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ABSTRACT

Transpiration is the process by which fresh fruits and vegetables lose moisture. This process
includes the transport of moisture through the skin of the commodity, the evaporation of this moisture from
the commodity surface and the convective mass transport of the moisture to the surroundings. This paper
discusses the pertinent factors which affect transpiration and identifies mathematical models for predicting
the rate of transpiration. Predicted transpiration coefficients and transpiration rates are compared to
experimental data found in the literature. Respiration is the chemical process by which fruits and vegetables
convert sugars and oxygen into carbon dioxide, water, and heat. The effect of respiration upon the
transpiration rate of commaodities is discussed and correlations are developed to estimate the respiratory heat
generation of various commodities.
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INTRODUCTION

During postharvest handling and storage, fresh fruits and vegetables lose moisture through their
skins via the transpiration process. Commodity deterioration, such as shriveling or impaired flavor, may
result if moisture lossis high. In order to minimize losses due to transpiration, and thereby increase both
market quality and shelf life, commodities must be stored in a low temperature, high humidity environment.

In addition to proper storage conditions, various skin coatings and moisture-proof films can be used during
commodity packaging to significantly reduce transpiration and extend storage life (Ben-Y ehoshua, 1969).

Metabolic activity in fresh fruits and vegetables continues for a short period after harvest. The
energy required to sustain this activity comes from the respiration process (Mannapperuma, 1991).
Respiration involves the oxidation of sugars to produce carbon dioxide, water and heat. The storage life of a
commodity is influenced by its respiratory activity. By storing a commodity at low temperature, respiration
is reduced and senescence is delayed, thus extending storage life (Halachmy and Mannheim, 1991). Proper
control of the oxygen and carbon dioxide concentrations surrounding a commodity is aso effective in
reducing the rate of respiration.

Properly designed and operated refrigerated storage facilities will extend the storage life of
commodities by providing a low temperature, high humidity environment which reduces moisture loss and
decreases respiratory activity. A thorough knowledge of the transpiration and respiration processes will
allow both the designer and operator of cold storage facilities to achieve optimum storage conditions. This
paper identifies the pertinent factors which influence the transpiration and respiration processes. In addition,
mathematical models for estimating transpiration rates are identified. Furthermore, correlations are
developed to determine the rate of carbon dioxide production and the heat generation due to respiration.

FACTORS AFFECTING TRANSPIRATION
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Moisture loss from a fruit or vegetable is driven by a difference in water vapor pressure between
the product surface and the environment. The product surface may be assumed to be saturated, and thus,
the water vapor pressure at the commaodity surface is equal to the water vapor saturation pressure evaluated
at the product's surface temperature. However, dissolved substances in the moisture of the commaodity tend
to lower the vapor pressure at the evaporating surface dightly (Sestry et a., 1978).

Evaporation which occurs at the product surface is an endothermic process which will cool the
surface, thus lowering the vapor pressure at the surface and reducing transpiration. Respiration within the
fruit or vegetable, on the other hand, tends to increase the product's temperature, thus raising the vapor
pressure at the surface and increasing transpiration. Furthermore, the respiration rate is itself a function of
the commaodity's temperature (Gaffney et al., 1985). In addition, factors such as surface structure, skin
permeability, and air flow aso effect the transpiration rate (Sastry et al., 1978). Thus, it can be seen that
within fruits and vegetables, complex heat and mass transfer phenomena occur, which must be considered
when evaluating the transpiration rates of commodities.

TRANSPIRATION MODELS

The basic form of the transpiration modd is given as follows:
M=k (Ps- Pa) (1

In its smplest form, the transpiration coefficient, k;, is considered to be a constant for a particular
commodity. Additionally, it is assumed that the commodity surface temperature and the ambient air
temperature are equal. Thus, assuming that the surface isin a saturated condition, the surface water vapor
pressure, P,, becomes the water vapor saturation pressure evaluated at the ambient temperature.

Sastry et d. (1978) performed an extensive literature review, compiled a list of constant
transpiration coefficients for various fruits and vegetables, and discussed a smplified transpiration model.
The compiled transpiration coefficients omitted any dependence upon water vapor pressure deficit, skin
permeability, or air velocity.

Various researchers (Pieniazek, 1942; and Lentz and Rooke, 1964) have noted that the
transpiration rate decreases at high vapor pressure deficits. Drying of the skin tissue, or the decrease in skin
permeability which results from the drying, was believed to be the cause of reduced transpiration at high
vapor pressure deficits. Fockens and Meffert (1972) modified the simple transpiration coefficient to model
variable skin permeability and to account for air flow rate. Their modified transpiration coefficient takes the
following form:
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The air film mass transfer coefficient, k, , describes the convective mass transfer which occurs at the
surface of the commodity and is afunction of air flow rate. The skin mass transfer coefficient, ki,
describes the skin's diffusional resistance to moisture migration and is a function of the water vapor pressure
deficit. Hence, variable air flow rate and skin permeability were both accounted for in the Fockens and
Meffert transpiration coefficient model. However, evaporative cooling, respiration, and vapor pressure
lowering effect were neglected in Fockens and Meffert's work.

Various researchers, Lentz and Rooke (1964), Gac (1971), Gentry (1970), Dypolt (1972) and
Tabot (1973), have noted that evaporative cooling and respiration have a significant influence upon the
surface temperature of the commodity and thus, the commodity surface temperature and the ambient air
temperature may not be equal. Therefore, the water vapor pressure at the commodity surface may not be
equal to the water vapor saturation pressure evaluated at the ambient air temperature. The surface water



vapor pressure must be evaluated at the surface temperature of the commodity. Also, when performing
experiments on tomatoes, Sastry and Buffington (1982) noted that the skin mass transfer coefficient, k, did
not depend upon the vapor pressure deficit, as was assumed by Fockens and Meffert (1972). Rather, the
behavior of the transpiration rate was attributed to the increasing slope of the water vapor pressure versus
temperature curve. Therefore, Sastry and Buffington developed a transpiration model similar to that of
Fockens and Meffert, but which included the effects of evaporative cooling and respiration. Their model
incorporates a theoretical equation for determining the commaodity surface temperature, thus providing for a
more accurate determination of the surface water vapor pressure. Their model yields improved accuracy of
the estimated transpiration rate at high and low water vapor pressure deficits. However, it neglects the
effects of vapor pressure deficit upon the skin mass transfer coefficient, k.

Chau et d. (1987) improved upon the Fockens and Meffert model even further by including
radiative heat transfer and the vapor pressure lowering effect in their transpiration model. They also noted
that the skin mass transfer coefficient, kg, did not vary with water vapor pressure deficit, thus, contradicting
Fockens and Meffert while agreeing with Sastry and Buffington.

Air Film Mass Transfer Coefficient

The air film mass transfer coefficient, k, , describes the convective mass transfer which occurs at
the evaporating surface of a commodity. Hence, the air film mass transfer coefficient, k,, can be estimated
by using a Sherwood-Reynolds-Schmidt correlation (Sastry and Buffington, 1982). The Sherwood number,
S, is defined as follows:

d
sh=KaS ©

In general, convective mass transfer from a spherical fruit or vegetable is modeled by the following:

ka¢d

Sh="1-= p(Re)* (Sc)’ 4)

where Re is the Reynolds number (uyd/v) and Sc is the Schmidt number (v/d). The exponents g and r and
the constant p in Eq. 4 are fit to experimental data. Chau et a. (1987) recommended a correlation which
was taken from Geankoplis (1978):

Sh=2.0+0.552 Re™*® g% (5)

Dimensional analysis of the above Sherwood-Reynolds-Schmidt correlation indicates that the
driving force for Kac6 is concentration. However, the driving force in the transpiration models is vapor

pressure. Thus, a conversion from concentration to vapor pressure is required. The conversion is given as
follows:

1
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ka = ka¢ (6)

Skin Mass Transfer Coefficient

The skin mass transfer coefficient, k., describes the resistance to moisture diffusion through the
skin of acommodity. Fockens and Meffert (1972) suggested the following relationship for the skin mass
transfer coefficient:
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The diffusional resistance, |, isthe ratio of the diffusion of water vapor in air to that of the diffusion of
water vapor through the porous skin of the commodity. When performing experiments on apples, Fockens
and Meffert noted that the quantity ps varied with humidity. At high humidity, the diffusional resistance
was found to be low. Fockens and Meffert attributed this to the swelling of skin cells due to the absorption
of moisture. Large intercellular spaces are then created and the resistance to diffusion is decreased. At low
humidity, the skin cells lose moisture and become flattened. The intercellular spaces become smaller and
the diffusiond resistance is increased.

Sastry and Buffington (1982) also proposed a similar relation for the skin mass transfer coefficient:

Kse= ? (8

However, in contrast to the observations of Fockens and Meffert, Sastry and Buffington noted that in their
experiments on tomatoes the skin mass transfer coefficient did not vary appreciably with vapor pressure
deficit.

Aswith the air film mass transfer coefficient, dimensiona analysis of the skin mass transfer
coefficient indicates that the driving force is concentration. Thus, the skin mass transfer coefficient must be
converted from concentration to vapor pressure before it is used in the transpiration models:
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Experimental Determination of the Skin Mass Transfer Coefficient

The skin mass transfer coefficient, k,, can be determined experimentally by placing the fruit or
vegetable into an environmental chamber, in which the dry bulb and dew point temperatures can be
controlled. The weight loss from the commodity is measured frequently during the course of the
experiment. The weight loss of the commaodity includes both the moisture loss due to transpiration and the
carbon loss due to respiration.

Physical dimensions of the commodity, such as surface area, volume, and diameter, are measured
and an air flow rate reading past the commodity is aso taken. With thisinformation, the air film mass
transfer coefficient, k,, can be calculated using a Sherwood-Reynolds-Schmidt correlation.

Air temperature readings are taken and the surface temperature of the commodity is measured or
estimated with theoretical equations. The vapor pressure lowering effect at the product surfaceis
determined by analysis of the commadity's skin. Thus, the water vapor pressure at the commadity surface
and the water vapor pressure of the surrounding air can be determined.

The transpiration rate, M 10, water vapor pressure difference, (Ps - P,), and the air film mass
transfer coefficient, k,, are now known. The skin mass transfer coefficient, k;, can then be determined by
using the following transpiration mode:

o Ps'Pa

m=—7 (10)
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Experimental determination of the skin mass transfer coefficient, kg, has been performed by Chau
et al. (1987) and Gan and Woods (1989). These experimental values of kg, along with estimated values of



skin mass transfer coefficient for grapes, onions, plums and potatoes, are given in Table 1.
Determination of the Vapor Pressure Difference

In order to use the transpiration models, the difference between the water vapor pressure at the
evaporating surface of the commodity and the water vapor pressure in the ambient air must be determined.
The surface water vapor pressure is a function of the temperature at the surface of the commodity and the
vapor pressure lowering effect (VPL) caused by dissolved substances. Thus, the water vapor pressure at
the evaporating surface, P, becomes:

PS = VH‘ * PSBI,TS (11)

Chau et al. (1987) have performed experiments to determine the vapor pressure lowering effect for various
fruits and vegetables (see Table 1). The ambient water vapor pressure is a function of both the ambient dry
and wet bulb temperatures and may be determined by psychrometric formulae.



Table 1. Commodity skin mass transfer coefficient, vapor pressure lowering effect (VPL) and respiration
coefficients.”

Skin Mass Transfer Coefficient, Respiration Coefficients

Product ks,g/(m2s:MPa) VPL
Low Mean High f s

Annlac Nn111 NnI1R7 n 297 N agQ K RQ7 " 1N-4 2 zoQ
Rliieherrieg N ORR 219 229 N ar 7 2527 105 VIRR
Rriiccels q RA 12 1R A N aq N NN2724 2 R7R
Cahhane 2 BN AR 72 12 N N aq ANRN "~ 104 2 AR1R
Carrnte 21 R 15A 2R1 N aq N N5NN2 1 70
Granefriiit 1 N9 1 AR 2 22 N aq N NNRRRR 1 Q0OR
Graneg -- N an24 -- N ar 705R7 105 N2
Green Penners N K48 2 159 4 RA N ag RE1N 7 104 2 741
I eMmnne 1 N9 2 N BN N ar NnN1119 1774
I ima Reancg 27 4 R 572 N ag Q105" 1N-4 2 RAR
I imeg 104 29292 4R N ar 20227 1N-8 4 72
Oninne -- N ’RR77 -- N ar RRARR " 1N4 2 K2R
NOrannes 1 2K 172 214 N agr 2 N5 7 1N-4 2 AR4
Perarhes 1 A 14 2 45 Q9 N aq 12007 10-5 VRA?
Pearc N 52 N RARA 120 N ar ARART 7~ 105 2204
Phiime -- 1 ”78R -- N ar R ANKR " 105 2 972
Pntatnes -- N ARRAQ -- N ar N N1709 1 7R0
Snan Reang AR 5 RA 10N N aq N NN 2 BNK
Siinar Reete [eNple] 2 A R7 N aR R K591~ 1N-3 1 KRR
Strawherriesq 205 12 A 26 & N aq RRARR " 1N-4 N2
Swedes -- 11RA A -- N aq 1 RR2 "~ 104 2 ana
Tomatnec Nn217 110 2 A [ale]e] 2007 " 104 2 Q28

T A portion of this datais reproduced from Chau et al. (1987) and Gan and Woods (1989).

EXPERIMENTAL VERIFICATION OF THE TRANSPIRATION MODEL

To verify its accuracy, transpiration coefficients predicted by the model were compared with
empirical datafrom various researchers compiled by Sastry et al. (1978). The skin mass transfer
coefficient, ky, was based upon the experimental data reported by Chau et a. (1987) and Gan and Woods
(1989), while the air film mass transfer coefficient, k., was derived from the Sherwood-Reynolds-Schmidt
correlation taken from Geankoplis (1978).

In this comparison, the modd was used to determine transpiration coefficients for commodities at a
temperature of 2°C which were subjected to air with a dry bulb temperature of 1.67°C and a wet bulb
temperature of 1.0°C. The air velocity was 0.01 m/s. Three calculated transpiration coefficients, k;, are
presented for each commodity corresponding to the low, mean and high values of skin mass transfer
coefficient, k;, as found in the literature and tabulated in Table 1.

As shown in Table 2, the calculated mean transpiration coefficients, k;, for all the commodities fall
within the range of data summarized by Sastry et al. (1978) except for brussels sprouts. Better agreement is
obtained for brussels sprouts if the value of k, reported by Chau et a. (1987) isincreased by 150%. Dueto



differences in the experimental techniques used by the various researchers, the empirical data shown in
Table 2 has awide variation. Nevertheless, it is encouraging that the current model predicts transpiration
coefficients which agree well with this experimental data.

Lentz (1966) experimentally studied the effects of air velocity on the transpiration coefficient of
carrots. Air at atemperature of 1.0°C with a water vapor pressure deficit of 46.7 Pa flowed past the
carrots. Commodity weight loss was recorded at various air velocities ranging from 0 to 1.4 m/s. Figure 1
shows the experimentally determined transpiration coefficients versus air velacity aong with the
transpiration coefficients calculated by the mathematical model. The transpiration model isin very good
agreement with Lentz's experimental data.



Table 2. Comparison of transpiration coefficient.

Calculated Value

Empirical Data (Sastry et al., 1978)

Commaodity
kt (mg/kgsMPa) Kave Krange
(mg/kgsMPa) (mg/kgsMPa)
Low Mean High
Annlac 11 N 1R R 22 12 A2 18 - 1NN
Rliieherriec 04 727 1100 - -
Rriiccels 1270 1710 2120 AR1RN VBN - 9770
Cahhane 124 2R7 7A 22 a0 - RR7
Carrnts 5N2 (224 RAR 1207 10R - R2KN
Granefriiit RO K 10 121 1 29 - 1R7
(3ranes 122 122 122 12 21 - 2R4
(Green Penners 1 A 202 519 - -
| emnn<s 101 1R 28R 1RA 120 - 229
I ima Reancg 10N 2210 202N - -
I imes 7R Q 159 224 - -
NOninneg R7 4 K7 4 R7 4 RN 12 - 12
Oranneg aR A 121 14A 117 25 - 227
Perarhec 101 A11 aRA K72 142 - 209
Peare 41 Q R4 4 Q2 2 28] 10 - 144
Pliime 127 127 127 1A 110 - 221
Pntatnec a2 7 a2 7 a2 7 pavay 2-171
Snan Reanc 120N 2110 202N - -
Siinar Reete 1RR 284 271 - -
Qtrawherriec an7 2420 RN - -
Qwerdes [ Ng] 55N 55N 4RQ -
Tomatnes 17 K {5 7 176 140 71 - _2AK
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Figure 1.
Transpiration coefficient vs. air velocity for carrots (Lentz, 1966).

Numerous papers have been published which report the effect of water vapor pressure deficit upon
commodity weight loss. The USDA (1962) present weight loss versus vapor pressure deficit data for
lemons, oranges and peaches. Both lemons and oranges were stored at 16°C while peaches were stored at
0.56°C. Figures 2, 3 and 4 show the USDA data along with the results of the transpiration model for
lemons, oranges and peaches, respectively. The transpiration model is in good agreement with the
experimental data.
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Figure 2. Weight loss vs. water vapor pressure deficit for lemons (USDA, 1962).
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Figure 3. Weight loss vs. water vapor pressure deficit for oranges (USDA, 1962).
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Figure 4. Weight loss vs. water vapor pressure deficit for peaches (USDA, 1962).

Lentz and Rooke (1964) present weight loss versus vapor pressure deficit data for apples. Air with
atemperature of 0°C to 3°C and a velocity of 0.5 m/s flowed past the apples. Figure 5 shows the Lentz
and Rooke experimental data along with the output from the transpiration model. The weight loss predicted
by the model compares favorably with the experimental data.

Sastry and Buffington (1982) experimentally determined the transpiration rate of tomatoes as a
function of water vapor pressure deficit at three different air temperatures. Air at either 10°C, 13°C or
16°C with a velocity of 0.0036 m/s was used to cool the tomatoes. Figures 6, 7 and 8 show the Sastry and
Buffington data along with the output from the transpiration model for the three air temperatures. In all
three cases, the transpiration model predicts dightly higher transpiration rates than those experimentally
determined by Sastry and Buffington.
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80

rrrryrrryrrryrrryrrryrryayrrTrToTroTT
/

1

0 Sastry and Buffington, 1982
------- Transpiration Model

/
-
/
/

(mg/kg hr)
uo 60 80 100 120 140 160

Moisture Laoss

20

/
-
O'IlllIII|III|III|III|III|III|II

0 100 200 300 4o0 500 600 700 800
Vapor Pressure Deficit (Pal

Figure 6. Weight loss vs. water vapor pressure deficit for tomatoes, air temperature of 10°C (Sastry and
Buffington, 1982).



RESPIRATION

Respiration is the chemical process by which fruits and vegetables convert sugars and oxygen into
carbon dioxide, water, and heat. The heat generated by the respiration process tends to increase the
temperature of a commodity. This, in turn, increases the water vapor pressure just below the surface of a
commodity, leading to increased transpiration (Sastry et al., 1978). Thus, it can be seen that respiration can
cause transpiration to occur in saturated environments.
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Figure 7. Weight loss vs. water vapor pressure deficit for tomatoes, air temperature of 13°C (Sastry and
Buffington, 1982).
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Figure 8. Weight loss vs. water vapor pressure deficit for tomatoes, air temperature of 16°C (Sastry and
Buffington, 1982).

During the respiration process, sugar and oxygen are combined to form carbon dioxide, water and
heat as follows:

CsHi20,+ 60, ® 6CO,+ 6H, O+ 2667 kJ (12)

The rate at which this chemical reaction takes place has been found to vary with the type and temperature
of the commodity. More specificaly, the rate of carbon dioxide production and heat generation due to
respiration can be correlated to the temperature of the commodity.

In the present work, correlations were devel oped, based upon data given by the USDA (1986),
which relate a commodity's carbon dioxide production rate to its temperature. The carbon dioxide
production rate can then be related to the heat generation due to respiration.

The resulting carbon dioxide production correlations are of the following form:

. e BT
Mcoz =T - g

.9
+322 (13)
a

where Mco2 14 is the carbon dioxide production per unit mass of commodity (mg/kg h), T,, is the mass

average commodity temperature (°C) and f and g are respiration coefficients which are given in Table 1.
The respiration coefficients f and g were obtained via a least-squares fit to the data published by the USDA
(1986). Toillustrate these correations, Figs. 9 and 10 give the carbon dioxide production correlations for
apples and tomatoes, respectively, along with the corresponding USDA data. Note that for every 10°C
increase in temperature, the rate of carbon dioxide production more than doubles. This behavior is evident
in al commodities.
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The chemical reaction, Eq. 12, indicates that for every 6 moles of carbon dioxide produced, there
are 2667 kJ of heat generated. Thus, for every one milligram of carbon dioxide produced, 10.7 joules of
heat are generated (USDA, 1986). The rate of heat generation due to respiration, W (kJkg h), then
becomes:

210.7J 0

W:(mcoz)gng O 5 (14)

CONCLUSIONS

This paper discussed pertinent factors which govern the mass transfer from fresh fruits and
vegetables. A review of the literature was presented which uncovered two basic forms of the transpiration
coefficient for fruits and vegetables. Early researchers attempted to model transpiration with a constant
transpiration coefficient. To better explain the transpiration phenomena, the transpiration coefficient was
later broken into two components; the air film mass transfer coefficient and the skin mass transfer
coefficient. The intent was to account for both the effects of air flow rate and skin permeability upon the
transpiration rate. The air film mass transfer coefficient can be estimated by using Sherwood-Reynolds-
Schmidt correlations. Controversy exists, however, on the appropriate method by which to model the skin
mass transfer coefficient. Fockens and Meffert (1972) believed that the skin mass transfer coefficient was a
function of vapor pressure deficit. Experiments performed by Sastry and Buffington (1982) and Chau et .
(1987), on the other hand, suggested that the skin mass transfer coefficient was not dependent upon the
vapor pressure deficit. Assuming no dependence upon vapor pressure deficit, Chau et al. (1987) and Gan
and Woods (1989) determined constant skin mass transfer coefficients for various fruits and vegetables.

This paper also presented a transpiration model which was based upon avariable air film mass
transfer coefficient and a constant skin mass transfer coefficient. To verify its accuracy, transpiration
coefficients and transpiration rates predicted by the model were compared to experimenta data found in the
literature. The transpiration coefficient was found to increase, at a decreasing rate, with air velocity. The
transpiration rate was found to increase linearly with water vapor pressure deficit.

Finally, this paper discussed the effects of respiration upon the transpiration rate of fruits and
vegetables. The heat generation due to respiration tends to increase the temperature of a commodity, thus
leading to an increase in transpiration. The rate of respiration is dependent upon the type of commodity as
well asitstemperature. Correlations were developed to estimate the respiratory heat generation as a
function of temperature for various commoadities. These correlations were shown to accurately predict the
respiratory behavior of commodities as a function of temperature.

NOMENCLATURE

d diameter of fruit or vegetable ks skin mass transfer coefficient

—

carbon dioxide production vs.

(driving force: vapor pressure)

temperature correlation k¢ skin mass transfer coefficient
coefficient (driving force: concentration)

g carbon dioxide production vs. k; transpiration coefficient
temperature correlation m transpiration rate per unit area of
coefficient commodity surface

Ka air film mass transfer coefficient Mcoz carbon dioxide production rate
(driving force: vapor pressure) P constant in Sherwood-Reynolds-

k.¢ air film mass transfer coefficient Schmidt corrdation

(driving force: concentration)

ambient water vapor pressure



PSat,TS

water vapor pressure at
evaporating surface of
commoadity

water vapor saturation pressure

evauated at commodity surface
temperature

RHZO

Qe

—

exponent in Sherwood-Reynolds-
Schmidt correlation

exponent in Sherwood-Reynolds-
Schmidt correlation

gas constant for water vapor
Reynolds number

skin thickness of commaodity
Schmidt number

Sherwood number

mean temperature of the
boundary layer

mass average temperature of
commodity

free stream air velocity

vapor pressure lowering effect
rate of respiratory heat
generation of commodity per unit
mass of commodity

coefficient of diffusion of water
vapor in ar

coefficient of diffusiona
resistance of the skin

kinematic viscosity of air

fraction of product surface area
covered by pores
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