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Extending the Potential of Evaporative Cooling for Heat-Stress Relief
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ABSTRACT

Factors were analyzed that limit the range of environ-
mental conditions in which stress from heat may be
relieved by evaporative cooling in shaded animals.
Evaporative cooling reduces air temperature (Ta), but
increases humidity. Equations were developed to pre-
dict Ta reduction as a function of ambient temperature
and humidity and of humidity in cooled air. Predictions
indicated that a reduction of Ta becomes marginal at
humidities beyond 45%. A reduction of Ta lessens with
rising ambient Ta. The impact of increasing humidity
on respiratory heat loss (Hre) was estimated from ex-
isting data published on Holstein cattle. Respiratory
heat loss is reduced by increased humidity up to 45%,
but is not affected by higher humidity. Skin evaporative
and sensible heat losses are determined not only by the
humidity and temperature gradient, but also by air
velocity close to the body surface. At higher Ta, the
reduction in sensible heat loss is compensated for by
an increased demand for Hre. High Hre may become
a stressor when panting interferes with resting and
rumination. Effects of temperature, humidity, air veloc-
ity, and body surface exposure to free air on Hre were
estimated by a thermal balance model for lactating Hol-
stein cows yielding 35 kg/d. The predictions of the simu-
lations were supported by respiratory rate observa-
tions. The Hre was assumed to act as a stressor when
exceeding 50% of the maximal capacity. When the full
body surface was exposed to a 1.5 m/s air velocity, hu-
midity (15 to 75%) had no significant predicted effect
on Hre. For an air velocity of 0.3 m/s, Hre at 50% of
the maximum rate was predicted at 34, 32.5, and 31.5°C
for relative humidities of 55, 65, and 75%, respectively.
Similar results were predicted for an animal with two-
thirds of its body surface exposed to 1.5 m/s air velocity.
If air velocity was reduced for such animals to 0.3 m/
s, the rise in Hre was expected to occur at approximately
25°C and 50% relative humidity. Maximal rates of Hre
were estimated at 27 to 30°C when ambient humidity
was 55% relative humidity and higher. High humidity
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may stress animals in evaporative cooling systems. Hu-
midity stress may be prevented by a higher air velocity
on the body surface of the animal, particularly in shel-
tered areas in which the exposed body surface is re-
duced, such as mangers and stalls. This may extend
the use of evaporative cooling to less dry environments.
Key words: heat stress, evaporative cooling, respira-
tory stress

INTRODUCTION

The alleviation of heat stress in cattle by evaporation
of water enhanced by forced-air movement was exam-
ined 60 yr ago (Seath and Miller, 1948), but the techno-
logies required for its implementation in dairy systems
were not available at that time. Subsequent attempts
to reduce heat stress targeted shelter design to reduce
the radiant heat load (Kelly et al., 1950), followed by use
of forced ventilation (Ittner et al., 1957). Evaporative
cooling was later suggested (Wiersma and Stott, 1966),
and its use as forced-ventilated wet pads was subse-
quently examined, but results were inconsistent
(Brown et al., 1974). Later, systems were developed
that sprayed small water droplets into the air to evapo-
rate and reduce air temperature (Ta). These systems
were initially introduced in closed environments of
glass houses (Landsberg et al., 1979), subsequently in
poultry enclosures (Timmons and Baughman, 1983;
Wilson et al., 1983), and only later in cattle housing
(Ryan et al., 1992).

Analyses of evaporative cooling in enclosed environ-
ments were available in the late 1970s (Landsberg et
al., 1979). Numerical optimization of mist–fog closed
systems for livestock was carried out later, and its effi-
ciency was estimated in terms of a temperature humid-
ity index (THI; Huhnke et al., 2004). The THI assigns
equal weights to temperature and humidity, but does
not reflect their relative effects on cattle. The THI does
not account for the effects of air velocity on heat loss
(Berman, 2004, 2005).

The range of conditions in which evaporative cooling
is effective and the mode of operation of evaporative
cooling in dairy systems are not well defined. This re-
port presents an approach to identify conditions in
which evaporative cooling may be efficiently used for
the relief of heat stress in dairy cattle.
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METHODS

Study Layout

The environmental conditions in which evaporative
cooling may relieve heat stress in shaded cattle were
examined in several steps: 1) Changes in ambient condi-
tions produced by evaporative cooling are presently es-
timated for individual cases by using a psychrometric
chart. Knowing the relationships between ambient con-
ditions and the conditions created by evaporative cool-
ing would make it possible to estimate the potential for
heat stress relief by evaporative cooling in different
environments. Deriving the relationships from re-
peated solutions with the psychrometric chart is time
consuming. Enthalpy calculations were used to produce
numerical solutions to the relations between ambient
temperature and humidity and between cooled air tem-
perature (Tc) and humidity. These may be used to pre-
dict the impact of evaporative cooling in various shaded
environments. 2) The reduction of Ta by evaporative
cooling is associated with a rise in Tc humidity. A high
humidity in Tc may reduce the capacity for evaporative
heat loss via respiratory water loss and lessen the po-
tential improvement in thermal balance by evaporative
cooling. The impact of ambient humidity on respiratory
water loss was estimated from published data, to exam-
ine whether a reduction in respiratory water loss with
high humidity may set limits on evaporative cooling.
3) The lower temperature but higher humidity in evapo-
ratively cooled air has complex effects. The higher hu-
midity in Tc reduces skin evaporative heat loss. A reduc-
tion in skin heat loss (Hsk) because of high humidity
may produce a greater demand for evaporative cooling
from the respiratory tract and induce panting to the
extent of stressing the animals. The lower Ta produced
by evaporative cooling enhances skin convective heat
loss. The impact of the latter on thermal balance de-
pends on the velocity of air surrounding the animal
and its exposed body surface. The combined effects of
exposed body surface, air humidity, temperature, and
velocity on the thermal state of the animal were solved
using thermal balance simulations. 4) The thermal bal-
ance is highly sensitive to air velocity on the surface of
the body. Presently, a wealth of information exists on
air velocity undisturbed by the presence of obstructing
bodies, that is, at a distance from the animals. This is
a rather unlikely method for representing the velocity
of air effective in convective heat loss from the body
of animals. To clarify this matter, omnidirectional air
velocity was measured close to the surface of the body
of cows and was related to the undisturbed air velocity.
5) The predictive value of thermal balance simulations
was examined by correlating the respiratory rates of
cows in moderate to warm conditions with the respira-
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tory heat loss (Hre) predicted for the same conditions
by the thermal balance model. Combining these results
led to solutions that integrated the effects of Ta, humid-
ity, and air velocity.

Enthalpy Calculations

A general solution to the relation between tempera-
ture and humidity in air may be attained by enthalpy
calculations. The heat required for the transition of
water from liquid to gas is derived from the surrounding
air. The evaporation of water into the air (i.e., an in-
crease in water enthalpy) is thus accompanied by a
reduction in Ta (i.e., a decrease in air enthalpy). In
evaporative cooling, the increase in water vapor en-
thalpy equals the decrease in air enthalpy. The condi-
tions in which these changes are equal may be esti-
mated by the equations for dry air and water vapor
enthalpies (Monteith, 1973; Campbell, 1977):

ha = Ta × 1.01 × ρa [1]

and

hv = Ta × 1.88 × ρv + 2,502 × ρv, [2]

where Ta is the temperature of ambient air; ha and hv
are dry air and water vapor enthalpies (kJ/kg), respec-
tively; ρa and ρv are dry air and water vapor densities
(kg/m3), respectively; 1.01 and 1.88 are the specific heat
of dry air and water vapor (kJ/kg), respectively; and
2,502 is the latent heat of water (kJ/kg).

The conditions in which the increase in water vapor
enthalpy equals the reduction in dry air enthalpy may
be equated by combining Equations 1 and 2:

1.01 × (ρa × Ta − ρac × Tc) = 1.88 × (ρvc × Tc [3]

− ρva × Ta) + 2,502 × (ρvc − ρva)

where Ta and Tc are the temperature of ambient and
cooled air, respectively; ρva and ρvc are the water vapor
density in ambient and cooled air (kg/kg of dry air),
respectively; and ρa and ρac are the dry air density in
ambient and cooled air (kg/kg of dry air), respectively.

The equations presented in Table 1 produce sea-level
values for ρa, ρac, ρva, and ρvc at different temperatures.
The latent heat of evaporation is affected little by tem-
perature (0.0024 MJ/kg per °C) and elevation (0.65 MJ/
kg per 100 m of altitude; Monteith, 1973). In calcula-
tions of evaporative cooling of air, an ideal situation
was assumed, namely, that all latent heat of evapora-
tion was derived from the air.

It is difficult to provide a general solution to Equation
3, because the temperatures of unmodified ambient Ta
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Table 1. Coefficients and equations used in the calculations of heat exchange between air and moisture

Item Symbol Value Unit

Air density1 ρa P × M/R × T (from gas laws) kg/m3

Specific heat of air2 ca 1.01 kJ/kg per °C
Saturation water vapor pressure3 pv exp(52.57 − (6790/K) − 5.028 × ln K) kPa
Saturation water vapor density4 ρv 217 × pv/K (from gas laws) g/m3

Specific heat of water vapor2 cv 1.88 kJ/kg per °C
Latent heat of vaporization γ 2,502 kJ/kg
Enthalpy of the air:vapor mixture hav (1.01 × ρa + 1.88 × ρv) × Ta + 2502 × ρv kJ/kg

1P = 101.3 kPa; M = 29.0 g; R = 8.31 J/mol × K; T = temperature in K.
2Page 220 in Monteith (1973).
3Page 22 in Campbell (1977).
4Page 6 in Monteith (1973).

and of Tc may vary independently of each other. An
indirect solution was therefore adopted. The difference
in dry air enthalpy (kJ/kg) between Ta and Tc (ha and
hac, respectively) was computed for a range of Ta (28 to
45°C in 1°C increments), where each Ta was associated
with a range of Tc values (lower than Ta by 4 to 14°C
in 1°C increments). The difference in water vapor en-
thalpy between Ta and Tc (hv and hvc, respectively) for
each such combination was computed for a range of
relative humidity values for Ta (10 to 70% in 5% incre-
ments) and for Tc (40 to 80% in 10% increments). This
generated a total of approximately 18,000 sets of Ta,
Tc, ha, hac, hv, and hvc data. The differences in dry air
and water vapor enthalpy between the Ta and Tc sets
were calculated. In 95 cases the differences between
dry air enthalpy and water vapor enthalpy was within
±2.5% of the water vapor enthalpy. In these cases Tc
approximated the wet bulb temperature. These 95 cases
represented pairs of situations of temperature and hu-
midity in ambient air and in cooled air [Ta and relative
humidity (RH) in ambient air, and Tc and RH in cooled
air (RHc), respectively] in which the reduction in dry
air enthalpy during the evaporative cooling of air was
close to the associated increase in water vapor enthalpy.
The relations between these parameters were analyzed
to provide numerical solutions for evaporative cooling.

Impact of Humidity on Heat Loss

The maintenance of body temperature stability de-
mands that the difference between heat produced in
the body and that dissipated by sensible and latent
heat losses from the skin must be dissipated via the
respiratory tract (Berman, 2005). This implies that ris-
ing Ta increase the demand for water evaporation from
the respiratory tract. A depressive effect of RH on Hsk
would increase the demand for Hre. Ambient humidity
may thus have both direct and indirect effects on Hre.
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Impact of Humidity on Hre

Respiratory response data for Holstein cows in cli-
mate chamber studies were used to predict the respira-
tion rate (RR), tidal volume (Vt), and expired Ta as a
function of the Ta and RH (Stevens, 1981) for cows in
first-phase panting. In this phase, the increase in Hre
is attained by a rise in RR coupled with a decline in
Vt. The equations produced in that study were

RR = e(2.966+0.0218×Ta+0.00069×Ta2) [4]

Vt = 0.0189 × RR−0.463 [5]

Tex = 17.0 + 0.3 × Ta + e0.01611×RH+0.0387×Ta [6]

where RR is the respiration rate (breaths/min), Vt is the
tidal volume (m3/breath), and Tex is the temperature of
expired air (°C).

Equations 4 to 6 were used to estimate the hourly
pulmonary ventilation rate (m3/h) and expired Ta. Re-
spiratory water loss at different Ta and RH was com-
puted, using Table 1 equations, for Ta ranging from 25
to 40°C, in 2°C steps, and for RH ranging from 15 to
80%, in 10% steps. This produced a data set that was
used to analyze the effect of RH on Hre.

Thermal Balance Simulations

Increases in Ta reduce skin convective and radiant
heat loss and increase the demand for skin evaporative
heat loss. These constitute total Hsk. Evaporative cool-
ing reduces the Tc but increases its RHc. Skin evapora-
tive heat loss is affected by the surrounding RH. The
Hsk is relative to the body surface exposed to air and
to the velocity of air movement on the exposed body
surface. Cattle spend a large part of their day recum-
bent and also huddle, which reduces the exposed body
surface by 20 to 50% and consequently reduces Hsk. A
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smaller Hsk increases the demand for Hre. Air temper-
ature and humidity in the respiratory tract are deter-
mined not only by the Ta and RH of incoming air but
also by the breathing rate and Vt. The latter are modu-
lated by the thermal state. Evaporative cooling in-
creases the moisture content of cooled air, which re-
duces the capacity for skin and respiratory evaporative
heat loss. The interactions between RH, Ta, and air-
velocity-exposed body surface effects on respiratory and
Hsk are complex, but may be estimated by thermal
balance simulations.

A cattle thermal balance simulation model, modified
to suit the summer-adapted Holstein cow (McGovern
and Bruce, 2000; Berman, 2005), was used to estimate
Hre and Hsk for a cow of 600 kg of BW and 35 kg/d of
milk yield, values that represent cows in the higher
producing herds. The thermal balance model modifies
Vt, RR, and sensible and latent Hsk for the effects of
ambient conditions (Ta, velocity, and RH; McGovern
and Bruce, 2000). Metabolic heat production was esti-
mated at 931 W, hair coat depth at 3 mm, radiant
temperature at 3°C above Ta, and skin moisture loss
at 220 g/m2 per h. These values were chosen because
they represent Holstein cows kept in loose housing sys-
tems in summer and because the effects of different
metabolic heat production and hair-coat-depth values
on responses to environmental heat were estimated pre-
viously (Berman, 2004; Berman, 2005).

Simulations were run to estimate Hre and Hsk for
Ta ranging from 25 to 40°C (in 1.25°C increments), and
RH ranging from 15 to 75% (in 10% increments) when
the full body surface or two-thirds of it was exposed to
air velocities of 0.3 or 1.5 m/s. The reduced body surface
simulates the effects of huddling or of lying, in which
the body surface exposed to moving air is reduced to
about 66%. The Hre and Hsk were expressed in heat
loss per cow units (W/cow). In total, 350 simulations
were carried out. The data set produced by these simu-
lations was used to analyze the effects of Ta, RH, air
velocity, and exposed body surface on Hre.

Air Velocity Close to the Body Surface

Air velocity has marked effects on Hsk and is an
important component of thermal balance. The velocity
of wind, measured in the free air above the cow’s back,
is not likely to represent the velocity effective in animal
heat loss. The latter is determined by the velocity in
proximity to the body surface. Air velocity was mea-
sured at 1 m above the back and at 10 cm above the
body surface at sites located at 45° around the midbody
of 15 standing cows. It was measured by a sensitive
omnidirectional thermocouple anemometer (±0.05 m/
s, model B-27; Hastings-Raydist Inc., Hampton VA).
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Measurements were carried out while the cows were
standing with their heads in stanchions distanced 85
cm apart. Attempts to carry out such measurements in
cows free to move were unsuccessful, because the cows
moved when approached.

RR in Cows

The predictive value of the model was further exam-
ined by comparing the respiratory responses of Holstein
cows to given ambient conditions with responses pre-
dicted by the model for the same conditions. These data
are part of a larger study of the respiratory and behav-
ioral responses of dairy cows. The cows were milked 3
times daily, with a daily milk yield of 34.8 ± 2.2 (SD)
kg and at 204 ± 22 (SD) DIM. The cows (n = 73) were
kept on deep straw bedding, in the shade of an open,
loose housing system providing 14 m2/cow, in which
radiant temperature was about 3°C above Ta. The cows
were offered a fresh TMR twice daily. Air movement
was maintained by fans located 4 m apart along the
feeding line. During the higher Ta period, a regular
breeze, 1.5 to 2 m/s air velocity in free air, prevailed
from 1000 to 1600 h. During this period, the cows were
cooled by wetting and forced ventilation for 0.5 h before
each milking. Respiratory rate was determined by flank
movements over 30-s periods in 10 standing and 10
resting randomly selected cows, at 2-h intervals be-
tween 0900 and 1300 h on 16 d between the spring and
fall of 1 yr. Ambient conditions were determined in free
air using a multifunction instrument (model 451; Testo
AG, Lenzkirch, Germany). Air temperature (±0.1°C),
air velocity by miniature vane anemometer (±0.4 m/s),
and RH (±2%) were measured at the start and end of
each RR measurement. The RR observed were corre-
lated with the Hre predicted for these environmental
conditions by the thermal balance simulation model.

RESULTS

Enthalpy Calculations

The 91 sets of Ta, Tc, RH, and RHc data associated
with changes in enthalpies of dry air and water vapor
that were within 2.5% of each other served to approxi-
mate the relations between Ta, Tc, RH, and RHc over
the Ta range of 28 to 45°C and RH range of 10 to 70%.
The Tc was approximated by the following regression
equation:

Tc = 1.9 + 0.76 × Ta + 0.30 × RH − 0.18 [7]

× RHc (R2 = 0.985)
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The reduction in Ta expected at given RH and RHc
conditions was approximated by the following regres-
sion equation:

dTa = −1.9 + 0.24 × Ta − 0.30 × RH [8]

+ 0.18 × RHc (R2 = 0.971)

where

dTa = Ta − Tc (°C).

The R2 values of the two regressions (Equations 7
and 8) are high enough to give them a satisfactorily
reliable predictive potential. The regressions estimate
the effects of RH and of RHc on Tc and dTa. A 10-
percentage-unit increase in RH lessens the reduction
in Tc by about 3°C. This might be counteracted by in-
creasing humidity in the cooled air. But such an attempt
would compensate for only about 60% of the effect of
RH, as indicated by the ratio of the coefficients of RHc
and RH (i.e., 0.18:0.30). A 1°C increase in Ta is accom-
panied by an increase of only 0.24°C in the reduction
of Ta attained by evaporative cooling. This indicates a
reduction in the heat stress relief potential of evapora-
tive cooling with rising Ta. At a RH of 15%, the reduc-
tion in Ta by evaporative cooling is in the range of 13 to
15°C, a significant improvement in potential convective
heat loss (Table 2). The reduction in Ta declines steeply
with rising RH. In the 32 to 42°C Ta range at 45% RH,
the reduction in Ta becomes 30 to 40% of that at 15%
RH. The decline in Ta by evaporative cooling therefore
becomes questionable at RH over 45%, even at high Ta.
This reduction in the impact of evaporative cooling may
be counteracted by increasing air velocity, a convective
heat loss factor not accounted for by enthalpy calcu-
lations.

Hre

The data set produced from respiratory functions at
different Ta and RH were used to estimate the effects of
ambient conditions on respiratory moisture loss. These
effects were approximated by the following equation:

Table 2. Predicted reduction of air temperature by evaporative cool-
ing1 as function of outdoor temperature and humidity, when cooled
air is at 65% relative humidity

Outdoor relative humidity (%)

Outdoor air temperature (°C) 15 25 35 45 55

34 13.3 10.1 6.9 3.8 0.6
38 14.3 11.1 7.9 4.8 1.6
42 15.2 12.1 8.9 5.7 2.6

1From Equation 8.
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Rwl = 0.41 − 0.02 × Ta + 0.0005 × Ta2 [9]

− 0.004 × RH + 0.00004 × RH2 (R2 = 0.979)

where Rwl is respiratory water loss (g h−1) and RH is
ambient relative humidity (%).

Respiratory water loss increased with rising Ta and
declined with rising RH, with no interaction between
the effects of Ta and RH (Figure 1). At 40°C at a RH of
15%, Rwl was 33% larger than at 45% RH. The maximal
impact of RH was reached at about 40% RH, at which
the Rwl was indistinguishable from those at 45, 50, and
60% RH. This implies not only a depressive effect of
RH on Rwl, but also that increasing the RH beyond
40% would not further affect the Rwl.

Thermal Balance

When the body temperature is stable and Hsk is near
maximal, Hre reflects the additional Hre required to
maintain the stability of body temperature. The higher
the Ta, the more likely it is that a moderate Tc is at-
tained at the cost of a high RH. Stress is expected to
appear when the RH reduces the evaporative compo-
nent of Hsk to the extent that it elicits a marked de-
mand for Hre. The interactions between effects of Ta,
RH, air velocity, and the proportion of exposed body
surface on Hre were estimated from the outputs of the
thermal balance simulations.

The estimates of the thermal balance simulations
suggest that when the full body surface is exposed to
a 1.5 m/s air velocity, RH (15 to 75%) has no significant
effect on Hre (data not shown). A low air velocity re-
duces the convective and evaporative heat loss from the
body surface and increases the impact of the effects of
RH on Hsk. At an air velocity of 0.3 m/s the Ta at which
the Hre starts to rise above its basal values is reduced
by 1.2 to 1.5°C for increments of 10% units in RH (Fig-
ure 2A). At an ambient 55% RH, a rise in Hre to 50%
of the maximum rate is estimated to occur at 34°C. At
65 and 75% RH, similar rates of Hre are expected to
appear at 32.5 and 31°C, respectively. These set tenta-
tive limits on the extent to which RH may be increased
to reduce Tc by evaporative cooling for a standing ani-
mal exposed to 0.3 m/s air velocity.

A reduction in exposed body surface reduces the total
Hsk, and therefore increases the demand for Hre as
well as its sensitivity to RH and the velocity effects on
Hsk. For an animal in which only 66% of its body surface
is exposed to Ta at a 1.5 m/s velocity, increases in Hre
to 50% of its maximum are estimated to occur at 31.5°C
if the RH is 75%, at 33°C if the RH is 65%, and at 34°C
if the RH is 55% (Figure 2B). If a similar animal is
exposed to a 0.3 m/s velocity (Figure 2C), the increase
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Figure 1. Water loss from the respiratory tract (kg/h, as predicted
by Equations 4 to 6 and the equations in Table 1) as a function of
ambient temperature and relative humidity (�, 15%; �, 25%; �, 35%;
�, 45%; ▲, 55%) when cooled air is at 65% relative humidity.

in Hre is expected to occur at about 25°C and 50% RH,
and the maximal rates of Hre are estimated to occur
at 27 to 30°C when the RH is 55% and higher. The
simulations also predicted a moderate effect of RH on
maximal Hre. Increasing the RH from 55 to 75% re-
duced the maximal Hre by 15 to 20%.

Air Velocity Proximal to the Body Surface

The cows were of a similar age and BW, in their
second to fourth lactation, and in an average body condi-
tion for lactating cows. The cows were standing with
their heads in stanchions and were perpendicularly ori-
ented toward the wind. Mean (±SEM) air velocity at 1
m above the back of the cows was 0.9 ± 0.24 m/s, ranging
from 0.5 to 1.4 m/s. This variation in wind velocity is
typical for most wind conditions. Mean air velocity at
10 cm above the body surface was 0.40 ± 0.02 m/s. The
data of practically concomitant air velocities above the
cows and between the cows were used to estimate the
relationship between air velocity in free air and that
prevailing in proximity of the body surface. This rela-
tion is represented by the regression

Vs = 0.113 + 0.3 × Va (R2 = 0.847),

where Vs is air velocity in proximity of the body surface
and Va is air velocity at 1 m above the back.

The residuals of the regression were randomly dis-
tributed, with no indication of a nonlinear relation be-
tween Va and Vs. The Vs was in the 0.3 to 0.4 m/s
range, with the exception of the higher Vs on the upper
body side facing the wind (Figure 3). The distribution
of air velocity around the body was almost symmetrical,
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Figure 2. Heat loss from the respiratory tract (W/cow), as pre-
dicted from the thermal balance model, as a function of ambient
temperature and relative humidity (�, 30%; ▲, 55%; �, 65%; �,
75%): A) for a cow standing with the full body surface exposed to 0.3
m/s air velocity; B) for a recumbent cow with two-thirds of the body
surface exposed to 1.5 m/s air velocity; and C) for a recumbent cow
with two-thirds of the body surface exposed to 0.3 m/s air velocity.

with a slight distortion at 45°, the side of the body
facing the wind. An effect of wind was not observed at
greater angles.

RR

Mean ambient conditions during RR measurements
(±SEM) were 27.6 ± 0.2°C, 52 ± 0.4 RH, and 0.8 ± 0.02
m/s. The ranges in ambient conditions were 15 to
34.9°C, 20 to 67% RH, and 0.3 to 2.3 m/s. These reflect
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Figure 3. Distribution of mean omnidirectional air velocity at 10
cm above the body surface at different angles around the body of 15
standing cows, when the mean air velocity (±SEM) at 1 m above the
back of the cow is 0.9 ± 0.07 m/s.

ambient conditions in the shade at 1.5 m above ground
in the free air outside the housing. In total, 390 RR
measurements were taken on 16 observation days. The
mean RR was 63.7 ± 1.0, ranging from 24 to 132
breaths/min.

The relationship between RR and ambient conditions
was best described by the following regression:

RR = 351.5 − 8.86 × Ta + 0.053 × Ta2 − 9.36 × RH

+ 0.054 × RH2 + 0.17 × Ta × RH (R2 = 0.571).

Ambient air velocity, as measured at a height of 1.5
m above ground in the free air, did not have significant
effects on RR.

Predicted and Observed Respiratory Values

Correlations between RR observed and Hre predicted
by the thermal balance model may provide an addi-
tional validation of the thermal balance model. Respira-
tory rates were in the range within which RR is linearly
related to Hre (McArthur, 1987). Thermal balance sim-
ulations were carried out for full and reduced body sur-
face exposed (representing standing and recumbent
cows) at the average Ta and RH during the RR measure-
ments. As previously indicated, air velocities measured
in free air are not likely to represent the Vs of the cows.
The thermal balance simulations were thus carried out
for air velocities of 0.2 to 1.2 m/s. Correlations were
calculated between Hre predicted by the thermal bal-
ance model at the different Va and RH observed on
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these days. It was presumed that if the thermal balance
model predictions were close to real-life situations, the
correlations would be the greatest at Vs.

The correlations between predicted Hre and observed
RR declined at air velocities higher than 0.3 m/s. The
correlations were higher when a reduced body surface
was assumed. The correlations between predicted Hre
and RR were the highest at Va of 0.2 m/s for the full
body surface (r = 0.75, P < 0.05), and at Va of 0.3 m/s
for the reduced body surface (r = 0.97, P < 0.01).

DISCUSSION

The changes in Ta that occur during evaporative cool-
ing are usually obtained from a psychrometric chart. If
a large bulk of data must be obtained, the time required
for its acquisition becomes prohibitive. A mathematical
model of the psychrometric chart had been presented
in the past (Brooker, 1967). The model produced 17
equations for psychrometric variables (in BTU units),
and if any 2 of these variables were provided, the others
could be calculated. The approach presented here was
to directly target combinations of ambient conditions
in which a change in the enthalpy of water vapor is
close to or equals that in the dry air. The approach was
based on equations derived from gas laws and on the
selection of cases in which changes in dry air and water
vapor enthalpy were equal or close to equal. The latter
data set was used to produce 2 equations, neither of
which was previously available, to our knowledge.
These equations (Equations 7 and 8) estimate Tc and
the reduction in Ta attainable by evaporative cooling
as a function of Ta, RH, and RHc. In ideal conditions
of adiabatic changes, an increase of 10 percentage units
in RH lessens by 3.2°C the reduction in Ta attainable
by evaporative cooling. Only approximately 50% of this
effect may be compensated for by a corresponding in-
crease in RHc. Equations 7 and 8 represent ideal physi-
cal changes, and may serve to evaluate evaporative
cooling systems (Bottcher et al., 1991). According to
these equations, the reduction in Ta by evaporative
cooling at RH over 45% (with RHc maintained at 65%)
becomes 30 to 40% of that in dry environments, even
at high Ta. Such equations indicate the expected
changes in conditions created by evaporative cooling
but do not estimate the responses of animals. The latter
are determined by the interactions among animals and
the components of the environment.

For instance, greater reductions in Ta might be at-
tained by allowing a higher RHc. However, a high RH
might impair the Hre and Hsk and reduce the capacity
to maintain thermal stability. The effect of RH on Rwl
was estimated by empirical equations derived from a
data set on Holstein cattle in controlled conditions (Ste-
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vens, 1981). Respiration rates in the latter study were
highly correlated (r = 0.99) with the RR observed in
this study. The increase in Rwl with Ta was reduced
by the rising RH, and a maximal impact of RH was
reached at about 40% RH. Higher RH did not further
reduce the respiratory response to Ta. These predic-
tions imply that RH of 70 to 80% RHc prevailing in
environments cooled by evaporative cooling (Hahn and
Osburn, 1970; Frazzi et al., 2002) are not likely to be
a factor markedly affecting the Rwl. This does not ac-
count for effects of RH on skin evaporative loss or for
effects of exposed body surface and air velocity on
heat exchange.

The body surface exposed to moving air is reduced
when cows are huddling, as well as when cows adopt
a recumbent posture during resting or rumination. Ma-
ture Holstein cows in stall housing systems spend about
15 h/d lying, and the duration and frequency of lying
probably are indicators of cow comfort (Haley et al.,
2000). A smaller body surface reduces both the convec-
tive and the evaporative components of Hsk. The time
spent lying was reduced in cows exposed to heat stress
(Frazzi et al., 2000). Ambient temperature had a nega-
tive impact on the percentage of cows lying (Shultz,
1984; Overton et al., 2002). Higher standing values
were associated with higher RR and body temperatures
(Frazzi et al., 2000). Spray cooling of lying cows in-
creased their lying time (Hillman et al., 2005). These
support the contention, brought here, that a lying cow
is more sensitive to heat stress than a standing cow.
Respiratory heat loss is recruited when the Hsk is insuf-
ficient to maintain thermal stability. A high demand
for Hre may, by itself, be a stressing factor because it
reduces the time spent lying.

These generalizations are supported by thermal bal-
ance predictions, namely, that RH up to 75% have no
estimable effect on Hre when the full body surface is
exposed to a 1.5 m/s air velocity. In contrast, when the
full body surface is exposed to a 0.3 m/s air velocity,
the Hre is recruited to more than 50% of its maximal
capacity, and its recruitment is earlier and steeper at
45% RH and beyond. If 66% of the body surface is ex-
posed, at a 1.5 m/s air velocity the Hre becomes similar
to that when the full body surface is exposed to a 0.3
m/s air velocity. Responses are further aggravated
when the exposed body surface is limited to 66% and
air velocity is low. If the RH is low, the Hre rises contin-
uously with rising Ta above 25°C. If the RH is 55% and
above, the Hre reaches a plateau at Ta below 30°C, and
the plateau is reduced by rising RH. These indicate
that the predicted response to RH depends not only on
Ta, but also on Vs and Va. The simulations suggest
that evaporative cooling may be effective in relieving
heat stress at RH beyond those predicted by enthalpy
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calculations if high air velocity is used to enhance skin
evaporative and convective heat loss. These results are
consistent with Hsk conceived as a simultaneous trans-
fer of heat and mass, in which both dry and latent heat
loss are similarly modified by air velocity (Arkin et al.,
1991; Kimmel et al., 1991).

The velocity of air relevant to heat exchange is Vs.
Airflow at 10 cm above the body surface was approxi-
mately 0.3 to 0.4 m/s, one-third of that observed in
free air above the animals. The correlations between
predicted Hre and RR were the highest at Vs. These
support the relevance of thermal balance outputs to
real-life responses. The higher correlation in recumbent
animals is probably due to a smaller variability between
animals in airflow over the exposed body surface.

In conclusion, the results suggest that the range of
environmental conditions within which evaporative
cooling is efficient may be markedly extended if air
velocity in the proximity of the animals is in the 1
to 1.5 m/s range. Also, the evaporative cooling system
should not target uniform conditions in the housing
space. A higher benefit may be expected from systems
in which lower Ta and higher air velocity prevail in the
resting area. Standing animals may attain comfort at
high RH, provided air velocity is high. These may be
attained by controlling the distribution of water, droplet
dimensions, their path in the housing space, and air
velocity (Singletary et al., 1996). Optimizing evapora-
tive cooling requires a more complex, but attainable,
control system. Such a system may extend the feasibil-
ity of evaporative cooling into less dry environments.
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