dump
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and water dump. In the dry dump method bins are covered

with a padded lid, then carefully inverted. Fruits are

delivered to the sorting line through a controlled opening

in the lid. The most popular water dump method consists

of forcing bins under water. Salt (sodium sulfate) is

added to the water to increase density which allows the

more dense fruit to float out of bins without injury.

Sanitation is very important in water dumps. Chlorine

at a concentration of 50 to 200 ppm is often used as a

fungistat (Gordon, 1985). Fruits may be sorted and sized

before storage for better use of storage space and early

inventory of fruits. Pre-sizing and eliminating fruit

below minimum size, usually occurs after the dump. Fruits

are then cleaned, washed, waxed and then either placed

back into bins or into boxes.

2.2 Controlled atmosphere storage

The general concept of controlled atmosphere (CA)

storage is to keep fruit in an atmosphere of high carbon

dioxide concentration and low oxygen concentration to

reduce respiration and delay ripening. Apples and pears

are commonly stored in CA environments in the Pacific

Northwest. Recommended CA atmospheres for pears are 2 to

3 percent oxygen, 1 percent carbon dioxide and 0 to 5

degrees Celcius temperature (Kader, 1985).
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2.3 Mathematical models of transpiration

2.3.1 Non-linear models of transpiration

A non-linear model to pridect transpiration rates was

developed by Fockens and Meffert (1972), and used by Villa

(1973). Sastry and Buff ington (1982), discussed the

previous non-linear model as following:

"The non-linear model appears effective in predicting

transpiration rates at high values of vapor pressure

difference. However, thisinodelnecessitates use of the

somewhat inconvenient concept of a variable transpiration

coefficient based on the assumption of changing skin

structure. This assumption, made to account for observed

nonlinearity, is of questionable validity for commodities

such as stored fruits and vegetables, which generally are

not exposed to the severe drying conditions that cause the

"case hardening" phenomena in grain as noted by Allen.

Further, the assumption may be unnecessary for explanation

of the non-linear trend. Results of A.J.M. Smith, Gentry,

Dypolt and Talbot indicate that, for severaccoities

exposed to high vapor pressure gradients, evaporative

cooling effects cause surface temperature to be lower than

the ambient temperature values assumed in the linear and

non-linear models. Lowered surface temperatures result

in lower vapor pressure differences than expected from the

assumptions of both models. Under conditions of low
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transpiration rate, the error in vapor pressure difference

is small, since respiratory heat balances evaporative

cooling. owever, at greater transpiration rates,

tivebo1ing becomes significant, and the error

in vapor pressure difference becomes magnified. Thus,

nonlinearity could be due to the error in the assumption

regarding evaporative surface temperature, rather than due

to skin structure changes."

Sastry and Buff ington (1982), reported for tomatoes

stored under conditions of high transpiration rates that:

Evaporating surface temperature is about 2°C lower

than ambient air temperature.

Transpiration rates plotted versus theoretical water

vapor pressure difference (P5(T5) - a} show a linear

trend.

Transpiration rates plotted versus apparent water

vapor pressure difference {Ps(Ta) - a) show a non-linear

trend.

Sastry and Buff ington (1982), proved for tomatoes that

nonlinearity is due to the assumption using ambient air

tptjsevaporaiing rfçE, They

conclude, at least for tomatoes, that assumptions of

yariable skin permeability made by Fockens andL. Meffert

(1972) 3ndVi1 ia (1973), are not necessary toexplain the

.D9nlinearity.



2.3.2 Linear mathematical model

A linear model used to represent transpiration rate

is:

12

= K( Ps - a) (2)

Where,

= rate of moisture loss, mg/skg or mg/sm2

Km = overall transpiration coefficient, ing/skgkPa

or mg/Sm2 kPa

PS = water vapor pressure at evaporating surface,

kPa

= water vapor pressure of surrounding air, kPa

The above linear model was used by:

l.Sastry and Buff ington (1982), for experiments on

tomatoes.

2.Chau et al., 1987, to determine transpiration

coefficients for seventeen fruits and vegetables.

3.Gaffney et al., 1985, in looking at influences of

factors affecting weight loss calculation for fruits and

vegetables.

4.Patel et al., 1988, in studying effects of temperature,

relative humidity and storage time on transpiration

coefficients of selected perishables.

5. Patel and Sastry (1988), to study effects of temperature

fluctuation on transpiration coefficients.
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6.Romero et al., 1986, for transpiration coefficients

for apples, blueberries, tomatoes and brussels sprouts.

7.Chadwick (1988), to calculate transpirtaion

coefficents of different types of berries and apples.

8.Hatch (1989), to calculate transpirtaion coefficents

of different types of berries and d'Anjou pears.

The overall transpiration coefficient is a function

of the product skin resistance and the resistance to

molecular diffusion of water vapor from the product surface

to the product stream (Fockens, 1972). The overall

transpiration coefficient can be expressed as:

1 1 1 (3)
= -+---

Km KaKs
Where,

= skin mass transfer coefficient, mg/skgkPa

or mg/sm2kPa

Ka = air film mass transfer coefficient, mg/skgkPa

or mg/sm2kPa

The skin mass transfer coefficient, K5, depends only

on the structure and properties of the product skin. The

air film mass transfer coefficient, Ka, depends on the

size of the product as well as on properties and flow rate

of the ambient air.



2.3.2.1 Governing equations

Sastry and Buff ington (1982), derived the governing

equations for a linear model transpiration rate and product

surface temperature for a spherical shaped fruit. They

modeled the fruit as a sphere filled with liquid water

containing dissolved substances and covered by a skin of

uniform thickness. The evaporating surface lies

immediately below the skin layer of the fruit. Size,

surface area and skin structure of the fruit were treated

as variables. Equations were derived for steady state

conditions with consideration of respiratory heat

generation and air flow rate effects. Based on twenty one

assumptions, which the most important are cited above, and

using specific boundary conditions, Sastry and Buff ington

derived equations (4) and (5) to express transpiration

rates and evaporating surface temperatures for tomatoes.

Where,

T=T

m-

UR

Crh exp
(Cprh'

k }

= transpiration of the commodity, unit area

basis

14

(5)

-t 1 (4)
ö4 hd
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= skin thickness

a = diffusion coefficient of water vapor in air

= fraction of fruit area covered by pore

convective mass transfer coefficient

rate of moisture loss per unit pore area

latent heat of vaporization of water

rate of respiratory heat generation per

unit volume

radius of unit fruit

= specific heat of water vapor

= thermal conductivity of pore material

Ts = product surface temperature, °C

Ta = ambient air temperature, C

P5 and a are defined in equation (2)

2.3.2.2 Water vapor pressure at evaporating surface.

Water vapor pressure, P5, is calculated at the

evaporating surface temperature T5 and not at the ambient

air temperature Ta. Such water vapor pressure is very

difficult to determine (Sastry, 1985). It is affected by

the rate of heat generated by respiration, by the nature

of the water solution at the skin and the extent of

evaporative cooling at the surface. Lentz and Rooke (1964),

Villa (1973) and Fockens and Meffert (1972), assumed P

to be the saturation vapor pressure of pure water, P0,

hd =

mp =

L =

U =

R =
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at ambient air temperature. The presence of solutes (sugars

and gases) within fruits imply that P5 is lower than P0.

Raoult's law expresses PS as:

PS = XPO (6)

Where X is the solute fraction which requires complex

chemical analysis to be determined. Gaffney (1985), related

the vapor pressure lowering effect to freezing point

depression, which is easier to determine than solute

fraction X, as:

ATI=Kfmb (7)

Where,

= freezing point depression, °C (°F)

Kf = freezing point depression constant for water,

1.86 Ckg/mo1e

mb = molality, moles of solute per 1000 gms of

solvent

Equations (6) and (7) give:

PS 1 (8)

P0 ( 1
O.OI8t.T1

+ K,)

Derivation of equation (8) is given in appendix A.
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Using freezing point depression for pears from ASHRAE

(1985), or Heldman and Singh (1981), equation (6) yields:

P=O.98P (9)

Compared to P5' a jS easy to measure at low relative

humidities. As relative humidity increases, a becomes

more difficult to measure accurately and a small error in

measurement of the dew point temperature results in a

magnified error in Km or K5. A mathematical model

elaborated by Chau et al., 1988, showed that an error

of 0.1 to 0.2°C in the measurement of the air dew point

temperature caused, at 50 percent relative humidity, an

error of 1 to 2 percent in K5 (see 2.3.2.8.2 for high

relative humidity case).

2.3.2.3 Rate of respiratory heat generation

All commodities generate heat through respiration by

transforming carbohydrate sugar to carbon dioxide, water

and heat according to the following equation:

C6H1206 602 - 6CO2 + 6H20 + 2824 kJ (10)

Respiration rate is controlled by temperature, and is

doubled or tripled for every 10°C increase in product
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temperature (USDA, Handbook 66). Most researchers neglect

mass loss due to carbon dioxide production rates when

comparing to moisture loss. Chau et al., 1988, using

data listed in USDA Handbook 66, stated for seventeen

commodities, that carbon dioxide mass evolved from

transpiration was negligible compared to total mass loss.

Gaffney et al., 1985, reported carbon dioxide mass loss

rates of 0.027, 0.034 and 0.04 percent of total weight

loss for apples stored at 5°C,and 50, 60 and 70 percent

relative humidity, respectively.

2.3.2.4 Air movement effects

Sastry (1978), stated that most researchers have

concluded that air movement has little significant effect

on transpiration rate. Gaffney et al., 1985, reported

that air velocity has no significant effect on water loss

rates from apples except at very high relative humidities.

2.3.2.5 Relative humidity effects

Gaffney et al., 1985, looked at the influence of

different factors on weight loss from fruits and vegetables

using ten levels of relative humidity. Reported results,

at very high relative humidity, were:

Air velocity had significant effect on water loss

from apples.

A gain of mass for the three products used in the
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- experiment (apples, peaches and brussels sprouts).

Apples held at 25°C and 100 percent relative humidity

gain moisture and lose carbon dioxide. However, the

mass of moisture gained was smaller than the mass of

carbon dioxide loss resulting in a global weight loss

for the product.

2.3.2.6 Product size and shape

Size, shape and surface area of a product affect

transpiration rate (Sastry et al., 1978). During

transpiration, commodities lose water through their skin.

Hence, products with greater surface area per unit weight

lose more water per unit weight than products with smaller

surface area per unit weight. Apeland and Bougerod, 1969,

observed that long, thin and cone-shaped carrots lost more

weight than thick, cylindrical shaped ones. Thus, some

researchers prefer to express transpiration rates on a per

unit area basis than on a per unit mass basis. However,

transpiration rates reported on a per weight basis are

more popular for two reasons:

The difficulty to accurately measure the surface

area of fruit and vegetables.

Transpiration rates on a per weight basis are more

practical for users to determine mass loss during a

storage period.



2.3.2.7 Fruit maturity

Proper maturity of fruits and vegetables is very

important for storage life and quality after storage.

Pears harvested at full maturity present the least

physiological disorders (USDA, Handbook 66). Premature

pears are more subject to scald, shriveling and friction

discoloration. Over mature pears have higher incidence

of core breakdown (USDA, Handbook 66). Leonard, 1941,

studied transpiration from several fruits as related to

ripeness and noted different trends with different fruits.

Usually, maturity was not considered as a variable because

of the lack of a standard and reliable quantitative maturity

index.

2.3.2.8 Product surface temperature

Product surface temperature is affected by ambient air

temperature, evaporative cooling, air velocity and

respiratory heat generation rate. During transpiration,

water evaporates at or near the product surface. This

process is necessarily accompanied by exothermic effects.

Heat is removed from the product surface lowering its

temperature. In general, product surface temperature

depends on the balance between heat generated by respiration

and heat removed by evaporation which depends on

convection,vapor pressure deficit and radiation.
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2.3.2.8.1 Regular or Common atmosphere environments

tinder conditions of common atmosphere storage (CO),

high transpiration rates and significant vapor pressure

deficit (P5 - na), produce surface temperatures, T5, lower

than surrounding air temperature, Ta. Chau et al., 1988,

emphasized that the evaporating surface is immediately

underneath the skin and its temperature could be

significantly lower than the outside skin temperature.

They reported that product surface temperature is quite

different from air temperature especially at high

transpiration rates (low relative humidity) but no data

were presented. Romero et al., 1986, studied transpiration

coefficients of selected commodities and reported the same

product surface and ambient air temperatures at 91 and 58

percent relative humidity in still air for red delicious

apples. Sastry et al., 1982, found that tomatoe surface

temperature was 2C lower than ambient air temperature

under high transpiration rate conditions. Most researchers

assume product surface temperature equal to surrounding

air temperature.

2.3.2.8.2 Controlled atmosphere storage (CA)

Under CA conditions, low transpiration rates and very

high relative humidity, equation (13) shows that

21
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evaporative surface temperature Ts, is higher than ambient

air temperature Ta. Under saturated conditions a first

estimate of transpiration rate is zero, then:

UR--Lm1 1C1ñ1\TsTa=1im expthO k _

UR (

Since all parameters on the right hand side of equation

(13) are positive, T5 is greater than Ta. Consequently,

the deficit pressure (P - a) is positive and moisture

loss occurs even under saturated conditions. Usually,

commodities are stored under conditions very close to

saturation, 90 percent relative humidity or higher, where

a small error in air dew point temperature measurement

results in large errors in determination of the vapor

pressure difference and the over all transpiration

coefficient Km (Chau et al., 1988). Chau et al., 1988,

used a mathematical model to show that for apples stored

at 95 percent relative humidity with an air flow of 3 m/min

an error of 0.1°C to 0.2°C in dew point temperature

TsTa=1im expIo 3Crn
Using l'Hopital's rule,

[ITT

k
)_i}

(12)

(13)

S a 3k5
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measurement caused an error of 32.6 to 84 percent in the

skin mass transfer coefficient Ks. Hatch (1989), placed

thermocouples (T-Type, 0.127 mm of diameter) just under

the skin of d'Anjou pears in CA storage and recorded the

same average temperature for both fruit and surrounding

air temperature. Romero et al., 1986, reported the

following surface and ambient air temperatures for products

in still air and high relative humidity.

Table 1. Product surface temperatures T5, air
temperatures Ta, and relative humidities RH,
for commodities studied by Romero et al., 1986.

Relatively very little information exists in literature

about transpiration rates at saturated conditions. Sastry

(1978), conducted an extensive literature review about

commodities air

velocity

RH

(%)

Ts

(°C)

Ta

(°C)

Red delicious apples still 91 12.0 12.0

Tifblue Bluberries still 92 11.1 11.1

Persian Limes still 87 13.2 13.3

Sunny Tomatoes still 88 12.2 12.2

Brussels sprouts still 85 13.2 13.3
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transpiration rates and reported only two authors, Gac

(1971) and Ghani (1953), who presented results from

experiments under saturated environmental conditions.
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III EXPERIMENTAL PROCEDURES

3.3. Proposed mathematical model

The most widely used mathematical model to express

transpiration rates from horticulture commodities is:

Ifl = Km ( PS - (14)

Where,

= rate of moisture loss, mg/skg or mg/sm2

Km = overall transpiration coefficient, mg/skgkPa

or mg/sm2 kPa

P5 = water vapor pressure at evaporating surface,

kPa

= water vapor pressure of surrounding air,

kPa

The water vapor pressure at the evaporating surface,

P' is calculated at temperature T5 and not at ambient

air temperature Ta. Gaffney et al., 1985, assumed the

skin of an apple thin enough to neglect any temperature

gradient across it . Thus, the evaporating surface, which

lies beneath the skin, and the outside skin surface are

considered as the same temperature. The vapor pressure

lowering effect was considered, as discussed in Sc 2.3.2.2.

Equation (9) was used to calculate water vapor pressure

at the evaporating surface, P5.



3.1.1 Common atmosphere storage.

Equation (14) was used to express transpiration rate

for d'Anjou pears stored at Co storage. Temperature T5

was considered to be the outside skin temperature as

discussed above and was expected to be lower than Ta. (see

Sc 2.3.2.8.1)

3.1.2 Controlled atmosphere storage.

Equation (14) was used to express transpiration rate

for d'Anjou pears stored in CA, the same way as in the CO,

with the assumption that the evaporating surface

temperature was equal to the ambient air temperature,

Ts=Ta. Normally, Ts would be expected to be slightly

higher than Ta. However, for the reasons discussed in

2.3.2.8.2, product surface temperature was assumed to be

the surrounding air temperature. This latest asssumption

imposes restrictions on calculating Km. Equations (15)

through (23) explicit the above citation.

By setting: T8Ta (15), Eq. (14) becomes:

iii = Km(Ps - Pa) = Km[Ps(Ta) Pa(Ta)I (16)

using: P-O.98P0 (17)

Eq. (16) yields: rh=Km[O.98Po(Ta)Pa(Ta)] (18)
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I- Pa(Ta) (19)
rh = KmP o(Ta)[O.98_

Po(Ta)



thKmPo[O.984)J (20)

Where,

= relative humidity (21)

Eq.(20) yields:
Km=p

[0.98-4)]

When 4) equals 0.98, the value of Km becomes undefined.

rh

urn ±co
4-**O.98 [0.98- 4)]

3.2 Experimental set up

A system was assembled to provide and monitor air of

specific temperature, relative humidity plus carbon dioxide

and oxygen composition. D'Anjou pears were stored in two

separate chambers inside a walk-in refrigerator (Figure

1). One chamber was used as common (CO) or regular

atmosphere storage and the other was used as controlled

atmosphere (CA) storage. Each chamber was constucted of

7.6 nun thick plexiglass. Chamber inner dimensions were

91 cm x 64 cm x 61 cm for the CA box and

90 cm x 60 cm x 45 cm for the CO box. The CA box was

designed to be gas tight. A plexiglass panel was put in

front of the CO box to reduce air flow velocity past the

fruit. Each chamber was equipped with a strain gauge load

cell, a condensation dew point hygrometer and thermocouples

27

to measure fruit weight loss, air dew point temperature



Door

CA

Figure 1. Placement of Co and CA chambers inside
the walk-in refrigerator.
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and dry bulb temperatures of fruit and air, respectively.
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The walk-in refrigerator was constructed with

galvanized steel surfaces. Inside dimensions were

165 cm x 217 cm x 287 cm, with an opening of

76 cm x 198 cm for the door. One General Eastern 1100 DP

optical dew point hygrometer was mounted on the back of

each plexiglass chamber. A vacuum pump provided a flow

rat of 35 liters per hour past the sensing surface of

each hygrometer for accurate readings Each dew point

hygrometer was connected to an indicator with digital

display and all necessary power supplies and control

components to operate the sensor. Each plexiglass chamber

was equipped with one tJ1T-50 Hottinger Baldwin Measurements

Inc. strain gauge universal load cell. A 7.6 mm plexiglass

box of inner d-iiéis1azs 50 cm x 30 cm x 25 cm containing

d'Anjoupearsca

were connected to an MGT32TA amplifier for strain gauge

transducers. An Esterline Angus recording microprocessor

model PD2064 recorded data on paper and a Facit paper tape

perforator. Data were converted from the perforated paper

tape to computer spreadsheet for analysis via an optical

scaning device. A flow through system (Figure 2) was used

to maintain desired gas composition inside the CA chamber.

Prepurified nitrogen, medical oxygen and a mixture of 15

percent carbon dioxide with a nitrogen balance were sent

into the CA chamber through a Matheson flowmeter. Gas
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samples from the CA chamber were taken using icc syringe.

The syringe was inserted into the CA chamber and gas was

pumped several times for insure a representative sample.

The needles of the filled syringes were inserted into a

rubber cork to avoid gas leakage prior to analysis. Three

gas samples were taken twice per day until reaching stable

and desired CA gas composition. Then, gas samples were

taken as needed depending on the fluctuation of gas

composition inside the CA chamber. Gas samples were

analysed using a 5730A Hewlett Packard thermal conductivity

detector gas chromatograph equiped with a parallel column.

Technical characteristics of all equipment used in the

experiment are given in Appendix B.
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Figure 2. Gas equipment used for the
controlled atmosphere chamber.
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33 Fruit acquisition

Size 110 d'Anjou pears were obtained from Duckwall

Pooly Fruit Company in Hood River, Oregon, and transported

by car for approximately three hours to the laboratory in

the Agriculture Engineering Department at Oregon State

University. The pears were immediately weighted, and

placed in the plexiglass boxes, and hanged from the load

cells in the refrigerated chamber.

3.4 Experiment procedures

3.4.1 Heat transfer experiment

Temperatures inside CA and CO chambers were maintained

as close as possible to -1°C (30°F). This temperature is

recommended by USDA Handbook 66, and is commonly used

throughout Oregon's pear industry.

3.4.1.1 Common atmosphere

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

between individual fruit to collect product surface and

interstitial air space temperatures. One thermocouple was

placed under a rubber band around one pear located on the

top row of fruit. Transducer locations are illustrated

in Figure 3.
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Figure 3. Equipment and electronic sensor layout
for heat and mass transfer experiments.
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3.4.1.2 Controlled atmosphere

Thermocouples placed between fruit, in interstitial

air spaces, and outside the fruit box indicated product

surfacetemperatures, air temperatures between fruit and

ambient air temperatures within the CA chamber,

respectively. Once the CA chamber was tightly closed,

desired CA conditions were obtained using a flow through

system as illustrated in Figure 2. Gas composition inside

the CA chamber was maintained as close as possible to 2

to 2.5 percent of oxygen and 1 percent of carbon dioxide.

3.4.2 Mass transfer experiment

3.4.3 Data record

Each 50x30x25 cm box contained approximately 20 kg of

pears and was hung from the load cell inside one of the

chambers as shown in Figure 3.

Mass, air temperatures, air dew point temperatures and

fruit surface temperatures in the CA and CO chambers were

recorded every 30 minutes until storage temperature

conditions were reached. Data were then recorded every

hour until the end of the experiment.
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IV RESULTS MD DISCUSSION

Heat transfer and mass loss experiments were conducted

for d'Anjou pears in Co and CA storages. Two data sets

were obtained, one for each type of storage. Each data

set contains approximately 50,000 recordings that were

entered into spreadsheets for analysis via personnel

computer. Fifteen spreadsheets were used to generate

graphs and other information presented. Each spreadsheet

contained about 3000 rows and from 5 to 20 columns.

4.1 Heat transfer results

Fruit surface, ambient air dry bulb and ambient air

dew point temperatures were recorded according to

experimental procedures in Sc3. Temperatures were recorded

in degrees Fahrenheit and converted to degrees Celcius.

Equations from ASHRAE (1985) were used to calculate vapor

pressures and relative humidities. Average values

presented in Table 2 were obtained as follows:

1. At each recording interval (one hour) several fruit

surface temperatures and ambient air temperatures were

registered. Each of the above sets of data were averaged

to determine a fruit surface temperature and an ambient

air temperature for that hour. These resulting average

values were averaged to give T5 and Ta presented in Table 2.
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One air dew point temperature per chamber per hour

was recorded. These hourly values were averaged to obtain

Td in Table 2 for the study period.

Vapor pressures in Table 2 are averages of vapor

pressures calculated for each recording interval using the

hourly average values of fruit surface and ambient air

temperatures, and recorded values of air dew point

temperature.

Hourly relative humidity was computed using the

ambient air dry bulb and dew point temperatures. Relative

humidity values in Table 2 are the average for the study.

4.1.1 Temperature and relative humidity results for Co

storage

Ambient air, fruit surface and air dew point

temperatures in the CO chamber are illustrated by Figures

4 through 8 in Appendix C. Ambient air temperature is the

average of four interstitial temperatures. Fruit surface

temperature is the average of five temperatures measured

at the surface of fruit at different positions in the box.

Relative humidity was not artificially modified during the

experiment. The average value for the study was 62 percent

(Table 2 and Figures 9 and 10). As presented in Table 2

and predicted in Sc(2.3.2.8), fruit surface temperature

was 0.3°C lower than the ambient air temperature

(Figures 4 to 7). Consequently, water vapor pressure at
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the evaporating surface temperature was determined to be

approximately 4 percent less than the water vapor pressure

of the ambient air temperature.

Table 2. Average temperatures, vapor pressures and
relative humidities for Co and CA storages.

Where,

Ts =fruit surface temperature

Ta =ainbient air dry bulb temperature

Td =ainbient air dew point temperature

Pwsair water vapor pressure at saturation

PS =fruit vapor pressure

a =ambient air water vapor pressure

CO storage CA storage

T5 (°C) -0.35 -0.68

Ta (°C) -0.05 0.68

Td (°C) -5.76 -1.38

Pw (kPa) 0 608 0 570

Ps (kPa) 0 584 0 558

0.379 0.546

RH (%) 62 95



RH =ainbient air relative humidity

4.1.2 Temperature and relative humidity results for CA

storage

The average relative humidity in the CA chamber was

95 percent as indicated in Table 2. Figures 11 through 15

illustrate ambient and dew point temperatures of the air

and relative humidity during the experiment. As explained

in (Sc 3.1.2), fruit surface temperature was assumed equal

to ambient air temperature (which is the average of seven

temperatures) in the CA chamber. Therefore, salutes within

the fruit are the primary factor resulting in a water vapor

pressure at the evaporating surface lower than water vapor

pressure of the ambient air. Average Ta was 0.32°C higher

than the recommended storage temperature -1° C. The very

high relative humidity in the CA chamber (Figure 14) caused

the air dew point temperature and ambient air temperature

curves in Figure 15 to be very close to each other. During

defrost cycles the air dew point temperature curve exceeded

the ambient air temperature curve.

4.1.3 Temperature and relative humidity results

discussion

38

Collected data for both the CO and CA chambers document

that experimental conditions were very close in temperature
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to conditions expected in warehouse storages. The

evaporative cooling effect was very significant in the Co

experiment. Average fruit surface temperature was 0.3°C

lower than ambient air temperature causing the surface

vapor pressure, P5 to be lower than saturation vapor

pressure P at ambient temperature Ta. Sastry (1978),

reported that, Gentry, Dyplot and Talbot found vapor

pressure beneath skins of commodities lower than saturation

vapor pressure at ambient air temperature. Whereas they

did not offer any explanation, Sastry (1978), assumed that

the evaporative cooling effect of transpiration within and

near the surface of the product lowered the surface

temperature. Sastry and Buff ington (1982), Sastry (1985)

and Chau et al., 1988, supported Sastry's 1978 explanation

for evaporating cooling effect, but did not present any

experimental data. Hatch (1989), measured d'Anjou pear

surface temperature as being 0.3°C lower than air

temperature by inserting T-type, 0.127 mm, thermocouples

under the skin of several fruit. Experimental conditions

were similar to those used in the present research. Chadwick

(1988), reported a 0 54°C difference between ambient air

and apple surface temperature for regular atmosphere

conditions. Figures 6 and 7 show fruit surface temperature

lower than ambient air temperature and confirm the

explanation advanced by Sastry (1978). Fruit surface

temperature depends up on the heat balance at the product
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surface. Heat generated by respiration is removed at the

product surface by evaporation of moisture. In the case

of Co storage which had high fruit transpiration rates,

evaporation overweighted heat generation resulting in a

fruit surface temperature below air ambient temperature.

Results for CO storage indicate that solutes and evaporative

cooling lowered Ps by the same amount, approximately 2

percent. In the case of CA storage, which exhibited low

transpiration rates, heat production due to respiration

increased the fruit surface temperature resulting in a

vapor pressure difference with the ambient air. Solutes

tend to reduce vapor pressure deficits by decreasing P5.

Sastry and Buff ington (1982), reported that in certain

fruits and vegetables solute concentrations may be high

enough to nullify the increase of surface temperature

caused by heat generation and a commodity will not lose

moisture and may even gain weight.

4.2 Mass transfer results

4.2.1. Transpiration rate calculations

Simple linear regression was used to simulate mass

loss versus time for the CA and CO storages

(Figures 17 and 19). The slope of each linear regression

curve (Figures 17 and 19) is the rate of change in mass

per unit change in time which is the transpiration rate.



4.2.2 Mass transfer results for Co storage

Figure 16, illustrates pear mass versus time in the

CO chambe:r. Irregularity of the recorded data curve

illustrates the increases in mass due to condensation on

the fruit during the refrigeration system defrost cycle.

This phenomenon was also observed by Hatch (1989).

Overall, the pears in CO storage lost 6.7 percent of their

initial mass (Figure 21). The temperature curves

4]-

Table 3 lists transpiration rates, initial masses

(Y-intercepts) and correlation coefficients for each

storage. Carbon dioxide weight losses have not been

separately calculated when calculating transpirations

rates presented in Table 3 (see Sc2.3.2.3).

Table 3. Transpiration rates m, initial masses
(Y-intercepts) and correlation coefficients r,
computed from linear regression analyses.

Ta

(mg/s)

Initial mass

(kg)

CO

storage 0.116 20 0.9980

CA

storage 0.030 20.3 0.9821
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illustrated in Figures 4 through 9 show undesired

fluctuations caused by technical problems with the

refrigeration system.

Transpiration rates associated with the mass loss curve

(Figure 22) shows a cycling trend directly related to

temperature fluctuations. Figures 22 and 23 superimpose

the mass loss curve, ambient and fruit temperatures, dew

point temperature and relative humidity to show effects

of temperature fluctuations on transpiration rates.

Between hours 900 and 1400 fruit surface and ambient air

temperatures fluctuated between -1°C and 4.5°C. Relative

humidity was higher than before hours 900 with an average

value of 75 percent between hours 900 and 1400.

Figures 22 and 23 show that transpiration rates are more

sensitive to relative humidity fluctuations than fruit

surface temperature fluctuations. Comparison of data for

the intervals from hours 400 to 700, hours 1000 to 1200

and hours 1500 to 1750 in Figure 22 show that:

Fruit surface and ambient air temperatures were

approximately the same during these times.

Relative humidity varied from one interval to another.

Transpiration rates decreased if relative humidity

increased and vice versa.

After hours 1900, fruit surface and ambient air

temperatures and relative humidity were nearly constant

but fruit continued to lose weight at decreasing
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transpiration rates. Figure 21 shows that at hours 1900,

d'Anjou pears had lost approximately 5 percent of the

inital weight, which caused shriveling and increased

resistance to moisture flow through the tissues.

4.2.3 Mass transfer results for CA storage

The mass versus time curve for d'Anjou pears stored

in the CA chamber is illustrated in Figure 18. Total mass

loss at the end of the experiment was 1.7 percent of the

initial mass (Figure 21). Environmental conditions in CA

storage were very close to saturation. Mass loss cycling

and fluctuation of transpiration rate were more expressed

in the CA chamber than in the CO chamber. Very high

relative humidity results in very small vapor pressure

deficits (Ps - a) and very low transpiration rates, both

of which are sensitive to any relative humidity change.

Condensation of water on fruit inside the CA chamber was

more pronounced than in the CO chamber. The correlation

between mass increases during periods of high relative

humidity are clearly demonstrated in Figure 24. Gain of

product mass has also been reported by:

1. Gac (1971) and Ghani (1953), for grapes stored under

saturated conditions and low air velocity (Sastry, 1978).
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Gaffney et al., 1985, used a mathematical model to

predict gain of mass for individual apples, peaches and

brussels sprouts at very high relative humidities and

very high air velocities.

Chadwick (1988), for different types of berries and

apples.

Hatch (1989), for d'Anjou pears and different types

of berries.

Pear mass cycling in Figure 24 aligned with the

refrigeration system defrost cycles and was due to water

condensation on fruit resulting from an air dew point

higher than ambient air temperature. The mass versus time

curves in Figures 24 and 25 present essentially nearly

flat portions where fruit mass remained nearly constant

for the periods (see discussion Sc4.2.4):

Between hours 450 and 550.

Between hours 900 and 975.

Between hours 1350 and 1600.

Between hours 900 and 1400, ambient air temperature

fluctuated between -2 C and 3.5°C (Figure 25). However,

Figure 24 shows that transpiration rate variations followed

relative humidity fluctuations and not ambient air

temperature fluctuations. In Figure 25, between

hours 1400 and 1500, ambient air temperature fluctuated,

the transpiration rates were nearly zero and relative

humidity was near saturation (Figure 24). In Figure 25,
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between hours 1500 and 1700, ambient air temperature was

nearly constant, relative humidity was very high but not

at saturation and fruit mass decreased with a low

transpiration rate. During the two intervals from

hours 1500 to 1700 and hours 2000 and greater, ambient air

temperature was nearly constant (-1°C) but transpiration

rates were different from one interval to another.

Figure 24 shows that, during the above intervals;

transpiration rate followed the relative humidity level.

4.2.4 Mass transfer results discussion

D'Anjou pears in Co storage lost approximately five

times more mass than those at CA storage.

Figures 16 and 17 show mass cycling for pears stored

in the Co chamber. Eventhough, the cycling aligns with

the daily defrost cycle, recorded air dew point temperatures

were never above the recorded ambient air temperatures

(see Figure 8) which would have indicated water vapor

condensation on the fruit. One possible explanation of

the transient mass increases is that the dew point sensor,

mounted to the wall of the environmental chamber , was

not detecting the periodic very high relative humidity

existing inside the fruit mass during defrost cycles.

Whereas, for CA storage Figures 12, 13 and 15, air dew

point temperatures higher than fruit temperatures occured

during defrost cycles. This caused water vapor to condense
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on the fruit and the mass curve to increase. The condensed

water evaporated after each defrost period and

transpiration rate increased again. Gaffney et al., 1985,

attributed the gain of mass in the cases of apples, peaches

and brussels sprouts, at very high relative humidity, to

a migration of water vapor from surrounding air into the

skin where it condensed. Variation of transpiration rate

under fluctuating temperature is more complicated in CA

than in Co storages. Figure 24, illustrates mass loss

versus relative humidity in the CA chamber. Two parallel

phenomena are related to the observed flat portions of

mass loss curves:

When relative humidity rapidly approaches saturation,

transpiration rate becomes unusually low, which resulted

in a flat mass versus time curve that persisted as long

as relative humidity was very high despite ambient air

temperature changes.

When relative humidity suddenly decreased,

transpiration rate rapidly increased.

The above phenomena disagree somewhat with Smith's

observations reported by Sastry (1978). Smith (1931),

passed apples from low to high relative humidity and vice

versa with constant temperature and reported the following

points, respectively:

1. Initial low transpiration rate which increased to a

steady value.
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2. Initial high transpiration rate which decreased to

a steady value.

Figure 26 exhibits little loss or gain of mass for

d'Anjou pears in the CA chamber for approximately 100 hours

(hours 1375 to 1475). Gaffney et al., 1985, predicted

that for air at any particular temperature and at 100

percent relative humidity, there is a particular fruit

surface temperature where the vapor pressure at the fruit

surface will be in equilibrium with the vapor pressure in

the surrounding air and no moisture loss or gain will

occur. Figures 26 through 28 support Gaffney's

prediction. In Figure 27, at -1°C ambient temperature and

relative humidity ( 90 to 95 percent) pears lost moisture

at a nearly constant transpiration rate. At the same

temperature and higher relative humidity (95 to 100 percent)

little mass change was observed (hours 380 to 420). In

Figure 28 at ambient air temperatures between -1.5°C to

-2°C and relative humidity from 95 to 100 percent, fruit

was losing moisture at a nearly constant rate. Between

hours 925 and 975, at the same relative humidity and an

ambient air temperature increased from -2°C to 0°C, gain

or loss of fruit mass were very low with a net increase

in fruit mass. Figures 26 through 28 show high relative

humidity and ambient air temperatures between -0.5°C and

-1°C are optimum conditions for dAnjou pear storage, as
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far as mass transfer is concerned. USDA Handbook 66, 1986,

reported that storage life of d'Anjou and Barlett pears

is 35 to 40 percent longer at -1°C than at 0°C.

Temperature fluctuations between -1°C and 4°C did not

affect transpiration rates in either the CA or the CO

storages. Transpiration rate fluctuations followed

relative humidity variation in both chambers. Effects of

temperature fluctuations on transpiration of perishables

have been presented by Patel and Sastry (1988). A

fluctuating trend of moisture loss with a net large increase

over time during temperature fluctuation was reported for

apples. Whereas, tomatoes and mushrooms showed increased

moisture loss over time under fluctuating temperatures.

4.3 Transpiration coefficient calculation

4.3.1 Determination of transpiration coefficients

Equation (2) was used to calculate individual

transpiration coefficients, Km. Parameters Ps a and in

were determined experimentally on a per unit mass basis.

4.3.1.1 Calculation of a and P5

Water vapor pressures and relative humidities were

calculated using equations from ASHRAE (1985).

Equation (9) was used to calculate P. The vapor pressure
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lowering effect (VPL) was assumed equal to 0.98, as used

by Chau et al., 1988, for d'Anjou pears. Table 4 presents

the calculate values of:

RH = relative humidity, in percent

ws = air water vapor pressure at saturation, kPa

= air water vapor pressure, kPa

P0 = fruit vapor pressure at saturation, kPa

PS = fruit vapor pressure at the surface , kPa

Table 4. Average values of RH, Pws' w' Po and Ps

4.3.1.2 Calculation of transpiration coefficients

Transpiration coefficients Km were calculated using

equation (2), transpiration rates from Sc(4.2.l) and vapor

pressure deficits - a) calculated in Sc(4.3.1.l).

Fruit surface area was determined by using the linear

correlation of surface area to product weight adapted by

Chau et al., 1987. Figures 29 and 30 present Km versus

time for pears stored at Co and CA chambers. A transpiration

Pws Pw RH P0 VPL P5

(kPa) (kPa) (%) (kPa) (kPa)

CO 0.608 0.379 62 0.596 0.98 0.584

CA 0.570 0.546 95 0.570 0.98 0.558
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coefficient Km was calculated for eac:h recording interval.

Resulting values of Km were averaged for the study and

presented in Table 5.

Table 5. Average values of Km and Ka

Where,

Km = average transpiration coefficient on a mass

basis, mg/skgkPa

Ka = average transpiration coefficient on an area

basis, mg/sm2 kPa

4.3.2 Discussion of transpiration coefficient for the Co

chamber.

Transpiration coefficients of the d'Anjou pears in the

CO chamber appear nearly constant in Figure 29.

Fluctuations of Km at 2500 hours were related to

fluctuations in relative humidity that can be seen in

Figure 10. No correlation exists between Km and time.

Computed Km values are all positive quantities except for

fruit surface

area (iu2)

Km

(mg/se kg kPa)

Ka

(mg/s m2 kPa)

Co 1.45 0.029 0.40

CA 1.45 0.062 0.87
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two negative values related to the relative humidity

fluctuations at 2500 hours. This same phenomenon was

present in Hatch's data, (1989). The amplitude of Km

cycling was greatest:

At the beginning of the experiment when relative

humidity was very low, between 50 and 60 percent.

When relative humidity decreased to fivety percent.

Figures 10 and 29 show that minimum cycling amplitude

of mass loss occurred between 1400 hours and 2500 hours

when relative humidity was essentially constant and ranged

btween 60 and 70 percent.

4.3.3 Discussion of transpiration coefficient results

for CA chamber.

Data recorded in the CA chamber represent conditions

that more closely duplicate those found in commercial

storage facilities. Average relative humidity was 95

percent throughout the study. During the defrost cycle,

the dew point temperature was recorded as rising above the

chamber dry bulb temperature indicating impossible relative

humidity values greater than 100. During these periods,

the fruit, being colder than the surrounding air, served

as a surface for condensation, temporarily increasing its

total mass and causing a temporarily negative mass loss

rate. Following this transient period of fruit wetting,

the condensate re-evaporated into the atmosphere and
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transpiration from the product resumed. Two phenomena

were then present: re-evaporation of water previously

transpired and continued transpiration from the product.

Periodically, at the precise instant data were recorded,

the calculated values of P and a caused Equation (2) to

produce excessively large negative and positive values.

This same problem was reported by Hatch (1989). When

relative humidity was very close to saturation, large

errors in Km develop as was discussed in Sc2.3.2.8.2. The

average value for Km is 0.062 ing/skgkpa, which was

determined from those data points for which calculated

values of P and a did not produce unrealistic

coefficients. Of the 3000 data points recorded throughout

study, 300 were determined to produce unrealistic Km values.

The period where all calculated Km values were negative

in Figure 30 (from 1800 to 2000 hours), correspond to the

period of most saturated conditions during the experiment

in the CA chamber (Figure 24). Figure 30 illustrates

hourly calculated Km values in the CA chamber. At hour

1800 relative humidity rapidly increased from 89 percent

to 100 percent resulting in an increase in mass due to

water vapor condensation on the fruit (Figure 24). Between

hours 1800 and 1950, fruit mass was nearly constant, the

relative humidity was initially very close to saturation

with a slight decrease over time and transpiration

coefficients oscillated between -3.5 and -0.5 mg/sm2kPa.
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The more the relative humidity decreased, the more

previously condensed water vapor evaporated and the

calculated transpiration coefficients approched zero. When

all condensed vapor water (from hours 1800 and up)

evaporated, the fruit retreived its mass at hour 1800 and

transpiration coefficients then became positive. Gaffney

et al., 1985, using a mathematical model, stated that

measurable rates of product weight gain for apples, peaches

and brussels sprouts occur only for products with high

transpiration coefficients that are held at 100 percent

relative humidity and very high air velocities. No

experimental data was reported to support Gaffney's 1985

predictions. Figure 24 and 25 clearly shows gain of mass

for d'Anjou pears held in CA at high relative humidity in

still air.

4.3.4 Transpiration coefficient comparisons

Transpiration coefficient data for perishable

commodities, and in particular d 'Anjou pears held in typical

controlled atmosphere conditions are not available in the

literature. Most related studies were conducted for

individual fruits under environmental conditions not

normally found in commercial storages. Hatch, (1989)

calculated transpiration coefficients for d'Anjou pears

under similar environmental conditions used for this

research. Chau et al., 1988, calculated transpiration
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coefficients for individual d'Anjou pears held at still

air and at temperatures from 11-24°C, which is well above

temperatures in commercial storages. Consequently, d'Anj ou

pear transpiration coefficients presented by Chau et al.,

1988, in Table 6 were relatively high compared to other

Km values.

The difference between Hatch's Km values and those

presentdin this research may be attributed by two main

reasons:

Ambient air dry bulb temperature in Hatch's study

(-0.3°C) was higher than in this research (-0.68°C).

More bulk fruit were used in this research (20 kg)

than in Hatch's 1989 research (13.752 kg for CO and

13.978 kg for CA). Therefore, less fruit surface area

per unit mass was directly exposed to ambient air in

this research than in Hatch's research.

Natural waxes were replaced by wax coatings for fruits

used in this research. However, Hatch (1989), used fruit

that had not passed through pre-sizing operations and

thereby retained natural waxes.



Table 6. Comparison of dtAnjou pear transpiration
coefficients on a mass basis (ing/skgkPa).
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Chau et al.

(1988)

Hatch

(1989)

Ben Ayed

(1990)

Co

Km 0.057 0.04 0.029

Ta 11 to 24 -0.1 -0.05

T5 - -0.4 -0.35

RH 45to65 63 62

air

velocity

still still still

CA

Km - 0.08 0.062

Ta - 0.3 -0.68

Ts - 0.3 -

RH - 96 95

air

velocity

- still still



V CONCLUSIONS

Most literature related to transpiration coefficients

of fruit and vegetables has been presented during the last

decade. Theoretical mathematical models to predict

transpiration rates and product surface temperatures

necessary to calculate transpiration coefficients have

been developed but not experimentally verified.

Transpiration rate and transpiration coefficient data in

the literature are not in close agreement. Most researchers

have conducted their experiments

At environmental temperatures higher than those

recommended and used in commercial storages in order

to create measurable mass loss rates over a short time

period.

At low relative humidities to eliminate the

difficulties to accurately measure data at very high

relative humidities and low temperatures.

For individual fruits.

Under regular atmosphere rather than controlled

atmosphere conditions.

This research was conducted to determine transpiration

rates and coefficients for bulk d'Anjou pears in common

atmosphere and controlled atmosphere environmental

conditions that approximately duplicate those found in

commercial storages.
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Fruit surface temperature was found to be 0.3°C lower

than ambient air temperature in Co chamber. No measured

difference was found between fruit surface and ambient air

temperatures in CA chamber. This was largely due to the

difficulty of precise data measurement at very high relative

humidity and low temperatures.

D'Anjou pears were found to lose four times more weight

in the Co chamber than in the CA chamber. CA storage saved

nearly 5 percent of the salable weight. This savings in

salable weight represents a value of $2.1 million for the

1989 winter pear production in Oregon.

Condensation of water on fruit during the refrigeration

system defrost cycles resulted in transient gains in product

mass in both the CO and CA chambers. However, water vapor

condensation on the fruit in the CO chamber was not evident

from recorded air dry bulb and air dew point temperatures.

The dew point sensor, mounted on the wall of the CO

environmental chamber, was not detecting the periodic very

high relative humidity inside the fruit mass during defrost

cycles.

Fruit mass loss in cold storage is primarily a loss

of water from living tissues. On the other hand, transient

mass gains were caused by water vapor that condensed on

the fruit. Addition research is needed to determine whether

condensed water vapor remained on the fruit surface or if

some portion was reabsorbed through the skin. Literature
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sources have reported that humidities close to saturation

may cause excessive growth of microorganismes and surface

cracking for perishable commodities. Therefore, the

documented periodic surface wetting of fruit in both

chambers increase quality deterioration.

Optimum CA storage conditions for d'Anjou pears, as

far as mass transfer is concerned, were found to be:

Air temperature -1°C to 0°C.

98 to 100 percent relative humidity.

Recorded data (Figure 26) indicate a five day period with

nearly constant fruit mass. The vapor pressure at the

product surface was in equilibrium with the vapor pressure

in the surrounding air and no loss or gain of moisture

occurred. This result was predicted by Gaffney et al.,

1985 who used a mathematical model to study factors

affecting weight loss calculations for fruits and

vegetables.

Transpiration coefficients for d'Anjou pears in CO and

CA chambers were found not to be time dependent and were

0.029 mg/skg°kpa and 0.062 mg/s°kgkPa, respectively.

Comparison of the transpiration coefficients

determined in this study to those in the literature shows:

1. Km values calculated for individual fruits are

approximately the double of those calculated for bulk

fruit (Table 6).
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2. Km values calculated for Co storage are higher than

those calculated for CA storage as would be expected.

D'Anjou pear transpiration rates were found to be

strongly correlated to relative humidity. A change in

relative humidity immediately induced a change in the

transpiration coefficient.

Recorded data showed, between hours 1800 and 1950

(Figures 19 and 30), a gain of mass for d'Anjou pears held

in CA chamber. This was due to very high relative humidity

and still air conditions.

Visual evaluations of d'Anjou pear at the end of the

experiment showed that pears stored in the CA chamber were

of higher quality than those stored in CO chamber. Pears

in the CO chamber exhibited severe shriveling, lack of a

shiny exterior and internal flesh browning. The pears in

the CA chamber were firmer, shiner and exhibited no internal

flesh discoloration.



VI RECOMMENDATIONS FOR FURTHER RESEARCH.

Recommendations for further research:

Develop a procedure to accurately measure product surface

temperatures.

Measure air dew point temperature inside fruit mass as

well as the ambient gases.

Conduct experiments to determine transpiration rates

and coefficients in CA chambers with controlled relative

humidity (90 to 95 percent) to match relative humidity

inside commercial storages.

Conduct experiments in CA chambers to determine optimum

conditions of temperature and relative humidity that

will minimize transpiration for d'Anjou pears.

Investigate the long term effects of periodic water

vapor condensation on d'Anjou pears in cold storages.

Design a refrigeration system to avoid water vapor

condensation on fruit.
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APPENDIX A

Derivation of equation (8).
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Water vapor pressure at the surface of fruit and

vegetable is lower than of pure water at the same

temperature, and is directly related to the relative amounts

of water and dissolved substances in the solution by

Raoult's law:

PS
= Xa

(1)

Where:

PS = vapor pressure of water above a solution

P0 = vapor pressure of pure water

Xa = mole fraction of water in the solution

By definition:

moles H20
Xa - moles H20 ± moles solute

Freezing point depression: ATF=m * K,

Where,

m= molality of solute in solution

moles solutem- kg of water

Equations (1) and (2) yield:

Ps 1

moles H20+ moles solute

moles H20



Since the molecular weight of water is 18 g/mole:

moles solute 0.018 moles solute
moles H20 kg of H20

Equations (3), (4) and (6) yield:

0.018 * moles solute O.018*AT1
0.018m =kg H20 K1

Equations (6) and (9) yield:

1PS

0

68

0.018 * T
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Refrigerator

Imperial Manufacturing Ice Cold Coolers, Inc.

287 cm x 217 cm x 76 cm walk-in refrigerator.

Esterline Angus PD 2064 Microprocessor.

Range: 0 to 4 volts

Resolution: 0.1°C or °F

Facit Paper Tape Perforator.

Input: 115 V

General Eastern Condensation Dew point Hygrometer.

Model: System 1100DP

Input: 115 V

Range: -40°C to 80°C

Accuracy: 0.3°C (over entire operating

range)

Resolution: 0.1°C

Output: 100 mV/°C

Universal Electric Co. Vaccum Pump.

Input: 115 V

RPM: 1770

C & E Instrument PM-bOO Flowmeter.

Model: 10230

capacity: 0.25-2.25 1/mm

Hottinger-Baidwin Measurements Inc., Carrier Amplifier.

Model: MGT 232

Input: 115 V

Output: 1.8144kg/4000mV (4lbs/4000xnV)



Hottinger-Baidwin Measurements Inc., Load Cell.

Model: U1T

Capacity: 0-45 kg

Matheson # Tube Mixing Flowmeter.

Compressed Gases.

Medical Oxygen

Prepurified Nitrogen

15% Carbon Dioxide, balance of Nitrogen

Hewlett Packard Thermoconductivity Gas Chromatograph.

Hewlett Packard Integrator.

Model: HP

Mettler Electric Scales.

Model: P1200

Capacity: 1.2 kg

71

Model: 5730 A

Detector Temperature: 200°C

Injection Port Temperature: 100°C

Oven Temperature: 60°C

Input: 115 V



APPENDIX C

Mass, ambient air temperatures, air dew point

teinepratures and relative humidities for d'Anjou pears

stored in common and controlled atmospheres.
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