
2441

2008 Poultry Science 87:2441–2450
doi:10.3382/ps.2007-00391

Key words: thermal condition, surface wetting, body temperature, domestic laying hen

ABSTRACT This study investigated the efficacy of 
surface wetting at different thermal conditions on core 
body, head, and dorsal surface temperatures in laying 
hens. Hens were sprinkled on the head and dorsal sur-
face by releasing a sprinkling dosage of 10 mL·bird−1. 
The first measurement was taken presprinkling, and the 
second was taken immediately postsprinkling and then 
repeated every 5 min for 20 min. The cooling water 
needs for intermittent partial surface wetting to relieve 
acute heat stress in the laying hens were quantified for 
48 domestic laying hens under 4 experimental thermal 
conditions. The hens were kept at 4 thermal conditions 
at average dry-bulb temperatures of 31.30 ± 0.03, 33.20 
± 0.08, 36.01 ± 0.12, and 40.24 ± 0.08°C; RH of 67.68 
± 0.37, 51.78 ± 1.98, 24.59 ± 0.90, and 16.12 ± 1.55%; 
and air velocities of 0.09 ± 0.00, 0.07 ± 0.00, 0.08 ± 

0.00, and 0.09 ± 0.00 m·s−1, respectively. The differ-
ences in core body, head, and dorsal surface tempera-
tures among the 4 thermal groups were 0.15, 0.18, 0.23, 
and 0.22°C for core body temperature; 1.63, 1.44, 2.51, 
and 0.97°C for core head temperature; and 1.23, 1.37, 
1.41, and 0.64°C for core dorsal temperature at ther-
mal conditions 1, 2, 3, and 4, respectively. There were 
significant differences in core body, head, and dorsal 
surface temperatures among the 4 thermal condition 
groups. It was concluded that the spraying interval was 
directly proportional to the product of the vapor pres-
sure deficit and the thermal resistance of convective 
mass transfer of the wetted hens, because there were 
no significant differences in the air velocity among the 
4 thermal condition groups and the air velocity was 
very low.
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INTRODUCTION
Adult laying hens have a thermoneutral zone of 20 to 

24°C and 40 ± 5% RH (Chepete and Xin, 2000; Turn-
penny et al., 2000a,b; Yanagi et al., 2002; Mutaf, 2004; 
Mutaf and Seber, 2005). The thermoneutral zone can 
be defined as the range of environmental temperature 
within which the metabolic rate is minimal, constant, 
and independent of temperature. Severe deviation of 
the thermal environment from the thermoneutral zone 
leads to a reduction in performance.

Animals dissipate body heat through the 2 basic 
mechanisms of sensible dissipation (conduction, con-
vection, radiation) and evaporation. The sensible heat 
transfer pathway is directed by the temperature gradient 
between the animal and its surroundings. In compari-
son, the theory of thermodynamics shows that evapo-
rative heat transfer is governed by the vapor pressure 

gradient rather than by temperature differences. The 
air temperature at which the evaporative heat transfer 
begins to rise above the minimal evaporative heat flux 
value is 23°C (Turnpenny et al., 2000b). However, as 
the ambient temperature comes close to or exceeds the 
body temperature, evaporative heat flux becomes the 
only pathway for an animal to dissipate heat to main-
tain a constant body temperature. Laying hens do not 
have sweat glands but lose heat mainly through pant-
ing, with some heat also lost by skin surface evapora-
tion (Richards, 1976). Evaporation of moisture from 
the skin is limited to water vapor diffusion through the 
pores (Dawson and Whittow, 2000; Turnpenny et al., 
2000b). Partial surface wetting is useful as a method of 
reducing heat stress, particularly when RH is low, be-
cause water evaporates by absorbing heat directly from 
the body of the bird, and also by absorbing heat from 
the surrounding air. Less humid air enhances latent 
heat flux. Partial surface wetting of laying hens may 
be used for hot and humid climates, where other types 
of evaporative cooling methods such as high-pressure 
fogging would increase the RH inside the poultry house 
and be less able to reduce the effective environmental 
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temperature for the birds (Yanagi et al., 2001). When 
the vapor pressure of the surrounding air increases, 
the evaporative heat flux at a given temperature falls. 
Chepete and Xin (2000) reported that intermittent par-
tial surface sprinkling of approximately 8 mL of water 
to the heads of White laying hens had the following 
beneficial effects: reduced body temperature increase 
of 4.3 vs. 5.7°C, increased heat tolerance of 10.0 vs. 6.6 
(°C/h), and reduced mortality of 20 to 60% vs. 100% 
for the experimental vs. control group. Ikeguchi and 
Xin (2001) reported that an intermittent partial sur-
face sprinkling system enhanced egg production by as 
much as 5.6% for hens in the top deck of the treatment 
as compared with those in the control treatment, and 
overall egg production of the treated birds was 2.6% 
greater than that of the control birds during summer-
time. The aim of this study was to assess the efficacy 
of partial surface wetting for cooling laying hens under 
different thermal conditions by comparing the data for 
body and surface temperatures.

MATERIALS AND METHODS

Experimental Birds and Handling 
Conditions

The total number of domestic laying hens used in the 
experimental (24 birds) and control (24 birds) groups 
was 48. The treatment began on July 19, 2006, when 
the hens were 22 wk old, and data collection continued 
until September 10, 2006, when the hens were 30 wk 
old. The birds were kept in battery type cages (50 × 
60 × 45 cm), and 8 cage decks (6 birds deck−1) were 
randomly divided into 2 groups, treatment and control. 
Eight birds, each of which was selected from a differ-
ent cage deck, were measured (4 control birds and 4 
experimental birds) per day. Measurements were taken 
12 times per day (one measurement every 5 min in 1 h) 
anytime between 1400 and 1600 h for 8 wk.

Four thermal conditions (thermal condition 1 to 4) at 
average dry-bulb temperatures of 31.30 ± 0.03, 33.20 
± 0.08, 36.01 ± 0.12, and 40.24 ± 0.08°C with cor-
responding RH of 67.68 ± 0.37, 51.78 ± 1.98, 24.59 ± 
0.90, and 16.12 ± 1.55%, and air velocities of 0.09 ± 
0.00, 0.07 ± 0.00, 0.08 ± 0.002, and 0.09 ± 0.00 m·s−1, 
respectively, were applied to determine the relationship 
between thermal conditions and surface wetting of the 
hens (Table 1).

The hens were exposed to 16 h of light, and illumi-
nation was provided with a normal 20-W light bulb 
(2.5 W/m2). Trough feeders and nipple waterers were 
provided in each compartment to supply water and feed 
ad libitum, with the commercial layer feed containing 
2,700 kcal of ME/kg and 17% protein for the entire 
treatment period.

Test Schedule and Measurement 
Instrumentation

Rectal and surface temperatures of treated and con-
trol birds were taken from each deck, one bird each day, 
between 1400 and 1600 h. The measurements of rectal 
and surface temperature were done with a rectal tem-
perature probe (454 Control Unit, no. 0563.0353, Testo, 
Lenzkirch, Germany) and an infrared thermometer (IR 
images, Quicktemp 860-T1, Testo, no. 0560.8601), re-
spectively.

Hens were sprinkled with water on the head and dor-
sal surface by releasing 10 mL bird−1. Sprinkling of the 
experimental birds was performed 3 times, with a 20-
min sprinkling interval in 1 h any time between 1400 
and 1600 h. The first measurement was taken immedi-
ately before the sprinkling session, and the second was 
taken immediately after the sprinkling session and then 
repeated every 5 min until the end of min 20. Environ-
mental temperature, RH, and air velocity were recorded 
via a data logger connected to a laptop computer.

Psychrometrics and Properties of Moist Air
To express the synergistic effects of the dry-bulb air 

temperature and RH, the vapor pressure deficit of the 
moist air was used and was calculated by the following 
equations (American Society of Heating, Refrigerating, 
and Air-Conditioning Engineers, 1997; Caenegem and 
Wechsler, 2000; Mutaf, 2004; Thornley and France, 
2007). For dry-bulb air temperature (tdbair) >0°C,

 P eWSdbair
tdbair= ´ ´ ( )- +1 40974 107 3928 5 231 67. ,[ . /( . )] kPa   

  [1]

 VPD Pdbair WSdbair= - ´ ( ) kPa( ) ,1 f  [2]

where PWSdbair is the saturation vapor pressure at the 
dry-bulb air temperature (kPa); tdbair is the dry-bulb air 

Table 1. Thermal environment conditions (mean ± SE) 

Thermal condition TC11 TC2 TC3 TC4

Temperature (°C) 31.30 ± 0.03c 33.20 ± 0.08c 36.01 ± 0.12b 40.24 ± 0.08a

RH (%) 67.68 ± 0.37c 51.78 ± 1.98c 24.59 ± 0.90b 16.12 ± 1.55a

Air velocity (m·s−1) 0.09 ± 0.00ab 0.07 ± 0.00b 0.08 ± 0.00ab 0.09 ± 0.00a

Vapor pressure deficit (kPa) 1.48 ± 0.02cd 2.47 ± 0.11c 4.52 ± 0.07b 6.28 ± 0.12a

a–dWithin rows, values indicated by different letters differ significantly (P ≤ 0.05).
1TC = thermal condition groups.
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temperature (°C);  f  is the RH (%); and  VPDdbair is 
the vapor pressure deficit of the air (kPa).

The humidity ratio of moist air can be expressed as 
follows (American Society of Agricultural Engineers, 
1999; Derbentli, 2000; Yanagi et al., 2001):

 w
P

P P
Wdbair

atm Wdbair

= ´
-

× -0.622  kg kg  ,H O da
1

2
( ).  [3]

where w is the humidity ratio of moist air  ( ).kg kgH O da2
× -1

; da is dry air; Patm is atmospheric pressure (kPa); and 
PWdbair is partial vapor pressure (kPa). The partial va-
por pressure can be calculated as follows:

 P PWdbair WSdbair=    kPa´ ( )f .  [4]

The density of air can be obtained by the following 
equation (Yanagi et al., 2001):

 rdbair
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´
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where ρdbair is air density (kg·m−3); Rair is the gas con-
stant for dry air (kPa·m3·kg−1·K−1); and T is the abso-
lute temperature of the dry air (K). The atmospheric 
pressure can be calculated by the following equation 
(Caenegem and Wechsler, 2000; Mutaf, 2004):

 P eatm
h= ´ ( )- ´101 325 0 000125. ,.  kPa  [6]

where h is the altitude above sea level (m). The latent 
heat of vaporization for the range 273.16 ≤ T ≤ 338.72 
K was calculated by the following equation (American 
Society of Agricultural Engineers, 1999):

 h tfg dbair= ´ × -2502 5353 2 3858. ( . ) ( ), kJ kg 1  [7]

where hfg is the latent heat of vaporization (kJ·kg−1).

Heat and Mass Balance of Birds

The following assumptions were made in establishing 
the model: 1) the radiant heat exchange between the 
hen and its environment is negligible; 2) hens have the 
body shape of a sphere; 3) the specific heat of the body 
of the hen is the same as that of water. Because of very 
small mean radiative temperature differences by ne-
glecting thermal radiation, the heat and mass balance 
between the hen and its environment can be expressed 
as follows (modified from Yanagi et al., 2001):
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where ρdbair is the air density (kg·m−3); cpair is the spe-
cific heat of the air (kJ·kg−1·°C−1); Rbf. is the resistance 
to overall heat conductance of the body tissue and 
feathers (s·m−1); A is the surface area of the hen (m2); 
tcb is the core body temperature of the hen (°C); tsurf. is 
the surface temperature of the hen (°C); Rcon. is resis-
tance to thermal convection exchange (s·m−1); tdbair is 
the dry-bulb air temperature (°C); Rmass is resistance to 
convective mass transfer (s·m−1); g  is the psychromet-
ric constant (kPa·°C−1); b  is the percentage of wet-
surface area of the hen (decimal);  VPDdbair is the vapor 
pressure deficit of the air (kPa); m is the hen body 
mass (kg); cpw is the specific heat of water (kJ·kg−1·°C−1); 

and 
dt

d
cb

q
 is the rate of core body temperature change 

over time (°C·s−1).
The total surface area, A (m2), of a chicken can 

be calculated from its body mass, m (kg), as follows 
(Mitchell, 1930, as cited by Yanagi et al., 2001):

 A m     m2= × ( )0 1067 0 705. ..  [9]

Mass Transfer Coefficient

The Sherwood number (Sh, dimensionless) is defined 
as follows (modified by Incropera et al., 2007):

 Sh
D

R Dmass AB

=
´

,  [10]

 R
D

Sh Dmass
AB

=
´

× -  s m 1( ),  [11]

where Sh is the Sherwood number (dimensionless); D 
is the characteristic diameter of the hen as a sphere 
(m); and DAB is the binary mass diffusion coefficient 
(m2·s−1). The binary mass diffusion coefficient is de-
fined as follows (Incropera et al., 2007):
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SURFACE WETTING EFFECT ON BODY AND SURFACE TEMPERATURES OF HENS 2443



where Ts,K is the surface temperature (K); 0.26 × 10−4 
is the binary diffusion coefficient at one atmosphere 
substance H2O and substance air at 298 K (m2·s−1).

The characteristic diameter of the hen as a sphere 
can be calculated as follows (Mitchell, 1930, as cited by 
Yanagi et al., 2001):

 D m    m= ´ ( )0 31 0 33. ..  [13]

The Sherwood number (Sh) can be calculated as follows 
(Yanagi et al., 2001):

 Sh R R SceD eD= + ´ + ´ ´2 0 4 0 061 2 2 3 0 4[( . ) ( . )] ,/ / .  [14]

where ReD is the Reynolds number (dimensionless) and 
Sc is the Schmidt number (dimensionless). The Schmidt 
number (Sc), can be calculated as follows (Incropera et 
al., 2007):

 Sc D  =  n / ,12  [15]

where ν is the kinematic viscosity of the air (m2·s−1).
Thermal resistance of convective mass transfer (Rmass) 

of the wetted birds is determined by integrating equa-
tion [8] for the 48 birds tested. Thus, the heat equation 
used to determine Rmass must be as follows:

 
r

g
b

q
dbair pair

mass
air pw

cb
c

R
A VPD m c

dt

d

´

´
´ ´ ´ = ´ ´ .  [16]

Data Analysis

Statistical analyses were carried out by the GLM 
procedure of the SAS package program (SAS Institute, 
1987), assuming the following model:

 Y t s m eijkl i j k ijkl= + + + +m ,  [17]

where Yijkl are observations; μ is the population aver-
age; ti is the effect of the ith temperature group; sj is 
the effect of the jth spraying order; mk is the effect of 
the kth measurement order; and eijkl is the random er-
ror term.

The least significant difference test was used as a 
multiple comparison test to discriminate among the dif-
ferent groups. After examining the frequency distribu-
tions of temperature means in measurement days to 
determine different temperature groups, we decided to 
have 4 groups of thermal conditions.

RESULTS AND DISCUSSION

Core Body Temperature and Surface 
Temperature of the Hens

The average core body (tcb), head (ths), and dorsal 
(tds) surface temperatures of the hens are summarized 
in Table 2. There were significant differences among 
thermal conditions (P > 0.05), particularly between 
thermal condition 4 and the other thermal conditions. 
The water sprinklings could appreciably reduce the tcb, 
ths, and tds of the hens. The differences in core body 
(Δtcb), head (Δths), and dorsal (Δtds) surface tempera-
ture among the tested thermal environment conditions 
are presented in Table 3, and sample dynamic profiles 
of core body temperatures for the 4 groups of birds are 
shown in Figure 1.

For the pooled end core body temperature (Δtcb,end), 
end head surface temperature (Δths,end), and end dor-
sal surface temperature (Δtds,end) with respect to tem-
perature, RH, air velocity, and vapor pressure deficit, 
the differences between the thermal conditions were 
Δtcb,end, 0.30, 0.38, 0.48, and 0.37°C; Δths,end, 1.62, 1.63, 
2.70, and 0.95°C; and Δtds,end, 1.32, 1.56, 2.13, and 
1.18°C at thermal environments 1, 2, 3, and 4, respec-
tively. There were statistically significant differences in 
Δtcb,end, Δths,end, and Δtds,end between thermal groups (P 
> 0.05).

The greatest temperature decreases in the core body, 
head, and dorsal surface, which were 0.49, 2.70, and 
2.13°C, respectively, were found in the third thermal en-
vironmental condition group. This situation coincided 
with the significant differences in core body, head, and 
dorsal surface temperatures among the other thermal 
environment groups (P > 0.05). The evaporation rate 
of sprinkled water was related to the vapor pressure 
deficit of the air and the air velocity. Partial surface 
wetting effectively reduced core body, head, and dorsal 
surface temperatures. In spite of the vapor pressure def-
icit, the fourth thermal environmental condition group 
had greater core body, head, and dorsal surface tem-

Table 2. Summary of average body, head, and dorsal surface temperatures (°C) of hens under 4 ex-
perimental thermal environmental conditions (mean ± SE) 

Body temperature TC11 TC2 TC3 TC4

Core body 41.42 ± 0.01c 41.53 ± 0.02b 41.57 ± 0.02b 42.09 ± 0.03a

Head surface 29.40 ± 0.07c 30.45 ± 0.17c 29.06 ± 0.23b 34.48 ± 0.33a

Dorsal surface 29.69 ± 0.07c 30.79 ± 0.17b 31.15 ± 0.24b 36.60 ± 0.24a

a–cWithin rows, values indicated by different letters differ significantly (P ≤ 0.05).
1TC = thermal condition groups.
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Table 3. Summary of core body, head, and dorsal surface temperature (°C) decreases in 60 min under 
4 experimental thermal conditions (mean ± SE) 

TC group1 Spraying sequence2 Core body Head surface Dorsal surface

TC1 1 41.57 ± 0.02a 30.37 ± 0.15a 30.46 ± 0.14a

 Δtcb 1–2 0.16 1.27 1.01
2 41.41 ± 0.01b 29.09 ± 0.10b 29.45 ± 0.10b

 Δtcb 2–3 0.13 0.36 0.32
3 41.28 ± 0.01c 28.75 ± 0.10c 29.14 ± 0.09c

 Δtcb,end 1–3 0.29c 1.62b 1.32ab

TC2 1 41.71 ± 0.03a 31.54 ± 0.34a 31.70 ± 0.29a

 Δtcb 1–2 0.18 1.64 1.18
2 41.53 ± 0.03b 29.90 ± 0.28b 30.52 ± 0.30b

 Δtcb 2–3 0.20 0.01 0.37
3 41.33 ± 0.03c 29.91 ± 0.23b 30.15 ± 0.24b

 Δtcb,end 1–3 0.38b 1.63b 1.55ab

TC3 1 41.82 ± 0.03a 30.88 ± 0.48a 32.58 ± 0.41a

 Δtcb 1–2 0.26 2.76 2.17
2 41.56 ± 0.03b 28.12 ± 0.34b 30.41 ± 0.41b

 Δtcb 2–3 0.22 0.06 0.05
3 41.33 ± 0.03c 28.18 ± 0.31b 30.46 ± 0.39b

 Δtcb,end 1–3 0.49a 2.70a 2.12a

TC4 1 42.27 ± 0.05a 35.43 ± 0.66a 37.75 ± 0.34a

 Δtcb 1–2 0.17 1.90 2.27
2 42.10 ± 0.04b 33.53 ± 0.55c 35.48 ± 0.52c

 Δtcb 2–3 0.20 0.95 1.09
3 41.90 ± 0.04c 34.48 ± 0.44b 36.57 ± 0.31b

 Δtcb,end 1–3 0.37b 0.95b 1.18b

a–cWithin a column, values indicated by different letters differ significantly (P ≤ 0.05).
1TC = thermal condition groups.
21, 2, and 3 are spraying sequences every 20 min (total 60 min). Δtcb = differences in body temperature; Δtcb,end 

= differences in end body temperature.

Figure 1. Core body temperature decrease of hens in a 60-min period and 20-min spraying intervals under 4 experimental thermal conditions. 
T1 to T4 = treatment groups 1 to 4; C1 to C4 = control groups 1 to 4.
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peratures than the other groups, but the end decreases 
were lower than those of the third group. Although 
cooling water evaporation is a function of the air vapor 
pressure deficit, the fourth thermal environmental con-
dition group did not have adequate water for evapora-
tion. The reason for this situation is that the spraying 
interval was very long; therefore, we concluded that 
shorter intervals were needed to maximize evaporation. 
These results indicate that the spraying interval had an 
important effect on cooling.

Figure 1 was obtained by plotting the core body tem-
perature against a spraying period of 60 min for the 
4 thermal conditions, and the regression equations to-
gether with their R2 are illustrated on the graph. The 
core body temperature decreased with an increase in 
the spraying time.

Effect of Surface Wetting in Twenty-Minute 
Intervals on Δtcb, Δths, and Δtds

The differences in Δtcb, Δths, and Δtds among the 4 
thermal conditions are presented in Table 4 and sample 
dynamic profiles of tcb, ths, and tds for the 4 conditions 

are shown in Figures 2, 3, and 4. The differences in 
tcb, ths, and tds between the 4 thermal groups were 0.15, 
0.18, 0.23, and 0.22°C for Δtcb; 1.64, 1.44, 2.51, and 
0.97°C for Δths; and 1.23, 1.37, 1.41, and 0.64°C for 
Δtds at thermal conditions 1, 2, 3, and 4, respectively. 
There were significant differences in Δtcb, Δths, and Δtds 
among the 4 thermal environmental condition groups 
(P > 0.05). The greatest temperature decreases in the 
core body, head, and dorsal side were found in the third 
thermal group (0.23, 2.51, and 1.41°C, respectively). In 
spite of the fact that the vapor pressure deficit of the 
fourth thermal condition group was greater than that 
of the third thermal condition group, there were no 
significant differences in Δtcb between these 2 groups. 
These results suggest that the vapor pressure deficit 
had relatively little impact on the cooling effect. How-
ever, that is not so, because the fourth thermal environ-
ment condition group did not have adequate water for 
evaporation because the spraying interval was long.

Figures 2, 3, and 4 suggest that a quadratic model 
may adequately describe the relationship between the 
measurement interval and core body, head surface, and 
dorsal surface temperatures, respectively. Therefore, 
the second-order polynomial regression model was fit-

Table 4. Summary of core body, head, and dorsal surface temperature (°C) decreases of hens in 20 
min under 4 experimental thermal conditions (mean ± SE) 

TC group1 Measuring sequence2 Core body Head surface Dorsal surface

TC1 1 41.50 ± 0.02a 31.06 ± 0.18a 31.12 ± 0.15a

 Δtcb 1–2 0.05 2.73 2.38
2 41.45 ± 0.02b 28.33 ± 0.09d 28.74 ± 0.10c

 Δtcb 2–3 0.07 0.46 0.26
3 41.38 ± 0.02c 28.79 ± 0.10c 29.00 ± 0.11c

 Δtcb 3–4 0.03 0.63 0.88
4 41.35 ± 0.02c 29.42 ± 0.12b 29.88 ± 0.12b

 Δtcb,end 1–4 0.15b 1.64ab 1.24a

TC2 1 41.62 ± 0.04a 32.24 ± 0.35a 32.81 ± 0.29a

 Δtcb 1–2 0.05 3.38 3.97
2 41.57 ± 0.04ab 28.86 ± 0.30d 28.84 ± 0.26d

 Δtcb 2–3 0.09 1.05 1.23
3 41.48 ± 0.04bc 29.91 ± 0.28c 30.07 ± 0.25c

 Δtcb 3–4 0.04 0.90 1.37
4 41.44 ± 0.04c 30.81 ± 0.28b 31.44 ± 0.28b

 Δtcb,end 1–4 0.18ab 1.43ab 1.37a

TC3 1 41.70 ± 0.05a 31.88 ± 0.54a 33.90 ± 0.39a

 Δtcb 1–2 0.09 5.18 5.65
2 41.61 ± 0.04ab 26.70 ± 0.28c 28.25 ± 0.41c

 Δtcb 2–3 0.10 1.60 1.70
3 41.51 ± 0.04b 28.30 ± 0.35bc 29.95 ± 0.43b

 Δtcb 3–4 0.05 1.07 2.55
4 41.46 ± 0.04b 29.36 ± 0.41b 32.50 ± 0.39a

 Δtcb,end 1–4 0.24a 2.52a 1.40a

TC4 1 42.21 ± 0.05a 37.24 ± 0.42a 38.56 ± 0.24a

 Δtcb 1–2 0.09 6.31 4.43
2 42.13 ± 0.05ab 30.93 ± 0.64d 34.13 ± 0.5937d

 Δtcb 2–3 0.10 2.55 1.68
3 42.03 ± 0.05bc 33.48 ± 0.56c 35.81 ± 0.3774c

 Δtcb 3–4 0.04 2.79 2.11
4 41.99 ± 0.05c 36.27 ± 0.39b 37.92 ± 0.22b

 Δtcb,end 1–4 0.22a 0.97b 0.64b

a–dWithin a column, values indicated by different letters differ significantly (P ≤ 0.05).
1TC = thermal condition groups.
21, 2, and 3 are spraying sequences every 20 min (total 60 min). Δtcb = differences in body temperature; Δtcb,end 

= differences in end body temperature.
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ted to the data, and the resulting equations together 
with their R2 are illustrated for each thermal condition 
on these figures. The high R2 values indicate the regres-
sion evaluation was adequate.

The head and dorsal surface temperatures of birds 
closely followed the dry-bulb air temperature in all ther-

mal conditions tested. For the 4 thermal conditions, the 
head and dorsal surface temperatures dropped abruptly 
upon spraying of cooling water and gradually returned 
to the initial state at a rate dependent on the ther-
mal condition, except for the fourth thermal condition 
group (Figures 3 and 4). In the fourth group, the sur-

Figure 2. Core body temperatures in 5-min measurement intervals for each 20-min spraying period under 4 experimental thermal environment 
conditions. T1 to T4 = treatment groups 1 to 4; C1 to C4 = control groups 1 to 4.

Figure 3. Head surface temperatures in 5-min measuring intervals at each 20-min spraying period under 4 experimental thermal conditions. 
T1 to T4 = treatment groups 1 to 4; C1 to C4 = control groups 1 to 4.
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face temperature returned to the initial state rather 
quickly. This result appears to show that the spraying 
interval had an important effect on the cooling effect, 
which was closely related to the greater dry-bulb air 
temperature and vapor pressure deficit. Because the 
air velocity was very low, there were no significant 
differences among thermal condition groups. The re-
sults show that under the present environmental ther-

mal conditions, sprinkling intervals for groups 3 and 4 
should be less than 20 min.

Conclusions and Applications
The cooling water needs of intermittent partial sur-

face wetting to relieve acute heat stress in laying hens 
were quantified for 48 domestic laying hens under 4 ex-

Figure 4. Dorsal surface temperatures in 5-min measuring intervals at each 20-min spraying period under 4 experimental thermal conditions. 
T1 to T4 = treatment groups 1 to 4; C1 to C4 = control groups 1 to 4.

Figure 5. Air vapor pressure deficit as a function of dry-bulb air temperature and RH.
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perimental thermal conditions. The cooling water needs 
were expressed as a 1-min spraying interval of a dosage 
of 10 mL·hen−1. The spraying interval was directly pro-
portional to the product of the vapor pressure deficit 
(VPDair) and the thermal resistance of convective mass 
transfer (Rmass) of wetted hens, because there were no 
significant differences between the air velocity in the 4 
thermal condition groups and the air velocity was very 
low. For convenience of practical application, VPDair as 
a function of the dry-bulb air temperature and RH are 
presented in Figure 5.

The following conclusions were drawn: 

 1.  The thermal resistance of convective mass trans-
fer (Rmass) of partially surface-wetted birds was 
determined by integrating equation [16] for the 
48 birds tested. Thus, the heat equation can be 
used to determine Rmass given in the following 
form:

 R
c A VPD

m c dt dmass
dbair pair air

pw cb

=
´ ´ ´ ´

´ ´ ´
× -r b

g q( / )
( ). s m 1  [18]

 2.  The thermal resistance of convective mass trans-
fer of partially surface-wetted birds was calcu-
lated from the equation [18] for the 4 thermal 
environment conditions tested (Table 5). The 
continuous increase in vapor pressure deficit from 
1.48 to 2.47, to 4.52, and to 6.28 kPa led to an 
overall Rmass increase of 74.45, 39.39, and 26.10%, 
respectively. In fact, increasing the vapor pres-
sure deficit led to an overall reduction of Rmass. 
Except for the first thermal environmental con-
dition group, the groups did not have adequate 
water for evaporation because the spraying inter-
vals were long.

 3.  The spraying intervals of partially surface-wetted 
birds were calculated for 4 tested thermal en-

Table 5. Properties of moist air on the resistance of convective mass transfer (mean ± SE) 

Thermal condition1 TC12 TC2 TC3 TC4

PWSdbair (kPa) 4.58 ± 0.01 5.10 ± 0.02 5.97 ± 0.04 7.49 ± 0.03
VPDdbair (kPa) 1.48 ± 0.02 2.47 ± 0.11 4.51 ± 0.07 6.28 ± 0.12
w (kgH2O·kg−1

da) 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
ρdbair (kg·m−3) 1.12 ± 0.00 1.12 ± 0.00 1.13 ± 0.00 1.11 ± 0.00
Δtcb (°C) 0.14 ± 0.01 0.18 ± 0.02 0.23 ± 0.02 0.22 ± 0.03
Rmass (s·m

−1) 217.19 ± 9.68 378.90 ± 38.76 528.16 ± 36.29 666.01 ± 87.11

1PWSdbair = saturation vapor pressure at the dry-bulb air temperature; VPDdbair = vapor pressure deficit of the 
air;  w  = humidity ratio of moist air; ρdbair = air density; Δtcb = differences in core body temperature; Rmass = 
resistance of convective mass transfer.

2TC = thermal condition groups.

Figure 6. Spraying intervals at a water dosage of 10 mL·hen−1 as a function of the air vapor pressure deficit.
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vironmental conditions, and the results are pre-
sented in Figure 6. These empirical relationships 
could provide some basis for optimizing the cool-
ing system by partial wetting under the commer-
cial conditions of laying hen production.
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