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ABSTRACT

YANAGI JUNIOR, Tadayuki. D.S. Federal University of Vigosa February 2002.
Partial surface wetting to relieve acute thermal stress of laying hens.
Adviser: llda de Fatima Ferreira Tinbco. Committee members: Fernando da
Costa Baéta and Guido de Souza Damasceno.

A control and measurement system was developed for studying physiological
responses of poultry to thermal challenges and means of thermal stress relief.
The system features automatic control of air temperature (t;sp 0.2 °C) and
relative humidity (RHsp +2 %); manual setting of air velocity (Vsp 0.1 m- s™);
and continuous recording of thermographs (i.e., surface temperature, tsur) and
core body temperature (t,) of the animal. The controlled thermal conditions in
the animal-occupied zone (AOZ) are achieved through operation of a small wind
tunnel (V = 0 to 1.5 m: s) inside a §- and RH-controlled environmental room (5
m L x35mW x 3.0 mH). Target t and RH values are achieved by controlling
auxiliary heaters and humidifiers in two stages via a programmable
measurement and control module and peripherals. Thermographs (0.06°C
discernability) are acquired with an infrared (IR) imager whose operation is
remotely controlled by a PC. Core body temperature (b, +0.1°C) is recorded
with a surgery-free telemetric sensing unit that is also interfaced with a PC. In
addition, a video monitoring system is used to observe and archive animal

behaviors. The instrumentation developed was used in an experiment to



establish empirical equations to describe the need of partial surface wetting for
cooling laying hens (Hy-Line W-98, 34 +1 wk old) subjected to a range of
thermal stress conditons. The thermal exposures consisted of a factorial
combination of 3 dry bulb temperatures (i) (35, 38 and 41 °C) x 2 dew point
temperatures (typ) (21.1 and 26.7 °C) x 3 air velocities (V) (0.2, 0.7 and 1.2 m- s
). The environmental conditons were expressed as 18 combinations of air
vapor pressure deficit (VPDg) x V. The water necessary to limit hen surface
temperature from rising was expressed in terms of sprinkle interval (Slip, min)
for a constant spray dosage (10 ml- spray™) or evaporation rate (ER, ml- min™) of
the sprayed water. ER was directly proportional to VPDair JV . The relationships
may serve as the basis for optimizing an intermittent partial surface cooling
system for thermal stress relief of caged layers. Also from the study, a thermal
discomfort index (TDI) was derived based on physiological responses, surface
temperature (tsuf) and core body temperature (t,) of the control (non-cooled)
hens. Based on t, rise after 50 min of thermal exposure (Atvs0), TDI was
related to VPDar and V as: TDI = -15.17 + 18.62 (tab)n — 092 (VPDair ~/V hn.
Using TDI, four zones of thermal discomfort (safe, alert, danger, and fatal) were
defined for various combinations of thermal conditions. Furthermore, theoretical
transient heat and mass transfer model was proposed to predict Atbs0o as a
function of environmental conditions, physiological responses of the hens and
surface wetness level (B). The model provides a convenient, interactive tool for
determining At, 50 on wetted and nonwetted hens for ty, ranging from 35 to 38
°C.



RESUMO

YANAGI JUNIOR, Tadayuki. D.S. Universidade Federal de Vigosa, fevereiro
2002. Molhamento superficial parcial para alivio de estresse térmico
agudo em galinhas poedeiras. Orientador: lida de Fatima Ferreira Tinbco.

Conselheiros: Fernando da Costa Baéta e Guido de Souza Damasceno.

Um sistema de medi¢gdo e controle foi desenvolvido para o estudo de respostas
fisiolégicas de aves sujeitas a mudancas térmicas como meio de alivio de
estresse térmico. O sistema faz o controle automatico da temperatura (tasp
10,2 °C) e da umidade relativa do ar (RHsp 2 %); sendo que a velocidade do
ar foi controlada manualmente (Vsp +0,1 m- s™); e continuo armazenamento das
termografias (ex., temperatura superficial, ty;) € da temperatura corporais (i)
dos animais. As condigbes térmicas controladas na zona de ocupacdo animal
(AZO) séo atingidas pela operagdo de um pequeno tunel de vento (V = 0 to 1,5
m- s™') colocado no interior de uma sala ambiental com t e RH controlados (5,0
m comprimento x 3,5 m largura x 3,0 m altura). Os valores desejados de t: e
RH foram alcancados por meio de aquecedores e umidificadores controlados
em dois estagios via um modulo de controle e medigdo programavel, e
periféricos. Termografias (discernabilidade de 0.06°C) sdo adquiridas com uma
camera infravermelho cuja operagéo € controlada remotamente por um PC. t,

(£0.1°C) é armazenado em uma unidade de telemetria, sem a necessidade de

intervengdo cirurgica, que também é conectado a um PC. Em adigdo, um
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sistema de video tem sido usado para observar e arquivar os comportamentos
do animal. A instrumentacdo desenvolvida foi usada em um experimento para
ajustar equagdes empiricas para descrever as necessidades de molhamento
parcial da superficie em galinhas poedeiras (Hy-Line W98, com 34+1 semanas)
sujeitas a condicdes de estresse térmico. A agua necessaria para limitar o
aumento da temperatura superficial das galinhas foi expressada em termos de
intervalo de asperséo (Slip, min) para uma dosagem constante (10
ml- aspersdo') ou para uma taxa de evaporagio (ER, mlmin') de &gua
aspergida. As exposigdes térmicas consistiram de uma combinagéo fatorial de
3 temperaturas de bulbo seco (typ) (35, 38 e 41 °C) x 2 temperaturas de ponto
de orvalho (t4p) (21,1 e 26,7 °C) x 3 velocidades do ar (V) (0,2, 0,7 e 12 m- s™).
As condi¢gdes ambientais foram expressas como 18 combinagbes de déficit de
vapor de presséo do ar (VPDair) x V. ER foi diretamente proporcional ao produto
VPDair +/V. As relagdes podem servir como a base para a otimizar o sistema de
resfriamento superficial intermitente para alivio de estresse térmico em galinhas
criadas em gaiolas. Ademais, um indice de desconforto térmico (TDI) foi
derivado com base nas respostas fisioldgicas, temperatura superficial (tsu) €
temperatura corporal (), de galinhas sujeitas a exposi¢des térmicas. Com
base no aumento da t, aos 50 min de exposicao térmica (At,s0), um TDI foi
relacionado ao VPD,; e a V da seguinte forma: TDI = -15.17 + 18.62 (lyp)n —
092 - (VPDar +/V )n. Usando TDI, quatro zonas de desconforto térmico (segura,
alerta, perigo e fatal) foram definidas para as varias combina¢des de condi¢bes
térmicas. Um modelo tedrico de transferéncia de calor e massa em regime
transiente também foi proposto para predizer At, 50 em fungdo das condigdes
ambientais, das condigdes fisiologicas das aves e do nivel de molhamento (f).
O modelo proporciona uma ferramenta conveniente e interativa para determinar
Ak 50 nas galinhas submetidas ou ndao ao molhamento superficial para tab
variando de 35a 38 °C.

Xii



GENERAL INTRODUCTION

Poultry are homeotherms in that their body temperatures remain
relatively constant despite relatively large environmental fluctuations. There
exists a range of environment, known as the thermoneutral zone (TNZ), where
minimum effort or energy expenditure is required of the animal for
thermoregulation or maintaining constant body temperature. For adult poultry
(e.g., laying hens) the TNZ is 21 to 25 °C. High thermal environments cause
reduction in feed energy intake, and consequently reducing the amount of
energy available for production. Clearly, the negative impacts of thermal stress
can reduce the hen productivity and thus the profit of the farmer. Therefore, it is
imperative to improve the thermal environment surrounding the hens.

A week-long heat wave a cross the Midwestern U.S.A. in July 1995
took a death toll of more than 1.8 milion laying hens (about 10 % of the bird
population) in lowa. The cash loss amounted to $4.5 milion. The catastrophic
loss was further compounded by the reduction of egg quantity and quality, as
well as disposal of the mortality. Commercial layer houses in the
MidwesternUnited States are traditionally not equipped with supplemental
cooling systems due to the mild summers, despite clear evidence that
evaporative cooling can be costeffective practice (Gates and Timmons, 1988;
Timmons and Gates, 1988). Summer cooling is achieved by increasing

ventilation rate through the houses.



A costeffective solution to summer cooling is direct evaporative
cooling that has been studied for many animal species (Minett 1947; Sinha and
Minett, 1947; Bahga, 1980; Hermandez and Castellanos, 1983; Flamenbaum et
al., 1986; Igono et al., 1987; Strickland et al. 1989; Bucklin et al. 1991; Turer et
al., 1992; Hilman et al., 2001; Culver et al., 1960; Hsia et al., 1974; Panagakis
et al, 1992; Bridges et al., 2000). But, few studies have been reported for
poultry (Wilson and Hillerman, 1952; Chepete and Xin, 1999, 2000; and
lkeguchi and Xin, 1999, 2001). The water sprayed on the sweat-lacking bird
acts as artificial sweat, and when evaporating, helps removing its body heat.

Chepete and Xin (1999, 2000) tested a costeffective method for
cooling laying hens in lowa based on intermittent partial surface wetting of the
hens. In that study, the water was applied to 20-, 38- or 56-wk-old laying hens
that were exposed to thermal-challenging conditon of 40 °C air temperature
(ta), 45 % relative humidity (RH), and 0.15 to 0.20 m- s air velocity (V). The
authors reported the beneficial effect of the method for thermal stress relief in
that the physiological responses (e.g., core body temperature, body heat load,
surface temperature, body weight loss, and mortality) of the birds subjected to
the treatment were generally better than the control ones. lkeguchi and Xin
(1999, 2001) tested an intermittent low-pressure sprinkling system in
commercial laying hen house in lowa. The system was activated for 10 s every
15 min when the ty, exceed 32 °C. The results showed an overall increase in
egg production of 2.6 % while no adverse effects were observed on egg or feed
quality.

Although Chepete and Xin (1999, 2001) and lkeguchi and Xin (1999,
2001) verified that intermittent partial surface wetting reduces thermal stress of
the hens, it is necessary to optimize the amount of water applied as function of
the environmental conditions. This information could be incorporated to a
commercial environment controller via an empirical mathematical equation.

For quantifying the thermal discomfort of animals several indexes
have been proposed, where the main indexes proposed are temperature-
humidity index (THI) and blackglobe humidity index (BGHI). These indexes
have been related to changes in the animal physiology and performance. For
example, Zulovich et al. (1990) and Xin et al. (1992) used THI for studying the



performances of laying hens and turkeys, respectively. BGHI has been used in
US.A. for quantifying animal thermal stress wunder outdoor production
conditions. Due to the low insulation level in the Brazilian animal confinement
faciliies, BGHI has been widely used in quantification of the effective
environment. A limitaton of THI's equation is the absence of V and solar
radiation. The thermal discomfort suffered by the animal for a given temperature
and humidity would be different when air velocity changes from calm to drafty,
and vice versa. Thus, the development of a thermal discomfort index (TDI) that
incorporates air temperature, humidity and air velocity is highly desirable.

Finally, to better understand the theory underlying the direct
evaporative cooling it is desirable that a heat and mass transfer model be
developed to predict changes in core body temperature as a function of the
environmental conditions. Several models have been proposed to depict the
heat and mass transfer in several animals subjected to direct wetting
(Bouchillon et al., 1970; Wathen et al., 1971; Mitchell, 1976; Mahoney and King,
1977; Bakken, 1981; Wathes and Clark, 1981; Gebremedhin, 1987; Webb and
King, 1983; McArtur, 1991; Gebremedhin and Wu, 2000), but few studies have
been carried out for poultry. It was therefore one of the objectives of this study
to develop a practical model that may be used to predict some physiological

responses of the birds to prospective cooling schemes.
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CHAPTER1

A RESEARCH FACILITY FOR STUDYING POULTRY RESPONSES TO
THERMAL STRESS AND ITS RELIEF

1.1.INTRODUCTION

Quantification of animal responses to biophysical factors and
particularly their interactions remains an important aspect of research
endeavors toward enhancing animal welfare and production efficiency.
Constant advancements in electronics and measurement technologies have
made it increasingly feasible and affordable for researchers to set up task-
specific research facilities or apparatus to address technical issues of concern
that would have been formidable just a few years ago. Recent work relative to
measurement and data acquisition in animal environment research has been
documented in the literature. Costello et al. (1991) designed and tested an
aspirated psychrometer that was particularly suitable for measuring dry-bulb
and web-bulb temperatures, thus relative humidity (RH) in dusty animal housing
environments. Xin et al. (1994) instrumented four commercial scale poultry
houses to collect data on environmental and production variables. Gates et al.

(1995) devised an automated body mass weighing system for growing pigs.



Puma et al. (2001) developed an automated measurement, control, and data
acquisition system for studying feeding and drinking behavior of individual
poultry.

One of the recent research thrusts at lowa State University has been
to explore alternative cooling means for thermal stress relief of caged layers
(Chepete and Xin, 2000; lkeguchi and Xin, 2001; Xin and Puma, 2001). One
thermal relief method that has demonstrated merits is intermittent partial surface
(.e., head and appendages) wetting of the birds (Chepete and Xin, 2000;
lkeguchi and Xin, 2001). The practice to date has been to apply cooling water at
a fixed rate (e.g., sprinkle 10 s every 10 min when house temperature exceeds
32°C or 90°F) regardless of the severity of the climate. Such a scheme lacks
optimization of system operation because water evaporation rate depends
greatly on thermal conditions, i.e., air dry-bulb temperature (iiv), RH, and air
velocity (V). A variable application rate reflecting deviation of the thermal
condition from the upper critical temperature is more desirable. To quantify and
optimize the variable, climate-dependent cooling water needs, a facility is
needed to create the target thermal environments, determine water application
rate, and measure animals’ physiological responses to the cooling scheme.
There is also, a lack of information concerning the interactive effects of ty,, RH,
and V on poultry subjected to thermal challenging. The objective of this paper
was to describe the development and application of a test facility allowing for

conduct of such experiments.

1.2. MATERIALS AND METHODS

1.2.1. Environment Control Facility

This testing facility was located in the Livestock Environmental Animal
Physiology Laboratory 1l at lowa State University, Ames, lowa. The facility

consisted of three environmental rooms, each measuring 50 m L x 3.5 m W x
30mH (16 ft L x 11 ft W x 10 ft H). Two rooms were used as acclimation or

holding rooms, whereas the third room was used as the testing room. All rooms



had minimal temperature control and no RH control of the incoming air. The
rooms were equipped with static pressure control such that the airflow rate of
the rooms and the common corridor area was automatically adjusted to
maintain a negative pressure for the corridor, minimizing the chance of potential
cross-room contamination.

Situated inside the testing room was a small wind tunnel (1.10 m W x
245 mL x 069 mH; 36 ft W x80fL x 23 ft H), that was constructed with
aluminum frame and PVC sidewalls (Figure 1). The wind tunnel contained air
straighteners that were made of 0.06 m diameter x 0.6 m L (0.2 ft D x 2 ft L)
PVC tubes. The main body of the wind tunnel was divided into two regions:
sensor region and animal region (1.1 m W x0. 5 mL; 3.6 ft W x 1.6 ft L). The
animal region was covered by a plastic fim of 0.78 transmittance for acquiring
infrared thermographs or surface temperatures and behavioral video images of
the animals. More circuits (a total capacity of 80 A at 120 VAC) were added to
accommodate the required heaters, humidifiers, fans, transducers, and data
loggers. Figures 2 and 3 show the experimental room and instrumentation and

the monitoring devices, respectively.

1.2.2. Measurement and Control of Environmental Variables

Environmental variables of concemn included ty,, RH and V at the
animal-occupied zone (AOZ) inside the wind tunnel. Air temperature and RH
were measured with a thermistor temperature (¥0.2 °C or 0.36 °F) and
capacitance RH (¥3 %) probe (model HMP35L, Campbell Scientific, Inc.,
Logan, Utah) placed in the wind tunnel upstream of AOZ - sensor region
(Figure 1). Air velocity was measured with an omni-directional transducer
(accuracy of 3 % reading) (TSI model 8475-12, Davis Instruments, Baltimore,
Md.). Temperature (tan), RH and V were sampled at 2s intervals, and stored as
1-min averages using a programmable measurement and control module
(model CR10, CSI).

Fresh air was supplied to the testing room at {3, and RH lower than

the respective target value. Ventilation rate of the testing room was reduced by



blocking most of the supply and retun air ducts, thereby reducing the
unnecessary supplemental heat and humidification requirements. Heating and
humidification of air were achieved by four 1.5 kW electric resistance heaters
(model PT261, Rival Manufacturing Company, Kansas City, Mo.) and five
humidifiers of various capacities. Heaters and humidifiers were switched by the
CR10 via a 4-channel relay driver (model A21REL-12, CSI) connected to four
electromagnetic 12 VAC caoil relays (1 HP at 120 VAC) (Figure 4). Two discrete
control stages for tsb and two stages for RH were used. Each heating stage had

a maximum power output of 3.0 kW. The first humidification stage had a water
output of 5.06 I hr" while the second humidification stage had an output of 3.94
I hr'.  The first stage of heating and humidification provided a baseline or
coarse control, whereas the second stage provided fine-tuning or refinement
toward the target points.

The same logic was used for controlling of both t, and RH set points
(tab.sp, RHsp). Figure 5 illustrates the control logic with ty,. Heat stage 1 was
activated when ty, fell below tysp - Atgp1 and deactivated when ty, exceeded
tabsp + Aty Stage 2 was activated when ty, fell below tysp - Atgp2 and
deactivated when ty, exceeded ty,sp + Atgp2. The hysteresis values Aty 1 and
Atyp2  were selected to balance switching frequency with control precision. In this
particular study, 1.0 and 0.25 °C (1.8 and 0.45 °F) were used for Ats1 and
Aty 2 , respectively; and 4 and 2% used for ARHg, 1 and ARHgy 2, respectively.
Target V at AOZ was achieved by manual adjustment of the wind tunnel
variable-speed fan (model MSC-4, Phason, Inc., Winnipeg, Manitoba, Canada).
The uniformity of V distribution across the wind tunnel was examined using a 3
(vertical) x 7 (horizontal), equally spaced V array in the animal area. Within the
space of 150 mm (6 inch) from the sidewalls and 100 mm @ inch) from the floor
or ceiling, the V distribution had a coefficient of variation of 5 % for high velocity
(1.45m- s” or 286 ft min™) and 8 % for low velocity (0.19 m- s or 37 ft- min™).
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1.23. Measurements of Thermograph, Core Body Temperature and
Behavior of the Experimental Birds

Surface temperature (k) distribution or thermograph of the birds
was measured using an infrared (IR) imaging camera (0.06 °C thermal
discernability) with a wide-angle (32°) lens (Thermacam PM250, FLIR Systems,
N. Billerica, Mass.). The camera was mounted on an adjustable cantilever beam
stand at 1.5 m (5 ft) above the AOZ floor. External transmittance (1 ) between
the camera and the animal was corrected to compensate for the plastic film
cover above the AOZ. To perform the correction, an electrical heat mat was
placed on the floor and thermographs were taken without and with the plastic
cover. Adjustment for 1T was made until tys readings with and without the
presence of the film cover were in agreement. Regression analysis revealed
T of the plastic flm to be 0.78. Real-time IR images were displayed on a TV
monitor and used to guide the operator in deciding the timing of cooling water
application to the birds (described later). The IR camera was connected to a
PC via a RS-232 serial port, and controlled by a Visual Basic (VB) program. The
IR images were recorded onto a 40 MB PCMCIA memory card in the IR-
camera. A snapshot of the VB program screen display is shown in Figure 6. The
recorded images were subsequently analyzed with a companion program
(TherMonitor 95) of the IR camera.

Core body temperature (f,) was measured with an experimental, non-
invasive 4-channel (262 and 300 kHz) telemetric system (model 4000, HTI
Technology Inc, Palmetto, Fla.), as shown in Figure 7a,b. Compared with
conventional surgical implantation of temperature transmitters, the new system
used ingestible temperature pills (1.2-1.4 cm diameter x 2528 cm L) that
resided in the bird gizzard (Figures 7c,d). It usually took 4-6 hr for the %
transmitter to reach the gizzard once swallowed. The longevity of the pills
ranged from 3 to 7 d, primarily due to the life span of the battery. Extra epoxy
coating was applied to the transmitters to protect the sensor circuitry from the
abrasive action of the gizzard. The antennas of the telemetric system were
connected to the respective channels of the receiver via coaxial cables. The
receiver continuously downloaded data to the PC hard drive via RS232 serial

interffacing. To verify the wvalidity of telemetry-based t, measurements,
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simultaneous recording of rectal temperature was made with a precision
thermistor probe (0.1°C accuracy, Model PT907, Pace Scientific, Inc., Charlotte,
N.C.). Seven comparative tests were performed, one hen per test. Each test
consisted of data sampled at 10 s intervals for a period of 18.5 (one test) or
28.5 (six tests) minutes. The testing thermal conditions used in the
environmental room were: 37.8 °C (100°F) and 41 % RH (3 tests); 32.2°C (90
°F) and 52 % RH (2 tests); 32.2 °C and 41 % RH (1 test); and 26.7 °C (80 °F)
and 59 % RH (1 test). Air velocity of 0.2 m- s (394 ft min™") was used in all
tests. Core body temperatures measured by both methods were compared
using a paired t-test (SAS, 1985).

Behavioral data of the birds (locomotion, drinking, or state of alert)
were acquired with a video recording system that consisted of a CCD camera
with a high-speed aperture lens (Panasonic, W\ACP410) above the AOZ, a
time-lapsed VCR (Panasonic, PV-V4520), and a TV monitor.

1.3. SYSTEM PERFORMANCE AND APPLICATION
1.3.1. Performance

The control and measurement system described above performed
well. Examples of controlled tsh, RH and V profiles are presented in Figure 8.
With the 6 kW supplemental heating and 9.0 I hr" (24 gal hr') humidification
capacities, thermal conditions of t3, = 35 to 41 °C, and concomitant RH = 33 to
63 % - the target values for our studies were readily achievable.

An example of & profiles obtained with the telemetric system and the
rectal probe is shown in Figure 9. The rectal probe method had three inherent,
drawbacks: a) the sensor wires restrain the bird’'s movement to certain degree;
b) the probe occasionally is pushed out of cloacae, causing erroneous data; and
c) it causes considerable discomfort to the bird. The telemetric system produced
reasonable signals most of the time, but occasionally transmitted spurious data,
which was traced to the antenna configuration and the distance between the

animal and the antenna. Three types of commercially available antenna, loop,
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block, and L-shape, were tested. The L-shape antenna proving to be most
stable. The recorded t, raw data were filtered in an Excel spreadsheet to
remove spurious data. For this particular study, the filter consisted of two steps.
It started with an average of 10 consecutive, stable values. In the first step, data
outside a pre-defined physiological range (e.g., from 40 to 43 °C; depending on
the thermal environment conditons) were eliminated. In the second step,
absolute difference between the current data point (output data from first step)
and the running average of 10 proceeding data points was compared to a
boundary threshold of 0.25 °C. If the difference was greater than the threshold,
the current value was replaced with the running average; otherwise, the current
value remained unchanged. The resultant data agreed well (t-test, P>0.99) with
those obtained when the rectal probe properly remained inside the cloacae, as

shown in table 1.

1.3.2. Application

Using the system, a study was performed to a) determine water
evaporation rate of laying hens cooled by intermittent partial surface wetting at
various tsb, RH and V combinations; and b) quantify physiological responses of
the hen to the selected thermal conditions. Two laying hens at a time were
subjected to the controlled environment, with one serving as control (not
cooled), denoted as Cirl, and the other as treatment (cooled), denoted as Trt. It
is beyond the scope of this paper to describe the results in detail, which are
presented by Yanagi et al. (2001a,b,c). Instead, sample data are presented to
illustrate the system application. Figure 8 shows an example of ty,s and t, (after
filtering) profiles of Citrland Trt birds. Timing of water application for the partial
surface wetting was guided by visual observaton of changes in the
thermograph. Namely, as soon as tys of the Trt bird, showing an abrupt decline
immediately after a spray, returned to nearly the pre-wetting level, it was time to
spray again. The goal was to prevent tsur from rising above the initial level.

With concurrently measured values of tus, b, tb, and V, and derived

convective resistance (R.) of the surface boundary layer, mean tissue and
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feather thermal resistance (Ror) of the bird may be calculated based on the heat
balance equation as follows:

(i=0123,...N-1)

where,
m =mean body mass of the hen before and after thermal exposure, kg
cp = specific heat of the body, assumed to be 4.18 J- (g- °C)”
A =surface area of the bird, m?, calculated as A = 0.1067- m®7%®
(Mitchell, 1930)
N =number of measurement points considered during the thermal
exposure period

AB =time interval between measurement points, s

Applying the above equations to data in figure 8 and the associated
thermal conditions, we could obtain mean Ry of 0.12 m? °C'W™ for the Ctrl hen.
Ry for avian species has been reported to range from 0.09 to 0.49 m? °CW~'
under thermoneutrality (Wathes and Clark, 1981). The low Rys value for the
current application study presumably arose from vasodilatation of the thermal-
challenged birds in attempt to enhance heat dissipation from the body to the
environment. Figure 10 shows the relationship of Ry to ty, for the laying hen. It
should be noted that, although the application study involved poultry, the

system is readily expanded to accommodate other species, e.g., young pigs.
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1.4. CONCLUSIONS

A control and measurement system was developed for studying
interactive effects of thermal conditions on physiological responses of small
animals. The system features control of air temperature (35 to 41 £ 0.2 °C),
relative humidity (33 to 63 + 2 %), and velocity (0 to 1.5 + 0.1 m's™) at the
animal-occupied zone; continuous, noncontact IR  measurements  of
thermographs (surface temperature); and continuous, telemetric measurement
of core body temperature. A study with laying hens, concerning
thermoregulatory responses to thermal challenge and its relief, was conducted

to demonstrate application of the system.
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Table 1. Comparison of mean body temperature measurements obtained with
rectal probe (,) and telemetric transmitter (after filtered) (t,:) during
each of the seven paired trials.

Trial E“‘{tg,;’“,f” o (+SE) to, (£SE) (tfi_: étEbj‘)
1 26.7 °C, 59 % 410(0010)  411(0016) 04 (0.0041)
2 322°C, 52 % 407(0002)  405(0003) 02 (0.0004)
3 37.8°C, 41 % 412(0025)  411(0037) 0.1 (0.0068)
4 322°C, 52 % 413(0030)  413(0025) 00 (0.0009)
5 37.8°C, 41 % 424(0341)  423(0043)  0.1(0.0314)
6 37.8°C, 41 % 422(0021)  421(0035)  0.1(0.0010)
7 322°C, 41% 423(0072)  423(0092) 0.0 (0.0060)
Overall 416(02000  415(02000  0.1(0.0000)

Note: There was no significant difference in t, values measured with both

methods (P> 0.99).

Values in parenthesis are standard errors (SE) of the means.
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Figure 1- Schematic top view of the experimental wind tunnel. Air flows
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AOZ = animal occupied zone.
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Figure 2 — Experimental room and Instrumentation.
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Figure 7— Telemetric body temperature measurement system: (a) 4-channel
receiver, (b) L-shaped antenna, c) feeding a transmitter pill to bird,

d) transmitter appearance after 1, 1, and 2 days (top), and 3, 4, and
4 days (bottom) of residence in bird gizzard.
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CHAPTER 2

OPTIMIZATION OF INTERMITTENT PARTIAL SURFACE COOLING FOR
THERMAL STRESS RELIEF OF LAYING HENS

2.1.INTRODUCTION

Adult laying hens have a thermoneutral zone (TNZ) of 21 to 25 °C.
Deviation of the thermal environment from TNZ leads to performance reduction
or mortality under severe conditions. Several studies have shown the adverse
effects of elevated environmental temperature on laying hen performance
(Squibb et al, 1959; Payne, 1966; Mowbray and Sykes, 1971; Marden and
Morris, 1975; Vohra et al, 1979, Zulovich and DeShazer, 1990; Samara et al,,
1996; Bordas and Minvelle, 1997; Yahav, 2001). Bordas and Minvelle (1997)
verified a reduction of 16% in feed intake, 13% in number of eggs laid, 8% in
body weight and 4% in egg weight of several laying hen breeds when they were
exposed to 35 %1 °C vs. 21 1 °C. The thermally induced performance
reduction was observed for all breeds tested.

Numerous studies have been conducted to investigate means of
thermal stress relief for poultry, such as use of mechanical ventilation alone

(Charles et al., 1981; Bottcher et al, 1992a), mechanical ventilation in
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conjuction with evaporative cooling pad, misting or fogging (Reece and Deaton,
1971; Shackleford, 1979; Timmons et al., 1981; Wilson et al., 1983; Ross and
Herrick, 1983; Canton et al., 1983; Gates and Timmons, 1986; Bottcher et al.,
1989; Koca et al, 1991; Xin and Puma, 2000), and mechanical ventilation
coupled with direct evaporative cooling (Berry et al., 1990; Chepete and Xin,
1999, 2000; lkeguchi and Xin, 1999, 2001). These studies have shown clear
benefits of evaporative cooling on bird performance. Several studies have also
been conducted to optimize evaporative cooling systems, as reported by Gates
et al. (1991ab, 1992), Bottcher et al., (1991, 1992b), Singletary et al. (1996),
and Simmons and Lott (1996).

Commercial laying hen facilites in the Midwestem United States are
traditionally not equipped with supplemental cooling systems because of the
historically mild summers, despite clear evidence that evaporative cooling can
be a costeffective practice (Gates and Timmons, 1988; Timmons and Gates,
1988). Thus, summer cooling generally relies on increasing the ventilation rate
through the building. However, increasing ventilation rate alone at best limits the
building temperature to within a few degrees of the outside temperature. As
building air temperature increases, evaporative cooling becomes essential. The
increased occurrence of thermal spells and associated production losses in the
Midwest in recent years makes it necessary to explore cost-effective cooling
systems that can be readily retrofitted into existing housing facilities. Chepete
and Xin (1999, 2000) and lkeguchi and Xin (1999, 2001) investigated the use of
intermittent partial surface wetting of caged laying hens under laboratory and
commercial production conditions. In the study conduced by Chepette and Xin
(1999, 2000), intermittent partial surface sprinkling was applied to 20-, 38 or
56- week-old laying hens that were subjected to a thermal-challenging condition
of 40 °C air temperature (tap), 45 % relative humidity (RH), and 0.15 to 0.20 m- s~
' air velocity (V). The authors concluded that the intermittent partial surface
sprinkling was effective for relieving thermal stress of the hens. They further
recommended a conservative spray interval (SI) of 5 min at a spray dosage of 8
ml- hen”.  lkeguchi and Xin (1999, 2001) tested a low-pressure sprinkling
system in a commercial laying hen house in lowa where water sprinklers were
suspended in the alleyway (between cage rows) and activated for 10 s every 15

minutes when house tqy exceeded 32°C. The results showed that the
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intermittent sprinkling improved overall egg production by 2.6% and as high as
5.6 %, and there were no adverse effects observed on egg and feed quality.
Evaporation rate (ER) of sprinkled water from the bird surface
depends on the surrounding thermal condition. Obviously the water will
evaporate faster when the surrounding air is dry and drafty than when it is wet
and calm. Hence, a constant rate of water application for different thermal
conditions, though providing appreciable benefits especially under hot
conditions, would not fully utilize the potential of such a system. Further, there is
a practical risk in air quality (especially ammonia volatilization) associated with
using excessive sprinkling. Therefore, this study aimed to optimize the process
by addressing the following objectives: 1) to quantify cooling water needs of
laying hens under various thermal conditions, as expressed by sprinkling
interval (SI, min) at a fixed sprinkling dosage (10 ml- hen™); and 2) to establish
prediction equations relating SI or ER (ml- min™) of the cooling water to the
environmental variables. Ultimately, these prediction equations will be
incorporated into an automatic environmental controller for operating the cooling

system.

2.2. MATERIALS AND METHODS

2.2.1. Experimental Birds

Hy-Line W-98 breed laying hens at 34 +1 wk of age (108 hens total)
were used in this study. The experimental hens were procured at different times
(for age consistency) from hen farms in lowa. Hens with similar body mass and
comb size (Fig. 1) were randomly selected at the farm and transported to the
Livestock Environment and Animal Physiology Research Laboratory Il (LEAP II)
at lowa State University, Ames, lowa. Upon arrival, the hens were placed in one
of three environmental rooms, where they were acclimated for 3 to 5 d under
thermoneutral conditions of 22.8 1.1 °C t4, and 40 +10 % RH. Water and feed
were given ad libitum. A photoperiod of 16L:8D (light on at 6:00 AM. and off at
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10:.00 P.M.), as used on the farms, was provided with fluorescent light that
produced an illumination intensity of 20 lux (1.9 fc) at the bird level.

2.2.2. Experimental Rooms and Instrumentation

One of three environmental rooms (5 m Lx 3.5 m W x 3.0 m H each)
in the LEAP Il lab was used as the acclimation or holding room, and another
room was used as the testing room. All rooms had a minimum control of t, for
the incoming air, and no control on RH. The following modifications to the
testing room and installation of control and measurement instruments were
made to achieve the desired experimental conditions and data collection.

Ventilation rate of the testing room was reduced by blocking the
supply and return air ducts. Heating and humidifying of air in the testing room
were achieved with convective electrical heaters and humidifiers whose
operations were controlled in two stages. Each heating stage had a maximum
power output of 3.0 kW. The first humidification stage had a water output of
5.06 |- hr'', and the second humidification stage had an output of 3.94 I hr'. The
first stage of heating and humidification provided a baseline control, whereas
the second stage provided refinement. Measurements and control of
environmental variables were implemented via a programmable measurement-
control data logger (model CR10, Campbell Scientific, Inc., Logan, UT) that
interfaced with an external relay driver and a ty, (0.2°C accuracy)RH (3 %
accuracy) probe sensor (model HMP35L, Campbell Scientific, Inc., Logan, UT)
placed at the animal level. To achieve the desired V around the hens, the
experimental hens were placed inside a wind tunnel (1.10 m W x 245 m L x
0.69 m H) that was situated inside the testing chamber and circulating the room
air (Fig. 2). The wind tunnel was constructed with an aluminum frame and PVC
sidewalls, and was divided into two regions: the sensor region and the animal
region (0.33 m W x 0.36 m L). A plastic film with 0.78 transmittance was used to
cover the animal section of the wind tunnel for acquisition of infrared (IR)
thermal and video images of the animals under test (described later). V was

measured with an omnidirectional transducer (3% reading accuracy) (TSI
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model 8475-12, Davis Instruments, Baltimore, Md.) placed in the upper stream
of the ventilation air; it was controlled by manual adjustment of the variable-
speed fan. The environmental variables ty,, RH and V were generally controlled
within +0.2°C, +2%, and +0.02 m- s™' of the respective target points.

A new, surgery-free telemetric system with a 4-channel receiver (two
frequencies of 262 and 300 kHz), in conjunction with omnidirectional L-shaped
antenna, (model 4000, HTI Technology, Inc., Palmeto, FL) was used to
continuously measure core body temperature (t,) of the hens (Fig. 3). This non-
invasive method involves an ingestible telemetric pill (1.2-1.4 cm diameter x 2.5
28 cm L) that is swallowed and resides in the hen gizzard (fig. 4a). It usually
takes 4 to 6 hr for the pill to reach the gizzard after being swallowed.
Occasionally, the pill remained in the crop for more than 6 to 8 hr. Because crop
temperature does not represent t,, a replacement bird was used under such
circumstances. After each test, the hens were sacrificed by cervical dislocation,
and the pills were retrieved and re-used if their conditions permitted. Lifespan of
the pills typically ranged from 3 to 7d. Examples of pill appearances after
various days of residence in the gizzard are shown in figure 4b. The receiver
was connected to a PC via an RS-232 serial communication cable, providing
continuous transfer of t, data collected at 4-s intervals from the receiver to the
PC hard drive. Further details of the telemetry system can be found in Brown-
Brandl et. al (2001).

An infrared (IR) themal imaging camera (0.06 °C of discernability)
(Inframetrics  ThermoCAM PM250, FLIR Systems, Inc., North Bellerica, MA)
was mounted on a tripod above the hens to continuously display and record
thermographs of the hens. A Visual Basic (VB) computer program was
developed to remotely specify camera settings and parameters (e.g. display
mode, temperature span, focus of lens, emissivity of the subject surface — 0.95
for birds, environmental parameters), and timed-recording of thermographs onto
a 40 MB PCMCIA card) via an RS 232 interface. The recorded IR images were
subsequently analyzed with a companion program (TherMonitor 95). The
thermographs of the hens were used to guide the timing of cooling water re-
application, as described below. In addition to the IR images, video images
were continuously acquired as supplemental information about behavior of the

experimental hens. The video system consisted of a CCD camera (model AG-
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6730, Panasonic), a timedapse VCR (model P\-V4520, Panasonic), and a TV
monitor. A more detailed description of the instrumentation system for

environmental control and data acquisition is given in Yanagi et al. (2001).

2.2.3. Experimental Conditions

To determine the relationship between thermal conditions and cooling
water needs of the hen, a factorial combination of the following thermal
conditions was selected: a 3-level dry-bulb temperature, tyo at 35, 38, and 41
°C, a 2devel dew-point temperature, tp at 21.1 and 26.7 °C, and a 3-level air
velocity, V at 0.2, 0.7, and 1.2 m- s Hence, there were a total of 18 t, X tip XV
combinations.

For given tab and tp, vapor pressure deficit or VPDair of the moist air

was derived from the following equation:

VPDair = Pus(tdo) — Pw = (1 - @) [(Pustdb) (1)

where ¢ is RH (decimal), Pw is the actual water vapor pressure (Pa), and

Puwstdb) is the saturation vapor pressure (Pa) at . For 0 < taw < 200 °C, Ris can
be calculated using the following equation (ASHRAE, 1997):

= elounc2 +CoT+C4 T2 +C5 T+ Co (T 2)

Pusm)

where T is in K and the constant coefficients are:

C+ =-5.8002206 E+03, Cs = 41764768 E-05,
Cz = 1.3914993 E+Q0, Cs = - 1.4452093 E-08,
Cs =- 4.8640239 E02, Ce = 6.5459673 E+00.

Hence, the thermal conditions could also be expressed as 18 VPDy; x V

combinations.
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224. Bird Handling and Determination of Cooling Water Spray Interval
(S1)

On the night before subjecting the hens to one of the 18 combined
thermal conditions, telemetric t, transmitters was given to a pair of randomly
selected hens in the acclimation room, one designated as the control (Ctrl)— not
cooled, and the other as the treatment (7rf) — cooled by partial surface wetting.
Following an overnight acclimation and thus establishment of the baseline t»
under thermoneutral conditions, the hens were transferred to the wind tunnel in
the testing room the next day. In the wind tunnel, the hens were kept in a 2-
compartment (0.33 x 0.36 m) cage whose partition was covered with plastic film
to prevent cross-compartment movement of the cooling mist. After 10-min
thermal exposure, the head and neck appendages of the Trt hen were manually
sprayed with 10 0.1 ml of 24 +1 °C water. A 3.8 | polyethylene sprayer (model
60171, H.D. Hudson Manufacturing Co., Hastings, MN) at 207 kPa (30 psi),
controlled by a timedelay relay and solenoid valve, was used to ensure
consistent water output of the cooling sprays. The dosage of 10 ml per spray
was based on the result of a preliminary experiment conducted to determine the
maximum amount of water absorption by the related areas of a hen.

Real-time thermographs of the hens were displayed on a color TV
monitor and used as the guide to determine the next water spray or spray
interval (SI). IR images were recorded at the moments right after placement of
the hens in the wind tunnel, 10-min into the thermal exposure, right before and
after each spray, and at 2- to 3-min intervals thereafter. To determine S,
changes in the chicken surface temperature (ts,s) were visually examined with
care. The thermograph taken right before the first spray at about 10 min into the
thermal exposure served as the reference image for comparison with
subsequent images. Namely, as water evaporated, tys of the affected areas
gradually returned to the initial state or the reference level. Upon determination
that the ts,s had returned to the reference level, another spray was applied, and
the corresponding time elapsed, or Sl, was recorded. The same process was
repeated unti 3 to 4 Sl values were obtained. Three replications (involving
different hens) were used per treatment condition. Selection of 3 replications

was based on a preliminary test that evaluated the variations in S| among hens.
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During the thermal exposure period, the hens were not provided with
feed but had free access to drinking water at 24 +1°C. Hens were weighed
before and after the thermal exposure. They were also monitored if eggs were
laid during the thermal exposure periods. The protocol was approved by the

Committee on Care and Use of Animals for Research at lowa State University.

225. Data Analysis and Development of Sprinkling Interval (SI) and
Evaporation Rate (ER) Models

To establish the relationship between SI or ER and the themmal
conditions, a principal component analysis (SAS, 2001) was performed to
determine the number of independent variables among five candidate input

variables: ty,, V, VPD,r and their non-inear transformations of tg- +/V and

VPDair +/V. Choices of the transformed variables were based on the physics of

convective heat transfer and evaporaton. Once the number of independent
variables was determined, a maximum r® regression procedure (SAS, 2001)

was used to identify the most contributing terms.

2.3. RESULTS AND DISCUSSION

2.3.1. Sprinkling Interval (Sl) and Evaporation Rate (ER) Models

Examples of the temporal thermographs of the experimental hens, as
used for guiding Sl, are shown in Figure 5. The results of Sl for each of the
thermal environmental conditions are summarized in table 1. Increasing V from
0.2 to 0.7 and from 0.2 to 1.2 m- s™ led to an overall Sl reduction of 28% and
45%, respectively. Conversely, lowering tsp from 26.7 to 21.1°C resulted in an
overall Sl reduction of 20%, 9% and 9%, respectively, for V = 0.2, 0.7 and 1.2
m- s™. This demonstrates the relative importance of moisture content and V on
water evaporation. It further suggests that increasing V has a non-linear

enhancing effect on water evaporation, e.g., 28% vs. 45% reduction in Sl for 0.5
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and 1.0 m s” V increase. This confirms the rationale of using transformation of
V, JV , in relating its effect on Sl or ER.

Results of the principal component analysis revealed that greater
than 95% of the variaton in the Sl data could be explained by linear
combinations of two of the five candidate input variables (i.e., tab, V, VPDai,
tde/V, VPDair- VV ). Further, 99% of the variation was explained by linear
combinations of three of the five variables. Regression analysis using the
maximum r? criterion yielded the following functional relationships for Sko (min),
where subscript 10 stands for application dosage of 10 ml- hen”, and ER

(ml- min™):
SI,, = 67.70 (£ 2.08) = 26.02 (£ 1.65)B/V = 5.77 00" (£ 4.36 00*)VPD,,

?=0.89 ()

ER =0.127(£1.63x107)+1.05x10* (£ 5.25%10*)&/V VPD,,

r’=0.89 (5)

Values in parentheses are standard errors of each coefficient. Using these
equations, contours of iso-SI and isoER as a function of V and VPD,, were
established, as shown in Figures 6 and 7, respectively. For convenience of
practical application, contours of iso-VPD, vs. ty, and RH are presented in
Figure 8.

Chepete and Xin (2000) applied intermittent partial surface wetting, at
a nominal dosage of 8 ml- hen™, to laying hens under 40°C i, 45% RH (VPDair
of 4056 Pa), and 02 m- s V, and recommended a conservative Sls of 5 min.
Substituting these conditions into the newly-established Sko model, and
assuming that 50% of the sprayed water (4.0 ml spray') fell onto the hen,
yielded a Sk of 10.1 £0.8 min. The discrepancy between the predicted S| and
that recommended by the authors primarily arose from the conservative nature
of the recommended Sl. In fact, the average tss change (relative to the initial

stage) at 5 to 15 min after spraying was —0.4 and 0.5 °C for the previous study.

Linear interpolation would yield a tur change of 0.1 °C at 10 min after spraying.
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Hence use of Sk = 10 min would be reasonable as well. Nevertheless, further
validation of the SIER equations needs to be conducted before incorporated

into automatic controllers for commercial applications.

2.3.2. Surface Temperature (tsuf) and Core Body Temperature (to) of the
Hens

Sample dynamic profiles of tys and t, for the Trt and Citrl hens are
shown in Figures 9, 10 and 11 for tp of 35, 38, and 41°C, respectively. Surface
temperature (tsur) dropped abruptly upon spraying of the cooling water, and
gradually returned to the initial state at a rate dependent on the environment.
The dynamic tg, patterns confirmed the proper timing of the sprays.

At 35°C fab, both Ctrl and Trt hens were able to maintain t lower than
43°C (Fig. 9). At 38 °C or 41°C tu, the Trt hens experienced less t rise during
the test (figs. 10 and 11), lower mortality, and longer survival time than the Cirl
hens. This was particularly true at the lower V and thus limited wind-chill effects
for the Ctrl hens. A detailed comparison of the physiological responses between
the Trt and Ctrl hens to delineate the effectiveness of the cooling method under
the thermal conditions tested will be presented in a separate subsequent
publication.

2.3.3. Sample Application of Sprinkling

To demonstrate the potential application of equations (4) and (5) for
surface wetting during hot conditions, a simulated diurnal variation in hourly
house temperature (24 to 40 °C) and RH (40 to 60%) was generated and used
to compute hourly Slip and ER values (Fig. 12). Sprinkling was assumed to be
de-activated when the inside temperature was less than 32 °C. The resultant
hourly sprinkling intervals range from 31-41, 21-31, and 14-24 minutes for V of

02, 0.7 and 12 m- s over the hens. Likewise, the estimated ER for these
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conditions range from 0.25-0.33, 0.32-045 and 042-0.63 ml min" for these
respective V values.

2.4, CONCLUSIONS

Cooling water needs of intermittent partial surface wetting to relieve
thermal stress for laying hens were quantified by subjecting 34 +1 wk Hy-Line
W-98 hens to 18 thermal conditions formed by a 3 x 2 x 3 factorial combination
of tw (35, 38, 41 °C), tgp (21.1, 26.7 °C) and V (0.2, 0.7, 1.2 m- s™'). The
synergistic effect of s was further expressed in terms or air vapor pressure
deficit (VPDs;r). The cooling water needs were expressed as spray interval of a

10 ml- hen" dosage (Sho) or evaporation rate (ER, ml- min™). ER was related to

VPD;; and V as ER=0.127 +1.05x10* 4/V [WPD,_,. Sho was related to

VPD,; and V as Sl, =67.70 -26.02Q/V -5.77010° [VPD,,. Although further

verification is recommended the empirical relationships provide a basis for

optimizing the cooling system under commercial production conditions.

2.5. NOMENCLATURE

0] relative humidity of moist air, decimal

Cito Gs coefficients of equation for determination of saturation vapor
pressure

ER evaporation rate of cooling water, ml- min™

Puws(t) saturation vapor pressure at temperature t, Pa

RH relative humidity, %

S sprinkle interval, min

T, tab dry bulb temperature of air, K and °C, respectively

tdp dew point temperature of air, °C

tour chicken surface temperature, °C

Vv air velocity, m- s™
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VPDair air vapor pressure deficit, Pa
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Table 1- Summary of spray intervals (SI) at the dosage of 10 ml- hen™ for the
tested thermal environmental conditions.
ts(°C)  tp (°C) RH(%) VPDs (kPa) V(m:-s™ Slyo, (Min)
0.2 414 (0.5)
211 45 31 0.7 29.8 (1.1)
12 20.6 (0.2)
% 0.2 49.0 (1.0)
26.7 63 2.1 0.7 32.3 (0.0)
12 224 (0.2)
02 30.9 (0.6)
211 38 4.1 0.7 239 (04)
12 19.1 (1.0)
38 0.2 41.8 (1.0)
26.7 53 31 0.7 26.1(0.6)
12 20.7 (0.7)
0.2 224 (1.3)
211 32 53 0.7 172 (1.1)
12 13.5(0.5)
41 0.2 27.7 (04)
26.7 45 43 0.7 21.0(0.3)
12 16.5(1.2)
Notes: tgp, tap = gry-bulb and dew-point temperature of the air, respectively,
VPDair = vgbor pressure deficit of the air, calculated as the difference

between saturated vapor pressure at the given tsn and the

actual vapor pressure, kPa.
Values in parentheses are standard errors of the means.

Each Sl value is an average of 3 replications, with 3-5 sprinkling events
per replicate.
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Area = 274 mn?

Figure 1 — Typical comb shape and size of the experimental hen.
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Figure 2- Schematic top view of the wind tunnel. Air flows horizontally from
left to right. Unit of dimension: m

(b)

Figure 3- Telemetric system used for measuring core body temperature of the
hens: (a) 2-channel receiver, (b) L-shaped antenna.
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Figure 4 — Ingestion of core temperature pill (@) and sensor appearances (b)

after 1, 1, and 2 days (top), and 3, 4, and 4 days (bottom) of
residence in the gizzard of the hens.
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Figure 5- Examples of temporal thermographs of the laying hens cooled by

partial surface wetting vs. control at the following moments: a) onset
of the thermal exposure; b) 10 minutes into thermal exposure and
right before the first spray, c) immediately after the spray, d) 6 min
after the spray, e) 10 min after the spray, f) 15 min after the spray

and right before the next spray.
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Figure 6— Contours of spray interval (min) at a nominal dosage of 10 ml- hen’
as a function of air vapor pressure deficit (VPD,;r) and velocity (V).
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Figure 7— Contours of cooling water evaporation rate (ml- min'1) as a function
of air vapor pressure deficit (VPD,;) and velocity (V).
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Contours of air vapor pressure deficit (VPD,, kPa) as a

function of dry-bulb temperature and relative humidity.
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Figure 9 — Examples of surface (tsuf) and core body () temperature profiles of

34 +1-wk old hens subjected to 35 °C tgp, 21.1 and 26.7 °C tgp,, and

0.2,and 1.2 m- s V, respectively.
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Figure 10 — Examples of surface (tsuf) and core body (1) temperature profiles of

34 +1-wk old hens subjected to 38 °C typ, 21.1 or 26.7 °C ty,, and

02or12m- s™ V.
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(d)

Examples of surface (tsuf) and core body (b) temperature profiles
of 34 +1-wk old hens subjected to 41 °C tqn, 21.1 or 26.7 °C tqp,
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CHAPTER 3

A THERMAL DISCOMFORT INDEX FOR LAYING HENS

3.1.INTRODUCTION

Adult laying hens have a thermoneutral zone (TNZ) of 21 to 25 °C.
Short-term acute thermal stress can drastically impact hen performance, and
extreme thermal stress conditions can lead to fatality. High temperatures
combined with high humidity and low air velocity result in most stressful
environments for the birds and production. Expenditure of extra energy for
thermoregulation reflects directly on egg productivity and quality, body weight,
etc. Changes in behavioral responses can also be noted when chickens are
subjected to thermal stress environments. Visual signs of bird thermal stress
include increase in respiration (panting), elevation/spreading of wings to
increase the surface area and thus heat transfer, abrupt movements (jump,
turning around, etc.), etc.

Several studies have been conducted to establish thermal discomfort
indexes (TDIl) for quantifying animal responses to stressful thermal

environments. TDI examples include temperature-humidity index (THI) and
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black-globe humidity index (BGHI). THI describes the relative importance of
sensible (as expressed in dry-bulb temperature) and latent (as expressed by
web-bulb or dew point temperature) components of the environment to the
animal's thermoregulation. THIs have been developed for humans (Thom,
1958; Thom, 1959; Steadman, 1979), beef cattle (Bianca, 1962), dairy cows
(Buffington et al., 1981), swine (Eigenberg et al., 1995; Geers et al, 1958;
Ingram, 1965; Roller and Goldman, 1969), laying hens (Zulovich et al., 1990),
and turkeys (Xin et al., 1992; BrownBrandl et al., 1997). THI equations have
been used as a way to relate physiological response and performance of steers
(Gaughan, 1999), dairy cattle (Du-Preez et al., 1991; Kabuga, 1991; Igono et
al., 1992; Kabuga, 1992; Ullah et al., 1996; Nardone et al., 1997; Bernabucci et
al., 1999; Ravagnolo et al., 2000), beef (Hubbard et al., 1999) and turkeys
(Brown-Brandl, 1997). THI has also been used in assessing climatic impacts on
broiler housing systems (Gates et al., 1995). TDI that incorporate not only
temperature and humidity but air velocity would better represent modern
environmental control schemes, where tunnel ventilation or stirring fans are
typical for thermal stress relief. However, little information is available in this
regard in the literature.

The objective of this study was to derive a TDI for laying hens by
assessing the interactive effects of air temperature (tav), relative humidity (RH)
and velocity (V) on the physiological responses of laying hens subjected to

acute, short-term thermal exposure.

3.2. MATERIALS AND METHODS

3.2.1. Experimental Birds

Hy-Line W-98 laying hens at 34 +1 wk of age (54 hens total) were
used in this study. The experimental hens were procured at different times (for
age consistency) from laying hen farms in lowa. Birds with similar body mass

and comb size (248 +15 mm?) were randomly selected at the farm and
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transported to the Livestock Environment and Animal Physiology Research
Laboratory Il (LEAP 1) at lowa State University, Ames, lowa. Upon arrival, the
hens were placed in one of three environmental rooms, where they were
acclimated for 3 to 5 days under thermoneutral conditions of 22.8 +1.1 °C fy,
and 40 5 % RH. Water and feed were given ad libitum. A photoperiod of
16L:8D (light on at 6:00 AM. and off at 10:00 P.M.), as used on the farms, was
provided with fluorescent light that produced an illumination intensity of 20 lux
(1.9 fc) at the bird level.

3.2.2. Experimental Rooms and Instrumentation

One environmental room (5 L x 3.5 W x 3.0 H m each) in the LEAP I
laboratory was used as acclimation or holding room, and another room was
used as the testing room. All rooms had minimum control of t, for the incoming
air, and no control on RH. The following modifications to the testing room and
installation of control and measurement instruments were made to achieve the
desired experimental conditions and data collection. A complete description of
the system is given by Yanagi et al. (2002).

Heating and humidification in the testing room were achieved with
electrical convective heaters and humidifiers whose operations were controlled
in two stages. Each heating stage had a maximum power output of 3.0 kW. The
first humidification stage had a water output of 5.06 I hr' and the second
humidification stage had an output of 3.94 I hr'. The first stage of heating and
humidification provided the baseline or coarse control of the controlled variable,
whereas the second stage provided the fine-tuning. Measurement and control of
environmental variables were implemented via a programmable measurement-
control data logger (model CR10, Campbell Scientific, Inc., Logan, Utah) that
interfaced with an external relay driver and a ty, (0.2°C accuracy)RH (3 %
accuracy) sensor (model HMP35L, Campbell Scientific, Inc.,, Logan, Utah)
placed at the animal level. To achieve the desired V around experimental

animals, a wind tunnel (1.10 m W x 245 m L x 0.69 m H) was placed inside the
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testing chamber, circulating the room air (fig. 1). The wind tunnel was
constructed with aluminum frame and PVC sidewalls, and divided into two
regions: sensor region and animal region (0.33 m W x 0.36 m L). A plastic film
with 0.78 transmittance was used to cover the animal section of the wind tunnel
for acquisition of infrared (IR) thermal and video images of the animals under
test (described below). V was measured with an omni-directional transducer
(3% reading accuracy) (TSI model 8475-12, Davis Instruments, Baltimore, Md.)
located in the upper stream of the ventilation air; and it was controlled by
manual adjustment of the variable-speed fan. The environmental variables tqb,
RH and V were generally controlled within £0.2 °C, +2 %, and +0.02 m- s of the
respective target points.

A surgeryfree telemetric system with a 4-channel receiver (two
frequencies of 262 and 300 kHz), in conjunction with omnidirectional L-shaped
antenna (model 4000, HTI Technology, Inc., Palmeto, Fla.), was used to
continuously measure core body temperature () of the hens (fig. 2). This non-
invasive method involves ingestible telemetric pill (1.2-1.4 cm diameter x 2.5-2.8
cm L) that resides in the hens gizzard (fig. 3a). It usually took 4 to 6 hr for the
pill to reach the gizzard after being swallowed. Occasionally, the pill remained in
the crop for more than 6 to 8 hr. Since crop temperature does not represent t,, a
replacement hen was used under such circumstances. After each test, the hens
were sacrificed by cervical dislocation and the pills were retrieved and re-used if
their conditions permitted. Lifespan of the pills typically ranged from 3 to 7d.
Examples of pill appearances after various days of residence in the gizzard are
shown in figure 3b. The receiver was connected to a PC via a RS-232 serial
communication cable, providing continuous transfer of t, data collected at 4-s
intervals from the receiver to the hard drive of the PC.

An infrared (IR) thermal imaging camera (0.06 °C discernability)
(Inframetrics ThermoCAM PM250, FLIR Systems, Inc., North Bellerica, Mass.)
was mounted above the bird region to continuously display and record
thermographs of the birds. A Visual Basic (VB) program was written and used
for a PC, via RS-232 serial communication, to remotely specify camera settings
(display mode, span, focus of lens, emissivity of the subject surface — 0.95 for

birds, environmental parameters, etc.) and timed-recording of thermographs
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onto a 40 MB PCMCIA card. The recorded IR images were subsequently
analyzed with a companion program (TherMonitor 95). In additon to the IR
images, video images were continuously acquired as supplemental information

about behavior of the experimental hens. The video system consisted of a CCD
camera (model AG-6730, Panasonic), a timeelapsed VCR (model PV-V4520,
Panasonic), and a TV monitor.

3.2.3. Experimental Conditions

To determine the relationship between thermal conditons and
physiological responses of the hens, a factorial combination of the following
thermal conditions was selected: 3-level dry-bulb temperature, ty, at 35, 38,
and 41 °C, 2-level dew-point temperature, ty,, at 21.1 and 26.7 °C, and 3-evel

air velocity, V, at 0.2, 0.7, and 1.2 m- s™'. Hence, there were a total of 18 typ X typ
x V combinations.  For given & and tp, vapor pressure deficit or VPDair (Pa) of

the moist air was calculated from the following equation:

VPDgir = Pus(do) = Pw = (1 - @) CPus(dn) (1)

where ¢ is relative humidity (decimal), Py is the actual water vapor pressure

(Pa), and Rudp) is the saturation vapor pressure (Pa) at typ. For 0 < 4, < 200
°C, Pwscan be calculated using the following equation (ASHRAE, 1997):

Pws(T)= e[c‘rncz +C,4T+C,T2+C5T3+Cq mn(T)] (2)
where T is in Kand,
Cy =-5.8002206 E+03, Cs4 = 4.1764768 E-05,
C, = 1.3914993 E+00, Cs =- 1.4452093 E-08,
Cs =- 4.8640239 E02, Cs = 6.5459673 E+00.
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Hence, an alternative expression of the thermal conditons was 18 VPDair x V

combinations.

3.2.4. Bird Handling

On the night before subjecting the hens to one of the 18 thermal
conditions, a telemetric t, sensor was given to a randomly selected hen.
Following an overnight acclimation and thus establishment of baseline t, under
TN, the hen was transferred to the cage (0.33 x 0.36 m) placed inside the wind
tunnel in the testing room in the next day. Once the hen was transferred to the
test room, realtime thermographs, t, and video images of the hens were taken
each 2- or 3min interval, 5 s and continuously, respectively. During the thermal
exposure period, the hens were not provided with feed but were free for drinking

water at 24 +1°C. The hen was weighed before and after the thermal exposure.

3.2.5. Data Analysis and Development of TDI

Relationships between the thermal environment and physiological
responses of the hens were established using maximum F regression to identify
the most representative variables. The physiological response variables
examined included t, rise at 50 min (At s0), t, rise at the end of each test
(Oto eng), surface temperature (tsuf), and thermal heat load at 50 min of thermal
exposure ([350) and at the end of the tests (ng). The period of time 50 min was
selected because some birds died after 50 min of thermal exposure. Input
variables (ta, V, RH, VPDai), their non-linear transformations (tsE/V and
VPDard[V ), and normalized input variables (tib/tap, max, VPDai/ VPDair, max,, [tab —

tab, min)/[tab, max — tdb, minl, €tC.) Were tested during the development of the model.
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3.3. RESULTS AND DISCUSSION

3.3.1. Thermal Discomfort Index (TDI)

Physiological responses of the hens to acute thermal challenge,
including measured ts,s and t, and derived body heat load (B), were evaluated
for the development of TDI. Surface temperature of the hens tended to
equilibrate with ty, after some minutes of thermal exposure; thus it was not a
reasonable variable to reflect stress level of the hen. Additionally, regressions of
Aty 50 and PBsp as a function of thermal environment variables revealed that both
response variables followed the same profile. Thus, only At 50 was used as a
measurement of the hen thermal stress level.

Results of Aty at 50 min of heat exposure and at the end of tests for
each thermal condition are summarized in Table 1. At 35 °C tp, Aty ranged from
0.1 to 0.7 at 50 min into thermal exposure, and from 0.2 to 0.6 °C at the end of
the tests. At this particular thermal condition, hens were able to maintain
relatively constant t,, as can be noted from At, reduction at the end of thermal
exposure when compared to A, values obtained at 50 min into thermal
exposure. The beneficial effects of lower RH and higher V were noted for 35
and 38 °C t4,, as shown by the At, data. Effect of increasing V was much
greater than that of reducing RH. However, at 41 °C, this was insufficient to
relieve the hen from thermal stress. All birds at this ty, experienced thermal
prostration.

Correlation analysis showed that 77 % of variation in Aty end could be
explained by At 50 (Figure 4). Thus, a mathematical relationship between Aty 5o
and the normalized values of (i), and (VPDsi:/V), was established using
maximum P criterion (SAS, 2001). Using Aty 50 as the criterion for measurement
of thermal discomfort level, the TDI was related to air temperature, humidity,

and velocity as follows:

TDI = -15.17(+ 1.42) +18.62(+ 1.64)((t, ) -0.92(x 0.44)clvPD, B/V),
r?=0.75 (3)
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(vPD, B/V) = : VPDa"B/E_/V)m . (vPD, BIV),, =5.8kPam™E",
o« T PD, GV

Values in parentheses are standard errors of the regression coefficients. All
coefficients of equation 3 were significantly different from zero (P<0.05).

Based on mortality/morbidity and thermoregulatory behavior data and
their correlation to At,s5o of the thermallychallenged hens, the At,so-based TDI
values of 0 to 5.5 °C was proposed to represent the thermal discomfort state of
safe, alert, danger, and fatal (in increasing order) for the hens. Specifically, in
safe state, TDI = 0 — 0.7°C and where the hen showed no sign of stress. In
alert state, TDI = 0.7 — 1.5°C where the hen showed appreciable and stabilized
t, rise but she could keep it from rising further. In danger state, TDI = 1.5 —
21°C and it becomes increasingly difficult for the hen to maintain a stabilized
rise. In fatal state, TDI > 2.1°C where the hen lost control of t rise and thus
mortality became imminent (say, in 2-3 hours). Iso-TDI contours for various
thermal conditions are shown in Figures 5-15.

The somewhat limited number of birds involved in this study (n=54)
warrants further studies that aim to validate TDI thresholds for the proposed
stress/discomfort zones. It should be pointed out that blood samples had been
collected from the experimental hens to reveal further quantitative information
about stress level of the birds. However, at the time of this writing, the data

were not available for inclusion of analysis.
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3.4. CONCLUSIONS

A thermal discomfort index (TDI, °C), incorporating the effects of air
temperature (tab), humidity and velocity (V), was developed for 34 + 1-wk old

laying hens, based on body temperature rise after 50 minutes of acute thermal

exposures (At,s50). The thermal conditions were formed by a factorial
combination of 3 t, (35, 38 and 41 °C), 2 t, (21.1 and 26.7 °C) and 3 V (0.2,

07 and 1.2 m s ), which were alternatively expressed as 18 air vapor pressure
deficit (VPDar) x V. combinatons. The TDI had the form of

TDI = -15.17 (+1.42) +18.62(+ 1.64){t, ), -0.92(x 0.44){vPD , WV ), .

The zones of thermally safe, alert, danger, and fatal were proposed using TDI

as the guide.
3.5.NOMENCLATURES

At body temperature rise, °C

Aty 50, Aty end body temperature rise at 50 min into the thermal exposure
and at the end of the test, respectively, °C

B body heat load, °C-h

(0] relative humidity of moist air, decimal

Ci1toGs coefficients of equation for determination of saturation vapor
pressure

Pus(t) saturation vapor pressure at temperature t, Pa

RH relative humidity, %

t, tap air dry bulb temperature, °K and °C, respectively

tap air dew point temperature, C

tourf chicken surface temperature, °C

TDI Thermal Discomfort Index

V air velocity, m- s
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VPDair air vapor pressure deficit, Pa or kPa
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Table 1~ Summary of body temperature rise at 50 min (Atv, 50 min) and at the end

of the thermal exposure (At, enq) for the tested thermal environmental

conditions.
tan, VPDair Vv Test Duration Aty 50 Aty eng
co P mey (min o) o)
(RH, %)
02 185 (45) 0.70 0.05) 053 (20.18)
31@5%) 07 151 (£25) 043 (2022) 057 (20.34)
. 12 106 (£10) 0.07 (:0.15)  0.17 (x0.09)
02 175 (x22) 067 (£0.18)  0.43 (x0.26)
2.1 (63 %) 0.7 145 (+2) 0.60 (:0.25)  0.40 (x0.06)
12 130 (18) 037 (:0.18)  0.37 (20.15)
0.2 117 (£20) 190 (2067) 347 (x1.35)
4.1 (38 %) 0.7 116 (25) 123 (x0.29) 1.3 (20.38)
” 12 102 (£14) 070 (:0.10)  0.76 (x0.21)
0.2 155 (£51) 213 (30.35)  3.97 (+1.06)
3.1 (53 %) 0.7 134 (£22) 167 (0.50)  3.63 (+1.49)
12 115 (23) 120 (2068)  1.37 (20.87)
0.2 85 1) 277 (3007) 513 (20.32)
52(32%) 07 86 (£3) 32(+0.65)  5.17 (20.12)
» 12 76 (+4) 2093 (0.20)  4.63 (+0.29)
0.2 84 (19) 290 (£0.30) 447 (0.38)
43@45%) 07 91 (27) 270 (0.32)  4.90 (20.45)
12 78 (2) 3.03(2033)  4.63(20.32)
Notes:

typ = air dry-bulb temperature, °C.

VPD,;; = vapor pressure deficit of the air, calculated as the difference
between saturated vapor pressure at the given t4» and the actual
vapor pressure, kPa.

Each mean At, 50 and Aty eng represent 3 replicate non-wetted hens (Ctrl

hens).

Values in parentheses are standard errors (SE) of the means.

Each At, 50 or A, eng Value was averaged of 3 replications.
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Figure 1- Schematic top view of the wind tunnel. Air flows horizontally from
left to right. Unit of dimension: m. AOZ = animal occupied zone.

Figure 2 —Telemetric system used for measuring core body temperature of
hens: (a) receiver, (b) L-shaped antenna.

!
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Figure 3 — Ingestion of core temperature pill (a) and sensor appearances (b)

after 1, 1, and 2 days (top), and 3, 4, and 4 days (bottom) of
residence in hen'’s gizzard.
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Figure 4 — Body temperature rise at the end of thermal exposure (Atb, end) as
function of air dry-bulb temperature (tab) and body temperature rise
at 50 min of thermal exposure (At 50).

[VPD,;, * sqrt(V)],
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Figure 5— Zones of thermal combrt state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of normalized air dry bulb temperature (i),
and the normalized product of air velocity and air vapor pressure

deficit (VPDair* ~/V .
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Figure 6 — Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bub temperature (tq,) and relative

humidity (RH) for V=02m- s™.
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Figure 7— Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (ty,) and relative

humidity (RH) for V=04 m- s™.
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Figure 8— Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (iy) and relative

humidity (RH) for V=0.6 m- s™.
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Figure 9— Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (i) and relative

humidity (RH) for V=0.8 m- s™.
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Figure 10 —

Figure 11 —
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Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (t3,) and

relative humidity (RH) for V=1.0m- s™.

Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (ty,) and
relative humidity (RH) for V.=1.2ms™".
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Zones of thermal comfort state for acutely challenged laying hens

Figure 12 —
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature () and air
velocity (V) for VPD,; = 2.0 kPa.
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Figure 13— Zones of thermal comfort state for acutely challenged laying hens

using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (ib) and air

velocity (V) for VPDair = 3.0 kPa.
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Figure 14 — Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature (tas) and air
velocity (V) for VPDair = 4.0 kPa.
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Figure 15— Zones of thermal comfort state for acutely challenged laying hens
using the physiologically based thermal discomfort index (TDI) as
the guide as a function of air dry bulb temperature () and air
velocity (V) for VPD,;; = 5.0 kPa.
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CHAPTER 4

MODELING PARTIAL SURFACE EVAPORATIVE COOLING OF CHICKENS

4.1.INTRODUCTION

Surface wetting is a useful method for reducing thermal stress,
especially when relative humidity (RH) is low (MWPS, 1983). It provides more
direct cooling compared to the water evaporated from wetted porous pad or
wetted floor surfaces, because in the first case, water evaporates absorbing
heat directly from the animals’ body, and in the other cases water absorbs heat
from the surrounding air (Panagasis et al., 1992). Wetting the animal coat and
subsequent evaporation of water from it enhances evaporative heat loss without
necessarily modifying the ambient conditions (Flamenbaum et al., 1986). Less
humid air further enhances latent heat transfer. The importance of
supplementing surface wetting with convective heat transfer is well recognized
for cooling dairy cattle in humid regions (Bucklin et al., 1991). Thus, partial
surface wetting of poultry may be used for hot and humid climates, where other
types of evaporative cooling methods such as high-pressure fogging would
increase RH inside the house and be less effective in reducing effective

environmental temperature for the animals.
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Direct wetting as a means of evaporative cooling has been studied by
many researchers for a number of species, including buffaloes (Minett 1947;
Sinha and Minett, 1947; Bahga, 1980); dairy cows (Hemandez and Castellanos,
1983; Flamenbaum et al, 1986; Igono et al., 1987; Strickland et al. 1989,
Bucklin et al. 1991; Tumer et al., 1992; Hillman et al., 2001); and swine (Culver
et al., 1960; Hsia et al., 1974; Panagakis et al., 1992; Bridges et al., 2000). But
ittle research has been carried out on poultry. Early work by Wilson and
Hillerman (1952) showed a reduction of 0.3 °C in body temperature (tv) over 90
min for White Leghorns sprayed with 40 ml of 23.9 °C water within 30 s at
environment conditions of 31.1 to 43 °C air temperature (tg), 31 to 40 % RH
and 0.13 to 0.38 m s™ air velocity (V). Sprinkled water acts as artificial sweat for
the bird, and when evaporating, helps removing its body heat.

Recently, Chepete and Xin (1999, 2000) reported that intermittent
sprinkling of water on the head appendages of White Leghom hens had the
following beneficial effects: reduced t, rise (4.3 vs. 5.0 °C for control); increased
thermal tolerance (10.0 vs. 6.6 °C-hr); increased survival time (145 to >420 vs.
92 to 266 min); and reduced mortality (20 to 60% vs. 100 %). During this
experiment the hens, 20, 38 and 56 wk old, were exposed to 40.0 0.5 °C tab,
45 +3 % RH, and 0.15 to 0.20 m- s air velocity, for a maximum of 8 hr. For the
experimental conditions and a spray dosage of 8 ml, the authors recommended
a 5min sprinkling interval (SI). lkeguchi and Xin (1999, 2001) reported that an
intermittent sprinkling system enhanced egg production by as high as to 5.6% in
a commercial high-rise house during summertime in lowa.

Several models for depicting heat transfer between animals and the
environment have been proposed (Bouchillon et al., 1970; Wathen et al., 1971;
Mitchell, 1976; Mahoney and King, 1977; Bakken, 1981; Wathes and Clark,
1981; Gebremedhin, 1987; Webb and King, 1983; McArtur, 1991; Gebremedhin
and Wu, 2000). But, it is difficult to develop a complete and coupled heat and
mass transfer model that depicts the sensible and evaporative heat exchange
from the skin surface due to changing physiological responses and ambient
conditions (Gebremedhin and Wu, 2000).

The objectives of this study were to: (1) determine overall thermal

resistance of the body tissue and feathers of 34 #1 wk-old laying hens; (2)
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propose a transient heat and mass transfer model to predict t, rise of the laying
hens at 50 min into thermal exposure; (3) simulate the effectiveness of direct

evaporative cooling in reducing ty rise of the hen.

4.2. THEORETICAL MODEL

4.2.1. Assumptions

The following assumptions were made in establishment of the model:

1. The hen has a body shape of sphere,

2. The heat and mass exchange between the bird and its surrounding
environment is dynamic,

3. The heat exchange between the bird and its environment is one-
dimensional,

4. Specific heat of the hen body is the same as that of water,

5. Radiant heat exchange between the bird and its environment is
negligible, and

6. The chicken is a single isothermal core surrounded by an insulating

layer.

4.2.2. Governing Equations

4.2.2.1. Heat and Mass Balance

. A schematic representation of heat and mass transfer is shown in
Figure 1. The dots represent locations with known temperatures and the resistor
symbol represents the overall thermal resistance to heat transfer between the
body core and the feather surface.
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The heat and mass balance between the chicken and its

environment can be written as:

U, ACt, -t )-h AL, —t.)- b, B EA Epai;@p’“” YPDu: _ &, %(1)
where,

Ubs = overall heat conductance of the body tissue and feathers
(W.m?2°ch

A = surface area of the chicken (m?)

ty = core body temperature of the chicken (°C)

tsurt = surface temperature of the chicken (°C)

he = convective heat transfer coefficient (W.m2.°C™)

tair = air dry-bulb temperature (°C)

hm = convective mass transfer coefficient (m.s™)

B = percentage of surface area of the chicken being wetted
(decimal)

Pair = air density (kg.m™)

Coair = specific heat of the air (kJ.kg'.°C™)

VPD,; = vapor pressure deficit of the air (kPa)

% = psychrometric constant (kPa.°C™")

m = chicken body mass (kg)

Cow = specific heat of water (kJ.kg™.°C™)

dt,

= rate of t, change over time (°C.min™)

The bird’s total thermal resistance to heat transfer is the sum of the
resistances of the body tissue, feathers and external resistance (R = R, + R +
Re). Several authors have determined R; for birds exposed to the thermoneutral
conditons (Roller & Dale, 1963; Wathon & Dale, 1963, Davis et al., 1973;
Warring & Brown, 1967; O'Neill & Jackson, 1971; and Wathes & Clark, 1981).
The results of those investigations showed that R; ranged from 0.30 to 0.59
m?- °C- W™, with an average of 0.42 ™ °C- W™. The authors assumed that the
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external thermal resistance was 0.12 nf- °C- W™. Therefore, the mean thermal
resistance of the body and feathers would be 0.30 n* °C- W™ at thermoneutral
conditions.
The total surface @ea, A (m?) of a chicken can be determined from its
body mass, m (kg), as follows (Mitchell, 1930):
A =0.1067 Cn*™® )

4.2.2.2. Convection Heat Transfer Coefficient

Experimental data for convection heat transfer coefficients and the
results of analysis can be conveniently and concisely organized as relationships
between dimensionless groups (e.g. Re, Pr, Nu, etc.) using the Buckingham pi
theorem and the method of indexes. Thus, the convection heat transfer

coefficient, h¢, can be obtained from Nusselt number (Nu) as:

Nu [k
h, = (3)
D
where,
Nu = Nusselt number based on diameter (dimensionless)

k = thermal conductivity of air (W- m™- °C™)

D = characteristic diameter of the chicken as a sphere (m)

The characteristic diameter of the chicken as a sphere can be
calculated by the following equation (Mitchell, 1930):

D = 0.31 " @)

Similarly, Nusselt number can be calculated for the ranges of 0.70 <
Pr < 380 and 35 < Rep < 7.6 x 10*, with the following equation (Whitaker,

1972):

Nu=2+0.4[Ref +0.06 [Re/’ | Pr** (5)
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where,

Re,, =Reynolds number (dimensionless), defined as V- D/v

Pr = Prandtl number (dimensionless), defined as cp- k.

All properties were evaluated at t_ .

4.2.2.3. Mass Transfer Coefficient

The Sherwood number, Sh (dimensionless), is defined as:

sh ="nD (6)
D12
where,
D,, = binary mass diffusion coefficient (m?% s
D12 is further defined for the range 280 < T <450 K as:
T24072
D, =1.895x10"° E—lP— (")
atm
where,

Pam = atmospheric pressure (Pa)

A close analogy exists between convection heat and convection mass
transfer due to the fact that conduction and diffusion in a fluid are govemed by
physical laws of identical mathematical form, Fourier's law and Fick’s law,
respectively. Thus, the Sherwood number (Sh) can be calculated by simply

substituting Nu with Sh and Pr with Sc in equation 5 (Whitaker, 1972). Namely,

Sh =2 +(0.4 [Re? +0.06 Re?? | ¢ @)

where,
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Sc = Schmidt number, calculated as %) (dimensionless)
12
U = kinematic viscosity of the air (m* s™)

However, at low mass ftransfer rates the Lewis relaton can be

applied. Thus, heat and mass transfer coefficients are satisfactorily related as

following:

h, ©)
hm m |]-':p,air

Then, the mass transfer coefficient reduces to the following form:

h
h = < (10)
pEp,air
Substituting equation 10 into equation 1 yields:
h [A WVPD dt
Ubf [A [(tb - tsurf)_ hc [A [(tsurf _tair)_ : [B = =m Ebp,w d_eb (1)
Y

4.2.2.4. Psychrometric and Thermodynamic Properties of Moist Air

Psychrometric properties of the moist air were calculated using
empirical equations and perfect gas relationships. Saturation water vapor
pressure pys (Pa) for the range of 0 < T < 473.15 K was calculated using the
formula proposed by Hyland and Wexler (1983), as recommended by ASHRAE
(1997):

3
58002206 X107 4 3914993 -4.8640239 x10 2 [T +4, 1764768 x105 [T2 ~1 4452003 x10 ~8[T® +6 5450673 in(T)

P.. =€ 7 (12)

Partial vapor pressure p,, (Pa) can be calculated as:

P, =@ P, (13)

75



The density of air (kg- m™) can be expressed as:

-1
p= E-,R;—Dr {1+1.6078 wv)% (14)
0

atm

where the dimensionless humidity ratio W can be obtained by:

W = 0.62198 E-»Ppiw (15)

atm _pw

where,

Patm = atmospheric pressure (Pa)

The thermophysical properties of air were calculated by the following
equations proposed by Irvine and Liley (1984). The equation for constant

pressure specific heat ¢, (kJ- kg'- K), dynamic viscosityp (N- s m2) and thermal

conductivityk (W- m™ K') can be used within the specific T range of 250 <T <

2000 K, 250 < T <1050 K, and 250 < T < 600 K, respectively.

c, =1.03409-0.2848870x10 [T + 0.7816818x10™° [T* -
0.4970786x107° [T° +0.1077024x107" ("

(16)

n=-0.98601+9.80125x10° [T —1.17635575x10~ [T* +
1.2349703x107 [T° —=5.7971299x10™" [TT*

(17)

K = -2.27650 x 10~ +1.2598485 x 10~ [T -1.4815235 x 107 [T2 + (18)
1.73550646 x 107 [T® —1.066657 x10™™ [T* + 2.47663035 x 107" [T°

Maximum deviations between the calculated and experimental values

for the specific range of the equations are 0.25 % for c,: 1.25 % forp, 0.28 %
fork (Irvine and Liley, 1984).

The Prandlt Number, ratio of the momentum and thermal diffusivities,

was calculated as follows:
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pr="Ce +H (19)

The latent heat of vaporization hg (kJ- kg') for the range 273.16 < T <
338.72 K was calculated as follows (ASAE, 2000):

h, =2502.5353 - 2.3858 [{T - 273.16) (20)

4.3. EXPERIMENTAL DESIGN AND MEASUREMENTS

An experiment with factorial combination of three dry bulb
temperatures (ty,) of 35, 38 and 41 °C, two dew point temperatures (iy,) of 21.1
and 26.7 °C, and three air velocities (V) of 0.2, 0.7 and 1.2 m s was conducted
for studying physiological responses of 34 +1 wk-old laying hens. A total of 104
hens were involved. The birds were acclimated for 3 to 5 days at
thermoneutrality (TN) of 22.8 +1 °C ty, and 40 5 % RH. Water and feed were
given ad libitum. A photoperiod of 16L:8D (light on at 6:00 a.m. and off at 10:00
p.m.), same as that used on the farm, was provided with fluorescent light (20 lux
at bird level). At the night before each acute thermal exposure two hens were
randomly selected. A telemetric core body temperature (t,) transmitter was
given, via oral ingestion, to the hens to establish baseline t, at TN. After the
acclimation period, the hens, designated as treatment (Trf) and control (Ctrl),
were moved to the test chamber with tsb, RH and V controlled. Core body
temperature and surface temperature were measured continuously. Specifically,
tsur was measured through thermographs (0.06 °C of discemability). A more
detailed description of the instrumentation, thermography and t, measurements
system is given elsewhere (Yanagi et al, 2001; Yanagi et al., 2002; Brown-
brandl et al., 2001).
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4.4. RESULTS AND DISCUSSION

4.4.1. Overall Thermal Resistance of Body Tissue and Feathers (Ryy)

The overall thermal resistance of the body tissue and feathers of non-
wetted birds was determined by integrating equation 1 for 31 of the 54 Cirl birds
(e, B=0), and solving for Ry (or Usf"). Part of the data (19 tests) was not used
in determining Ry due to questionable discrepancies in relation to others. Thus,

the heat balance equation used to determine U,s has the following form:

Ubf m [(tb _tsurf)_ hc m |:(tsurf - tair) = m |Ep,w (ij% (21)

Equation 21 was integrated from 20 min to 50 min of the thermal
exposure. A starting point of 20 min into the thermal exposure was selected to
presumably allow sufficient time for the hens to reach stabilized state of
thermoregulation. The results showed that overall thermal resistance at 50 min

into thermal exposure (m? °C- W) for t, range of 35 to 41°C, Ryuiss4ic, iS

directly proportional to typ, with the following form:

R =1.324 (£ 0.091) - 0.031(+ 0.002) 1, r:=0.86 22)

bf,35-41°C

Values in parentheses are standard errors of each coefficient from

regression. The constant and the coefficient of ty, of the above equation were
statistically significant (P<0.01). Figure 2 illustrates the profile of R3s41 -c as a
function of tsb. A curve was also fitted to Rur for & range of 20 to 35 °C

incorporating both literature data at TN and data from the current study. Thus,
the profile of Ryt 2041 «c as function of ty, is shown in Figure 3.

4.4.2. Model Validation

The predicted values of t rise using equation 21 (Atps0p) Was

compared to the measured values (At som) for typ of 35 to 41 °C, {4 of 21.1 to
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267 °C,and V of 02 to 1.2 m s~ (Table 1). There was not significant difference
(t-test, P>0.05) between the predicted and the measured tv 50 for the & range of
35 to 41 °C. For this range, the absolute mean deviation and standard deviation
were 0.40 and 0.05 °C, respectively.

Tadayuki, | think that the overall higher predicted body temperature rise at least
partially attributed to the absence of latent heat loss in the prediction equation.
Although data are not readily available for LHL under the acute conditions that
we had in this case, the values depicted in the figure | emailed you would be a
good start. Say, if we use 5 to 7 W/kg"0.75 or 7 to 10 W/bird (M = 1.65 kg) or a
lower value for the cooled hen and higher value or the control hen, what would
be the results? You may have done this already, but | would like to know the
differences between the measured and predicted with this LHL term included.

We need to do so, at least for the future ASAE manuscript. Thanks. Hongwei

4.4.2.1. Effects of V and RH on At,, 5 of Non-wetted or Ctrl Hens

The model was used to delineate the effects of V and RH on Aty 50 for
tqp Of 35 to 41 °C. Bird body mass and initial  at TN were taken as 1.65 kg and
41.3 °C, respectively. Equation 1 was solved to predict Aty 50. The initial values
used to integrate equation 1 were 6,=0, t, = 41.3°C; 6; = 50 min. The results
indicated that At,50 and V were negatively correlated, as expected, because
higher V is associated with increased wind-chill effect (Fig. 4). No significant
effect of the RH on Aty 50, Was noted, although the higher RH tended to result in

greater measured Aty so.

4.4.2.2. Effect of the Direct Evaporative Cooling on Aty 50 on Sprayed Bird

The effects of 3 levels of wetness @) (5, 10 and 15% of total surface

area) were simulated to predict the influence of surface wetting on At, 50 as

compared to non-wetted or Ctrl hen 3 = 0%). Ranges in b and V were 35 to 38
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°C and 02 to 1.2 ms™, respectively. RH was taken to be constant at 45%.
Simulations made at V=0.2 m- s” showed a reduction of 0.2, 0.3 and 04 °C in
Aty 50 for B =5, 10 and 15 %, respectively, as compared to the non-wetted hen
(fig. 5). Similar simulations were made for V = 0.7 and 1.2 m- s™ and for B = 5,
10 and 15 %, respectively (fig. 6 and 7). At 1.2 m- s™ V, the reduction on Aty s0
became 0.5, 0.9 and 1.4 °C for B = 5, 10 and 15 %, respectively (fig. 8). The
combined benefits of V and [3 can help birds better cope with thermal stress,
especially at high teb. Negative At 50 values indicate that is unnecessary to wet

the bird or the wetness level is excessive for the particular environment.

4.5. CONCLUSION AND RECOMMENDATIONS

A theoretical model based on transient heat and mass transfer
balance was proposed to predict body temperature (t,) rise of laying hens
subjected to acute heat exposure. An experiment was conducted to determine
the thermal resistance of body tissue and feathers of the hen (Ro) and to
validate the predicted body temperature rise. The experiment consisted of a
factorial combination of three dry-bulb temperatures (tgp) of 35, 38 and 41 °C;
two dew-point temperatures (tqp) of 21.1 and 26.7 °C; and three air velocities (V)
of 0.2, 0.7 and 1.2 m s™. Surface temperature (k) and core body temperature
(tb) of the hens were measured continuously using thermograph and telemetry,

respectively. The following conclusions were drawn:

1. For the range of 35 to 41 °C, Ry was related to tab with the form of R = 1.3 -
0.03p (r* = 0.86).

2. The predicted t, rise at 50 min (A s50p) Matched well with the measured t,
rise (Aty 50m) for typ range of 35 to 41 °C (t-test, P>0.05).

3. Partial surface wetting coupled with air movement (V& 0.5 m- s™) effectively

reduced body temperature rise of the hen.
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Table 1— Summary of measured and predicted body temperature rise (Ato,50m,
My 505, °C) at 50 min into thermal exposure for the tested thermal
environmental conditions.

Enviro_nmental Measured Predicted AbS.OIl.‘te
Variables Deviation
ts (°C)
tan dap \) Number
°C) (5‘;4, (m-s")  of Reps. Aty 50m Aty 505 Aty 500~ At 50m
02 3 0.70(x0.17) 1.03(20.05) 0.33(x0.17)
21.1
(45 %) 0.7 3 0.43(+0.22) 0.54 (+0.07) 0.18(x0.13)
12 3 0.07(+0.15) 0.26 (+0.05) 0.24 (+0.15)
35
0.2 3 0.67 (£0.18) 1.09(20.05) 0.43(x£0.22)
26.7
(63 %) 0.7 3 0.60(+0.25) 0.59(+0.06) 0.25(%0.07)
12 3 0.37(x0.18) 0.15(x0.01) 0.25(+0.15)
0.2 3 1.90(+0.67) 1.28 (+0.05) 0.83(+0.52)
21.1
(38 %) 0.7 3 1.23(+£0.28) 1.13(20.02) 0.32(+0.16)
12 3 0.70(x0.10) 1.00(£0.04) 0.30(%0.06)
38
02 2 1.80 (x0.20) 1.18(20.08) 0.62(+0.12)
26.7
(53 %) 0.7 2 1.20(+0.30) 1.29(+0.13) 0.43(x0.09)
12 3 1.23(+0.38) 1.02(£0.11) 0.30(x0.24)
0.2 1 2.70 () 2.39 (-—--- ) 0.31 (-—----- )
21.1
(32 %) 0.7 2 2.70(+0.80) 2.05(x0.33) 0.65(£0.47)
12 2 2.95(+0.35) 2.65(+1.06) 0.71(x0.30)
+41
0.2 3 2.90(+0.30) 2.41(+0.47) 0.49(£0.17)
26.7
(45 %) 0.7 3 2.33(x0.23) 2.20(+0.03) 0.23(x0.16)
12 2 2.75(+0.15) 2.14(+0.22) 0.61(x0.37)
Overall Mean Absolute Deviation: 0.40
Overall Standard Error of the Absolute Deviation: 0.05
ttest Results
Envir Degrees Mean Alys) Variance t-test
o of Measured Predicted Measured Predicted tealculated teritical, 05
tap (°C) ’
Freedom
35-41 46 1.38 1.26 1.09 0.63 1.68
Notes: tan, b = dry-bulb and dew-point temperatures of the air, respectively, °C.

RH = air relative humidity, %.
V = air velocity, m- st
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t,, (°C)
V (m.s")
RH (%)

heony (W.m2 °C*1)
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Ry (:m2.°C. W)

Figure 1 — Schematic representation of heat and mass transfer of the hen.
Notes: ty, = air dry-bulb temperature, V = air velocity, RH = relative
humidity, hc = convective heat transfer coefficient, ym1 = mass
transfer coefficient, tsur = hen surface temperature, Ry = thermal
resistance of hen body tissue and feathers, and t, = hen core body
temperature.
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Figure 2— Thermal resistance of hen body tissue and feathers (Rof3s41 -c,
m2- °C- W) as a function of dry-bulb air temperature (t4, °C) ranging
from 35 to 41 °C.
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Figure 3 —

Figure 4 —

%% —————r—— e
— ] [o] ]
- 1 0 . 1
. ] O Literature ]
;_ 04 ] ®  Current Study 7
(&) ] ]
o
~ "
£
N
[S)
o
-
¥
(=]
N
Y
+
]
14

ta (°C)

Thermal resistance of hen body tissue and feathers (Rof2041 <c,
m?- °C- W™ as a function of dry-bulb air temperature (ts, °C) ranging
from 20 to 41 °C.
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Effect of air velocity (V) and dry-bulb temperature () on body
temperature rise of non-wetted hen at 50 min into thermal exposure
(Atb,50).
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Aty 5 (°C)

ty, (°C)

Figure 5— Effect of wetness level (B) and dry-bulb temperature (ty) on body
temperature rise of hens at 50 min into thermal exposure (Aty s0) at
air velocity of 0.2 m- s™.
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Figure 6 — Effect of wetness level (B) and dry-bulb temperature (ty) on body
temperature rise of hens at 50 min into thermal exposure (Atos0) at
air velocity of 0.7 m- s™.
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Aty 50 (°C)

t,, (°C)

Figure 7— Effect of wetness level () and dry-bulb temperature (ty) on body
temperature rise of hens at 50 min into thermal exposure (At s0) at
air velocity of 1.2 m- s™.
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Figure 8 — Effect of air velocity (V) and wetness level () on body temperature
rise of hens at 50 min into thermal exposure (At s0) for 4, = 35 °C
and RH = 45%.
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Figure 9 —

Figure 10 —
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Effect of air velocity (V) and wetness level () on body temperature
rise of hens at 50 min into thermal exposure (At 50) for tin = 38 °C
and RH = 45%.
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Effect of air velocity (V) and wetness level () on body
temperature rise of hens at 50 min into thermal exposure (At,so)
for typ =41°C (b) and RH = 45%.
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GENERAL CONCLUSIONS

An experiment was carried out to optimize the water requirement for
intermittent partial surface cooling of 34 +1 wk-old Hy-Line W-98 laying hens
subjected to 18 factorial combinations of 3 dry-bulb temperatures (tqp) (35, 38
and 41 °C), 2 dew-point temperatures (tap) (21.1 and 26.7 °C) and 3 air
velocites (V) (02, 0.7 and 12 m- s’). An instrumentaton sysem for
measurement and control was developed to conduct the experiment inside an
environmental room. Physiological data of the hens, surface and core body
temperatures, were acquired via thermography and telemetry, respectively.
Empirical equation of evaporaton rate was developed based on the
environmental conditions tested. A thermal discomfort index for the control birds
was also developed. Furthermore, a theoretical heat and transfer model was
developed to depict the body temperature rise of the hens into the thermal
exposure. The work is written in four independent chapters, with each
representing a manuscript for journal publication consideration.

First, the control and measurement system developed for studying
thermal challenge of laying hens performed satisfactorily. The system features
control of the thermal conditions and acquisition of physiological responses of
the hens, such as surface temperature and core body temperature. It allows the
achievement of the following micro-environment at the animal-occupied zone:

air temperature of 35 to 41 ¢0.2) °C, relative humidity of 33 to 63 (+2) %, and

air velocity of 0 to 1.5 m-s”’. The noncontact measurement of surface
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temperature via thermography has a high resolution (0.06°C) and avoids the
stress caused by the methods involving sensors attached to the animal. The
telemetry system used to measure core body temperature produced results
similar to the conventional rectal probe sensors while eliminating the extra
stress to the animal due to the sensor attached to cloacae.

Second, cooling water needs of intermittent partial surface wetting to
reduce thermal stress of laying hens were expressed as spray interval (Slig) of
a nominal spray dosage of 10 ml- spray” or evaporation rate (ER, mimin"Hen
"). The spray interval (Sho) was directly proportional to air vapor pressure deficit
(VPDair) and V, whereas ER was directly proportional to the product of
VPD, +/V. These empirical equations are useful as the basis to optimize the
direct evaporative cooling system under commercial production conditions.

Third, the thermal discomfort index (TDI) integrated the effects of air
temperature, humidity and velocity on the thermal comfort state of the birds.
The TDI was expressed as a function of he normalized t, and the normalized
product of VPD, +/V. The normalization was performed by dividing the variable
by its maximum value. Four thermal comfort state zones of safe, alert, danger,
and fatal were proposed using TDI as the guide.

Fourth, a theoretical heat and mass transfer model was developed to
predict the body temperature rise of the hens for thermal exposure to ty, of 35 to
41 °C, VPDair of 0 to 5 kPa, and different degree of surface wetness. The model
performed reasonably well in predicting body temperature rise of the hen after
50-min exposure to the thermally challenging and alleviating conditions.

This study demonstrated the benefits of intermittent partial surface
wetting for alleviating thermal stress of laying hens. The new thermal discomfort
index, compared with the temperature and humidity index (THI), presents the
advantage of incorporating V, an extremely important variable in modern poultry
housing, into assessment of the microenvironment. . The instrumentation
developed serves as a good tool for the conduct of similar investigations. The
theoretical model is of reference value for better understanding the processes
involved in the direct evaporative cooling, providing information concerning
scenarios to improve this thermal relief method. Although the information

presented in this thesis reflects U.S. conditions, the results are applicable to
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Brazilian situations. Modifications to the system can be easily made to
incorporate the effect of solar radiation that is an integral part of the thermal

environment for Brazilian poultry production.
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