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Analytical equations are formulated to describe the mfluence of climatic conditions
on meisture loss and temperature of hatching eggs. The equations are based on
physical properties and are used to calculate moisture loss and temperature of eggs
in different situations. Temperature development during cooling of eggs, moisture
loss of eggs during cooling or heating and at constant temperature, and temperature
in the egg during development of the embryo is described. For every characteristic,
analytical equations are formulated and practical impacts are discussed.

1. Introduction

Hatching eggs are exposed to various climatic conditions during production, storage,
incubation and hatching. The climatic condition in the respective stages affect
embryo development and hatching results. Little is known about the influence of the
climate in the nest on hatchability. Kirk et al. (1980) reported a sfightly reduced
hatchability when collecting eggs hourly instead of every 5 hr. North (1984: 72)
recommended that eggs should be collected at least four times daily to obtain
maximum ¢mbryo viability and hatchability. Environmental temperature after
oviposition influences the rate of embryonic development (Kaplan et al, 1978),
especially during early stages {Romanofl, 1939). This early embryonic development
will depend on collection pattern, which may affect viability and hatchability of the
embryo,

After collection, eggs are often stored for several days prior to setting. Hatchability
decreases when eggs are stored for 7 days or maore (Funk et al., 1950). Tandron et al.
(1983) reported a decrease in hatchability after 2-3 days of storage. To obtain
maximum hatchability, optimum storage temperature is reported to decrease with
increasing storage time (Kaltofen & El-Jack, 1972; Kirk et al, 1980). Proudfoot
{1976) reported that relative humidity during storage should be high to prevent
moisture loss. Kaufiman (1939) concluded that dehydration caused by extended
moisture loss during storage is not the main cause for decrease in hatchability after
prolonged storage.

Temperature and moisture loss during incubation have a major impact on
hatching results. In practise, incubator temperature is fixed at 37-5-37-8°C.
Hatchability and chick quality decreases, hatching time changes and more anomalics
accur when incubator temperature is too high or too low (Romanoff, 1960}. During
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incubation, egg temperature increases to a level above the temperature of the
surrounding air, due to metabolic activity of the embryo {Tazawa & Rahn, 1987).

A certain amount of moisture evaporates through the shell during incubatton. This
amount can vary within a batch of eggs. The coefficient of variation of moisture loss
during incubation is reported to be as high as 229 for chicken eggs {Visschedijk et
al., 1985). Although several experiments (Hoyt, 1979; Simkiss, 1980) have shown that
chicken embryos are able to compensate at least partly for suboptimal moisture loss,
it is well accepted that there is an optimal range. Ar & Rahn {1980) suggested that
15% of the initial egg weight should be lost as metabolic water. Others (Tullett, 1981;
Meir et al., 1984; Hulet et al., 1987) reported an optimum moisture loss of 12%;, Meir
& Ar (1987) and Hulet e al. (1987) showed that regulating incubator humidity to
obtain a specified moisture loss can improve hatchability of turkey eggs.

In the period from oviposition to hatching, eggs are exposed to various ¢nviron-
mental conditions. To determine the effects of climatic conditions on the develop-
ment of the embryo, it is necessary to estimate the effects of macro-climate on micro-
climate and therefore on egg content and embrye. In order to estimate these cffects,
it is necessary to formulate the physical properties of eggs and the physical laws
involved with temperature changes and moisture loss of eggs by means of analytical
modelling.

In this article, physical aspects of temperature and moisture loss are described.
Analytical equations are formulated to calculate temperature development and
moisture loss of eggs, as well as temperature in the egg during development of the
embryo.

2. Cooling and Heating of Eggs

2.1. THEORETICAL ASPECTS

Basically three different factors influence the cooling process of eggs, namely the
temperature difference between egg and surrounding air, heatflow through the egg
content and heat transfer between egg shell and surronnding air.

The basic shape (plate, cylinder, sphere) that approximates the shape of a hatching
egg is the sphere. The governing equations for conducting heat transfer through a
homogeneous sphere, initially at a uniform temperature T; and surrounded by air of
constant temperature T, are (Luikoy, 1968: 119):

gt \dr? iy
with boundary condition:
oT
& ("5{) = cf(rl-;nrrmmding"' T;hmbienl) (2
r=R

and starting condition (initial temperature of the egg constant):
Tr.or = Tinstiar (3
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This set of equations results in the foilowing solution:

- g R sm ,u,,(rfR)

The constant A4, in eqn (4) is defined as:

exp (—puiFo). (4)

n

A, = 2sin p,— p, COS ) (5)

W, —-Sin g, COS @,

while j, are the roots of the transcendental equation:

The dimenstonless numbers used in these equations are defined as:

Fo = Fourier =a-t/R*
Bi = Biot = a-R/A
= theta = (T_ T;mbiem)/(fi‘nitialv Tamhient)-

With eqn (4) it is possible to calculate the temperature as a function of time for every
spot in a spherical egg. However, the shape of an egg is more eiliptic than spheric.
Analytical sofutions to estimate the temperature in an ellipsoid are not known by the
authors, Preliminary research (unpublished data) indicated that cooling time at the
germ position is about 109 fonger for a sphere when compared with an egg of
identical volume. The difference is about 15% when surface area is identical.

22. THERMAL PROPERTIES

In order to compare the calculation of the temperature of hatching eggs during
cooling with experimental data, the thermal properties of the egg and the convective
heat transfer must be estimated. The thermal properties of eggs can be caleulated
from the chemical composition (Miles et al., 1983). The calculated thermal properties
of yolk and albumen as a {unction of temperature, based on the chemical composi-
tion of the egg (Romanoff & Romanoff, 1949; 311) are given in Table 1.

TABLE |
Calculated thermal properties of yolk and albumen based on the chemical composition
Conductivity Spec. heat Density Diffusivity
Temp. Wim K1) Jkg K1 kg m-? m? sec!
°C Y A Y A Y A Y A
0 037 052 3048 3929 1026 1037 1-20E-7 1-28E-7
10 038 0-54 3048 3929 1026 1037 123 1-32
i) (39 @55 3048 3929 1024 1035 126 1:38
0 040 057 048 3929 1023 1032 128 1:40
40 (41 (-58 3048 3929 1621 1031 131 1-44

Y = yolk, A = albumen.
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A method to calculate the cooling rate of an egg is given by Luikov (1968: 417),
using the analytical solution for cooling of a system of two spherical bodies with
different thermal properties. However, the drawback of this method is that the Biot
number {the ratio between convection and conduction) is infinite. While the differ-
ence in thermal diffusivity of yolk and alburnen is relatively small, 2 more simplified
method would be to use the mean value of yolk and albumen and calculate the
cooling rate with eqn (4). To compare both methods, the dimensionless temperature
0 of a cooling egg with mean and real thermal properties of yolk and albumen is
calculated as a function of time. To be able to compare the resnlts of both methods,
convective heat transfer « in the calculations with mean thermal properties is set at
infinite level. The results of this comparison are shown in Tabie 2.

TapLe 2
Dimensionless temperature of a cooling egg with mean and
real thermal properties of yolk and albumen

Dimensionless temperature

Time {min) Mean Real
15 0537 Q561
0] 0224 0267
i 0-258
32 0234
33 0231
34 0220

This table shows that the difference in time required to reach the dimensionless
temperature 0-22 between both analytical solutions is about 10%. Because of this
relative small difference and the mentioned drawback, we prefer to caliculate cooling
rates with eqn (4).

2.3. HEAT TRANSFER COEFFICIENT

The heat transfer coefficient is the most difficult variable to estimate. The relation
between the Nusselt number (dimensionless heat transfer) and the Reynolds-number
(dimensionless air velocity) is:

Nu =2+13 PrP'3 066 Re®*pr¥33, ¥l
The dimensionless numbers are defined as:
-2R
Nu =222 ®)
'{'air
Pr = ;V* (9}
Re= V2R (10)

¥
Figure 1 shows the increase of the heat transfer coefficient of different-sized spheres
{(comparable with large, medium and small-sized ¢ggs) with increasing air velocity.
Although eqn (7) is often used to predict the heat transfer coefficient, the measured
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F1G. 1. Relation between heat transfer coefficient of different-sized spheres and air velocity at two levels
of thermal conductivity of ait. {(——), R=30cm; (..}, R=25cni; (— -}, R =20 ¢cm.

value can be higher because of buoyancy mation of air in the stagnant air layer
around the sphere. The result of the calculations depends largely on the thermal
conductivity of air, as is shown in Fig. 1.

24. HALF-COOLING TIME

The haif-cooling time, defined as the time needed to cool a body through half of
the possible temperature range, is a practical property to compare cooling rates. The
first half-cooling time of a spherical body can be calculated with eqn {4). The first
half-cooling time is longer for the centre of the sphere than for the surface. The
difference depends on the thermal characteristics of the sphere. Figure 2 shows the
calculated temperature development of the centre, surface and germ-position of a
spherical egg with a radius of 2-5 cm, being a characteristic dimension for an egg of
55 g. The contribution of the trailing roots in eqn (4) is neglectable after the first half-
cooling time, as can be shown with the solution of eqn (6). This means that the
second and following half-cooling times are equal for all co-ordinates in the sphere
because eqn (4) can be transformed to:

int = ln(/‘h.R.js,l_t;J(Jul .r/R))“F%'FO. (1)
1

Equation (11) shows a linear relation between logarithmic temperature and time. The
half-cooling time, after the lag period, can be calculated with:
_R*In-2

= (12
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F1G. 2. Calgulated temperature development at three places

in a spherical egg (radius 2-3 cm) with initial

temperature of 40°C and ambient temperature of 20°C. {——), in cenire (r = 0cm). (..), at germ

{r = 2 em); (— —), at surface {r = 2-5 cm).

The intercept values in eqn {11) for centre, surface and germ-position of an egg

are Int = 1-29, 0-81 and 1, respectively, as Fig

3 shows. To be able to calculate

cooling rate with eqn (11} or (12) the first roots 4, and A4, as a function of the
Biot-number are given in Fig 4. The Biot-number of a single egg is about
Bi = o' R/1 = 15*%0-25/0-4 = |, indicating a half-cooling time of 30 min at the germ

position.
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Fig. 3. Calculated logarithmic temperature development
cooling. (~——), int centre; (...}, at germ; (— —), at surface.

1.4

at three places in a spherical egg during
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5. COOLING THROUGH EVAPORATION

Moisture loss accelerates the cooling of an egg and retards the heating process
while the heat loss through evaporation acts as a cooling source (van Beek &
Meffert, 1981). This means that the actual cooling rate of an egg will be higher than
the cooling rate calculated with eqn (4), if moisture loss appears. To be able to

calculate the cooling rate of a sphere with internal heat production, eqn (4) can be
transiormed to;

=% (l—ﬁi )+ ) (1—“) ARG 1R ep (— i Fo) ()

Ein P fa

TABLE 3
Temperature of a cooling egg (from 40°C 1o 20°C) of
60 g with heat production of Q0 Wm ™3, =70 Wm 3
and —700 Wm?* after 20 min and after infinitive

time
Surface Centre
Time (min) 20 o 20w
Heat production
OWm? 29-74 20-00 3517 2000

-~T0Wm? 2973 1997 3516 1996
—700 W m~? 2962 1971 3501 19-56

The Pomerantsev-number (dimensionless heat production) used in egn (13} is defined
as;

q-R?

Po = .
A Tpiiar— Dambiens)

(14)
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Moisture loss of eggs is accompanied by heat loss. To estimate the effect of moisture
loss on temperature with eqn (11), a homogeneous heat generation in the egg must be
introduced. This is allowed if the Biot-number is less than 1, which means that
temperature distribution in the egg is rather homogeneous. In Table 3 calculated
temperatures after 20 min and at infinitive time (five half-times or more) in the centre
and at the surface are given for a cooling egg (40-20°C) of 60 g with moisture loss of
0% /hr, 001%/hr and 01%/hr and therefore a heat production of 0 W/m?,
~70 W/m? and —700 W/m?, respectively. This table shows that moisture loss of the
egg during cooling has a relative small influence on temperature at the surface and in
the centre of the egg. This means that moisture loss during cooling and heating can
be calculated rather accurately from surface temperature without correction for heat
production caused by moisture.

3. Moisture Loss of Eggs During Cooling, Heating and at Constant Temperature

3.1. THEORETICAL ASPECTS

Moisture loss of an egg is related to the driving force for moisture loss and the
porosity or conductance of the sheli. Several properties can be used as driving {orce:
watet potential (Pa), water vapour concentration (kg/m?®}), water vapour pressure (Pa)
and mol fraction (mol/mol). Theoretically, the best property to use is the mol fraction
because the related coefficient of diffusion of water vapour only depends on
temperature to the power (-8 and is independent of pressure (Nobel, 1983). However,
water vapour pressure is more commonly used. Moisture loss of eggs can be
described based on surface area, which is theoretically the best, or based on mass,
which is more practical, with:

J=k,A-dp or J=k, mdp {15)

3.2 WATER VAPOUR PRESSURE

Evaporation of water is forced by a difference in water vapour pressure between
egg and surrounding air. The water vapour pressure of air can be determined using
the Mollier diagram. Because of the high water content the water vapour pressure in
the egg is nearly saturated. Absolute humidity is related to water vapour concentra-
tion by:

x =0'622.P/(Palm—p)' (16)
The saturated water vapour pressur¢ only depends on temperature and can be
predicted with the equation of Magnus:

(17)

P, = exp (6-414-{- 17261 )

2372+17)/
13 TRANSPIRATION COEFFICIENT

The transpiration coefficient of eggs can be calculated by determining the weight
loss of eggs as a function of time, temperature and relative humidity when sufficient
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ventilation around the eggs is allowed. When the climatic conditions are known,

water vapour pressure deficit can be calculated and transpiration coefficient based
on mass can be calculated with:

dm
= 18
m-dp-dt (18)

The influence of the mass of the egg on the measured transpiration coefficient is
theoretically to the power —0:33, if thickness of the shell is constant for every mass
of the egg, or +0-33, if mass of the shell is constant for every mass of the egg. The
results of Scriba (1987) indicate that shell thickness is relatively independent of egg
mass, which means that the refationship should be to the power —0-33. This is in
agreement with results obtained in our experiments {(unpublished data).

To be able to calculate ka from km, or reversed, we use the equation of Bonnet &
Mongin (1965) to calculate the surface area of an egg from its mass:

A = c-(m- 1000)°%° (19)

¢ = 4-68 — constant for eggs of 60-70 g
¢ = 469 —constant for eggs > 70 g
¢ = 467 —constant for eggs < 60 g.

km

34, MOISTURE LOSS OF EGGS DURING COGLING

Figure 5 shows the development of water vapour pressure deficit during cooling
for an egg with initial temperature of 30°C in air of 10°C and 609 refative humidity.
According to the Magnus eqn (17} the water vapour pressure in the egg is 4244 Pa.
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Fia. 5. Development of water vapour pressure deficit of an egg during cooling from 30°C to 10°C in air
with 60% relative humidity,
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Fic. 6. Development of water vapour pressure deficit of an ¢gg during heating from 10°C to 30°C int air
with 60% relative humidity.

The water vapour pressure of the cold air is a fraction, defined by the relative
humidity, of the saturated water vapour pressure at 10°C: (-6- 1228 = 736 Pa. At the
start of the cooling process, the water vapour pressure deficit is 4244-736 = 3508 Pa.
After one-half cooling time, the temperature of the egg is 20°C and the deficit is
2338-736 = 1602 Pa. The water vapour pressure deficit reduces during the cooling
process 1o 492 Pa at 10°C after five or more half-times.

35. MOISTURE LOSS OF EGGS DURING HEATING

When an egg is heated from 10°C to 30°C, with air of 60%, r.h. and 30°C, the total
moisture loss is considerably less compared to cooling over the same temperature
interval. The water vapour pressure deficit as a function of temperature during
heating is shown in Fig. 6. In the beginning water will condensate on the cold surface
of the egg, because the water vapour pressure of the warm air, 0-6-4244 = 2546 Pa,
is more than the saturated water vapour pressure of the cold air layer around the egg
{at 10°C the saturated water vapour pressure is 1228 Pa). If the temperature of the
egg exceeds the dewpoint (21°C) of the surrounding air the condensated water will
start to evaporate and moisture loss of the egg will begin. The water vapour pressure
deficit will increase during the heating process. At the end of the process, after five
half-times, the resulting deficit is 42442546 = 1698 Pa.

3.6. MOISTURE LOSS OF EGGS AT CONSTANT TEMPERATURE

Moisture loss of eggs at constant temperature can be calculated direcily with egn
{15). Results of our experiments (unpublished data) show good relation with calcula-
tions if the transpiration coefficients of the eggs are known.
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Knowing by calculation the temperature just under the shell of a hatching egg as a
function of time and knowing the development of the water vapour pressure of the
air, it is possible to calculate the water vapour pressure deficit as a function of time.
Using eqn (15), moisture loss can be calculated as a function of time if the
transpiration coefficient or conductance is known.

4. Temperature in the Egg During Development of the Embryo

During incubation, mean temperature of the embryo is a function of ambient
temperature, metabolic heat production and heat loss.

Under stationary conditions with high metabolic heat production compared to the
latent heat loss, temperature difference between a certain spot in the egg and the
surrounding air is described by the first part of eqn (13):

Po 2
=— {15+ 20
g 6 ( R2+Bi) 20)
or for the centre of the egp:
4R? 24
T =1+ 0 ) 21
Tcem.re am 6}: ( + aR) { )

The latent heat loss caused by moisture loss ¢an not be incorporated in eqn (21). The
influence of the evaporation on the centre temperature of the egg can be described
using the heat balance: latent heat = heat of convection by eqn (21). This will be a
negative difference.

—k,-dph

T::cnm - T;Er = - (22)
o

The theoretical relationship between size of the egg, heat production and tempera-
ture difference between egg and surrounding air at two different levels of air velocity
is shown in Figs 7 and 8. The calculations are based on the situation in an incubator,
with air temperature of 37:5°C. In the calculations it is assumed that thermal
conductivity of the egg increases from 005 W/{m - K} with increasing heat production,
because of the increasing blood flow in a developing embryo. The figures show that
the relationship between egg size and temperature difference between developing
embryo and surrounding air depends on the property of the heat production g. if
heat production per gram egg is independent of egg size, as is suggested by Ar &
Rahn (1978), temperature difference will increase with increasing egg mass. If heat
production per egg is independent of egg size, temperature difference will decrease
with increasing egg mass.

Because of the relationship between heat transfer coefficient and air velocity, as
described in 2-3, the influence of air velocity on temperature differences is relatively
high. This means that differences in air velocity in the incubator can cause differences
in embryonic temperature and therefore in embryonic development within batches of
€ges.
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Fia. 8. Calculated temperature differepce between ©g8 (germ position) and surrounding air at differens
levels of heat production and air velocity of 0-5 m sep -,

5, Discussion

5.1. TEMPERATURE

Sotherland er qf, (1987) showed that the temperature of an egg can be calculated
rather accurately based on jts thermal properties. These authors also showed that the
heat transfer calculated for spheres and measured at eggs match well. However, the
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method presented by Sotherland er al. {1987) does not account for heat convection in
the egg. With the method presented here, the temperature at every spot in the egg
can be calculated as a function of time during cooling and heating, The results of this
method showed that the influence of the heat convection through the egg on the
cooling process is rather small, because the radius of hens’ eggs is rather small and
the biot number of eggs is close to 1. Only at the beginning of the cooling process, a
difference in cooling rate can be expected at different spots in the egg. After a small
time lag, the cooling rate at every spot will be identical,

The influence of the air velocity on the cooling rate of eggs is high because the heat
transfer coefficient depends on air velocity. The influence of the air velocity depends
on the size of the egg. This is in agreement with the calculations and measurements
of Sotherland et al. (1987).

The influence of moisture loss on the cooling rate is smail. Even a high rate of
moisture loss of 0-1%,/br will cause a temperature difference of less than -5°C when
compared with a situation without roisture loss.

5.2. MOISTURE LOSS

Moisture loss of eggs is often predicted with Ficks's first law of diffusion (Ar et al.,
1974). This method is based on egg shell conductance and water vapour pressure
deficit across the shell. The method presented here is based on the same principle but
calculations are made with different properties. Instead of egg sheli conductance,
expressed as milligrams of water per torr per day, we prefer to use a transpiration
coeflicient, based on SI units, which allows to use the Moilier diagram to determine
water vapour pressure deficits under different circumstances. This facilitates calcula-
tion of moisture loss during cooling and heating.

53, INTERNAL HEAT PRODUCTION

It is well known that embryo development causes heat production in the latter
part of the incubation process (Tullett, 1990). Due to this metabotic heat production,
embryo temperature rises above air temperature (Sothetland et al.,, 1987). Because of
the susceptibility of the embryo development for temperature, it can be questioned if
the setter temperature should be lowered during the latter part of the incubation
process to retain the embryo temperature at a constant level (Tullett, 1990).

However, because of the dependency of the cooling rate of eggs on air velocity, it
can be questioned if embryo temperature is relatively constant between eggs at
different places in an incubator. Experiments concerning air velocity in incubators in
relation to embryo temperature are not at the authors’ knowledge, The design of
modern incubators, however, will probably cause a great variety in air velocity over
eggs at different spots in the incubator, as is confirmed by our own measurements
{unpublished data) and by Owen (1991). Based on the calculations presented, it can
be assumed that unidirectional flow of air through the incubator is beneficial for
uniformity in development and hatching,
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APPENDIX
Symbol Unit Property
T °C Temperature
! sec Time
a m? sec™’ Thermal diffusivity
i W (m-K)! Thermal conductivity
P kg m~? Density
¢ Yikg-K)! Specific heat
o W (m* K)~’ Convective heat transfer coefficient
v msec! Air velocity
v m® sec™! Kinematic viscosity of air
x kg kg! Absolute humidity of air
P Pa Partial water vapour pressure
dp Pa Vapour pressure deficit
Pan Pa Total pressure of air
Py Pa Saturation water vapour pressure
o Kg (kg Pa-sec) ™! Transpiration coefficient based on mass
k, kg (m? Pa-sec) ! Transpiration coefficient based on surface
" kg Mass of egg
A cm® Surface of egg
R m Radius of sphere
r m Radial distance from centre
g Wm! Heat production
h Tkg™! Latent heat of evaporation
S kg sec™! Moisture loss




