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Industry Summary 
Heat stress in growing pigs causes major economic and productivity losses for swine producers. 

While tunnel ventilation helps reduce heat stress by increasing airspeed inside barns to remove 

heat from the pigs, it becomes ineffective when the air temperature is equal to or greater than the 

skin temperature of the pigs. At this point, additional means for cooling are needed thus, for 

growing pigs, most facilities are equipped with low-pressure, large droplet sprinkler systems that 

are used for wetting the pigs. Once the pigs are wet, water evaporates from their skin and as water 

evaporates (changes from liquid to vapor) it removes heat directly from the pig. This cools the pigs 

and reduces the negative impacts of heat stress. 

The major challenge with sprinkler systems is their operation. Currently, controllers operate with 

fixed “on” (sprinklers dispersing water) and “off” (evaporation time) intervals. This can lead to 

excess water usage and be ineffective at providing heat stress relief by: (i) applying more water to 

the animal when the previous water application has not evaporated and (ii) wasting unnecessary 

time once all the water has evaporated and the animal requires additional cooling. Further, there is 

no consideration for the environment inside the room and the impact it has on heat stress. Heat 

stress severity for growing pigs and estimated water evaporation rate must be characterized by the 

effective environment (air temperature, relative humidity, and airspeed) and pig body weight to 

make evidence-based and improved management decisions. 
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The goals of this project are to improve our understanding of the impact of cooling with sprinklers 

on growing pigs and create a new real-time control algorithm (Variable Interval Swine Sprinkler 

Control System; VISSCoS) that dynamically changes the ‘off’ interval (water evaporation time) 

based on dry-bulb temperature, relative humidity, airspeed, and pig body weight.  

Initially, an analytical heat and mass transfer model for evaporating water on pigs was developed 

to estimate heat loss and the time for an assumed amount of water to be evaporated. This model 

was then validated using a simplified geometry (heat cylinder wrapped in chamois) in a custom 

environmental chamber. A control algorithm was then developed to determine the effective 

environment conditions to turn the sprinklers on (adapted from NPB#15-175) and estimate 

evaporation time. Two field performance evaluations were conducted. Exp. 1 was performed 

during summer 2018 in northeast Iowa, at a four room (~1,875 head per room) grow-finish facility 

with side-by-side rooms separated by a hallway. A mobile computer was interfaced with a custom 

multifunction data acquisition system to control the existing sprinkler system in two rooms while 

the other two room used the producers standard evaporating cooling pad operational protocol. Data 

were collected for 12 weeks (Jul 5 to Sep 30) to assess water usage, average daily gain of six pens 

per room, and thermal environment. Exp. 2 was performed in summer 2019 in northcentral Iowa 

at two wean-finish power-tunnel ventilated sites, each featuring four rooms (~1,200 hd per room). 

The sprinkler control algorithm was integrated into a commercial controller and used to operate 

the sprinklers in two randomly selected rooms per site which compared to the integrator’s standard 

hot weather protocol (1 minute “on,” 14 minutes “off”). Average daily gain was assessed for 6 

pens per room by individually weighing pigs every 3 weeks for a 12-week duration. 

The key findings of this project were: 

• A completely new and unique approach to controlling sprinkler systems for cooling 

finishing pigs was created and tested such that producers can readily implement the direct 

outcomes of this project. 

• The developed analytical model reasonably estimated the ‘off’ time interval for sprinkler 

systems, which is the duration needed for water applied to growing pigs to evaporate. 

• The model was successfully integrated into a full-functional control logic for operating 

typical sprinkler systems in finishing facilities. 
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• Growing pigs raised in an environment conditioned with an evaporative pad were placed 

at heavier weights (p<0.05) and resulted in an overall lower ADG (0.95 kg d-1) compared 

to pigs raised with VISSCoS, which finished heavier (p<0.05) and an overall greater ADG 

(1.06 kg d-1; p<0.05).  

• Growing pigs raised in a common high airspeed environment (tunnel) compared to pigs 

raised with high airspeed plus VISSCoS, showed no statistical difference in ADG at site A 

and site B. 

This new information and technology will assist producers in the development of better 

management strategies for improving seasonal productivity limiting negative effects of heat stress. 

In addition, this new control algorithm has been successfully integrated in a commercially 

available controller for immediate use by producers. 

For more information, please contact Dr. Brett Ramirez in the Department of Agricultural and 

Biosystems Engineering at Iowa State University. Email: bramirez@iastate.edu. 

Key Findings 
• A completely new and unique approach to controlling sprinkler systems for cooling 

finishing pigs was created and tested such that producers can readily implement the direct 

outcomes of this project. 

• The developed analytical model reasonably estimated the ‘off’ time interval for sprinkler 

systems, which is the duration needed for water applied to growing pigs to evaporate. 

• The model was successfully integrated into a full-functional control logic for operating 

typical sprinkler systems in finishing facilities. 

• Growing pigs raised in an environment conditioned with an evaporative pad were placed 

at heavier weights (p<0.05) and resulted in an overall lower ADG (0.95 kg d-1) compared 

to pigs raised with VISSCoS, which finished heavier (p<0.05) and an overall greater ADG 

(1.06 kg d-1; p<0.05).  

• Growing pigs raised in a common high airspeed environment (tunnel) compared to pigs 

raised with high airspeed plus VISSCoS, showed no statistical difference in ADG at site A 

and site B. 
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Scientific Abstract 
Heat stress in growing pigs causes major economic and productivity losses. Low-pressure, large 

droplet sprinkler systems are a simple and cost-effective method for mitigating the impacts of heat 

stress, but control of these systems has no basis for operation attributed to animal energetics. This 

has led to sub-optimal growth and excess water usage. A novel Variable Interval Swine Sprinkler 

Control System (VISSCoS) was developed to dynamically changes the ‘off’ interval (water 

evaporation time) based on dry-bulb temperature, relative humidity, airspeed, and body weight. A 

theoretical convective mass transfer model (i.e., evaporation) estimated water evaporation rate as 

a function of the thermal environment, surface area, skin temperature, and volume of water applied. 

The VISSCoS was implanted on a mobile computer interfaced with a multifunction data 

acquisition system to control the existing sprinkler system in two rooms (~1,875 head per room) 

of a grow-finish facility in northeast Iowa. Data were collected for 12 weeks (Jul 5 to Sep 30) to 

assess water usage, average daily gain of six pens per room, and thermal environment. A second 

field trial compared The developed analytical model reasonably estimated the ‘off’ time interval 

for sprinkler systems, which is the duration needed for water applied to growing pigs to evaporate. 

The model was successfully integrated into a full-functional control logic for operating typical 

sprinkler systems in finishing facilities. Growing pigs raised in an environment conditioned with 

an evaporative pad were placed at heavier weights (p<0.05) and resulted in an overall lower ADG 

(0.95 kg d-1) compared to pigs raised with VISSCoS, which finished heavier (p<0.05) and an 

overall greater ADG (1.06 kg d-1; p<0.05). Growing pigs raised in a common high airspeed 

environment (tunnel) compared to pigs raised with high airspeed plus VISSCoS, showed no 

statistical difference in ADG at site A and site B. 

Introduction 
Heat stress (HS) is an environmental stressor that has severe productivity and economic losses 

throughout all stages of pig production. Annual estimated losses have been shown to range from 

330 million (St-Pierre et al., 2003) to 1 billion USD (Pollmann, 2010). Reductions in voluntary 

feed intake and average daily gain are observed for growing pigs (Renaudeau et al., 2012) and in 

the breeding herd, HS is characterized mainly by anestrus, increased wean-to-estrus interval, 
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decreased farrowing rate, and reduced litter size (Ross et al., 2015). Heat stress also negatively 

impacts animal welfare through increased mortality and can increase the susceptibility to health 

challenges. Seasonality continues to be a major challenge and requires novel approaches to identify 

and reduce the negative impacts of HS.  

When pigs are exposed to environmental conditions that are not capable of dissipating 

metabolically generated heat, their average body temperature increases and eventually exceeds the 

upper critical temperature (upper limit of their thermoneutral zone; TNZ); thereby, resulting in HS 

(Curtis, 1983; DeShazer, 2009). The TNZ range changes predominately as a function of body mass 

due to a decreasing surface area to mass ratio and increasing metabolic heat production (MHP) 

throughout growth. Different physiological (respiration rate) and behavioral (separation, 

wallowing, activity) responses are used to cope with increasingly warm environmental conditions, 

but pigs mainly depend on reducing MHP by reducing voluntary feed intake (Le Dividich et al., 

1998; Renaudeau et al., 2011). Consequently, growing pigs exposed to HS experience reduced 

weight gain and impaired feed efficiency leading to mortality, higher input costs, increased days 

on feed, and lighter market weights. 

Pigs exchange sensible (convection, conduction, radiation) and latent (evaporation) heat with their 

surroundings to maintain homeothermy. The thermal environment (TE; dry-bulb and mean radiant 

temperature, relative humidity, and airspeed) characterizes this heat exchange process (DeShazer, 

2009) and can be manipulated to reduce HS by physically modifying the thermal environment 

(indirect cooling) and/or increasing heat loss from the body surface (direct cooling). Indirect 

cooling is the conditioning of surrounding Tdb to the meet the pig’s TNZ via mechanical direct-

expansion systems, evaporative cooling pads, or high-pressure fogging/misting (Haeussermann et 

al., 2007). A cooler Tdb allows sensible heat loss modes (convection and radiation) to govern, but 

these systems are economically unviable (mechanical AC and evaporate pads) for growing pigs or 

result in too moist conditions (misting/fogging) for equipment and caretakers.  

Alternatively, direct cooling increases the rate of heat loss directly from the body surface 

(skin/pelage) of the pig. Direct cooling can be achieved by elevated airspeed, wetted skin, and 

conductive (floor) cooling. Elevated airspeed achieved by tunnel ventilation, stir/mixing fans, or 

wind is the most widely used strategy as it is cost-effective and easily implemented; however, as 

Tdb approaches skin temperature, heat loss diminishes. Also, the convective benefit (heat loss per 
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unit airspeed) decreases as airspeed increases, thereby limiting the effectiveness of airspeed alone 

(Hoff, 2013). Low-pressure sprinkler systems disperse small droplets of water to form a thin layer 

that can evaporate from the skin of the animal; thus, are effective when a large surface area is 

wetted, a large vapor pressure concentration gradient exists, and an ample airspeed is present to 

increase the rate of evaporation. Sprinklers are economical and substantially increase heat loss for 

HS amelioration. 

Current control systems for sprinklers typically allow users to select a fixed “on” (i.e., dispersion 

of water) and “off” (i.e., evaporation) duration for a desired Tdb (often only for two Tdb). This can 

lead to excess water usage and are ineffective at providing HS relief by: (i) applying more water 

to the animal when the previous water application has not evaporated, and (ii) wasting unnecessary 

time once all the water has evaporated and the animal requires additional cooling. In order for a 

sprinkler control system to be optimized for maximum heat loss potential, it must have real-time 

information on the TE coupled with a theoretical convective mass transfer model to accurately and 

dynamically determine “off” time. 

The impact of different cooling technologies on growth performance have been explored on 

individual animals or small groups under controlled conditions (Givens et al., 1974; Huynh et al., 

2005), but have not been scaled to commercial sized facilities. Simulation models have been 

developed to evaluate the effectiveness of evaporative pad cooling, misting, and sprinkling on 

removing heat from pigs (Gates et al., 1991a; Gates et al., 1991b). Further, several efforts have 

used models to optimize control for cooling technologies using economics or the temperature 

relative humidity index has the minimizing function (Bridges et al., 1998); however, these 

concepts have not been implemented into a commercial facility and experimentally validated. 

There is a requisite opportunity for a control system that quantifies the complete thermal 

environment and can optimize the selection of thermal environment modification technologies 

based on their capability to remove heat from the animal. 

Objectives 
This project describes the development and application of a novel Variable Interval Swine 

Sprinkler Control System (VISSCoS) to dynamically change the ‘off’ interval (water evaporation 

time) based on real-time thermal environment conditions and estimated pig body weight to 

improve performance with optimal water usage. Hence, the objectives were: (1) describe an 
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analytical heat and mass transfer model for evaporating water on pigs, (2) empirically validate the 

model created in objective 1 with a laboratory scale simplified geometry model, (3) integrate 

objective 1 into an automated control system to operate the sprinkler system in a commercial grow-

finish facility, (4) conduct two field performance evaluations to compare the growth performance 

in two different facility styles with VISSCoS. 

Materials and Methods 
Analytical Analysis 

Evaporative heat loss from the skin is a function of the amount of moisture on the skin and the 

water vapor pressure gradient between the skin and the ambient environment (Equation 1).  

𝑞𝑞𝑒𝑒 = 𝐿𝐿𝐿𝐿 ℎ𝑐𝑐 𝐴𝐴𝑤𝑤 �𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠 − 𝑝𝑝𝑎𝑎� (1) 

 qe = evaporative heat loss (W) 
 LR = Lewis ratio (K Pa-1)  
 hc = convective heat transfer coefficient (W K-1 m-2) 
 Aw = wetted area (m2) 
 pskin,s = skin saturated water vapor pressure (Pa) 
 pa = ambient water vapor pressure (Pa) 
 

A pig was assumed to be represented by a simplified geometry, that is, a cylinder in crossflow with 

a 40% wetted area and length and diameter proportional to body mass (figure 1). The convective 

heat transfer coefficient (hc) of a cylinder was estimated from the Nusselt number (Holman, 2002) 

and the simplified relation using body weight and airspeed (Bruce & Clark, 1979). Then, hc was 

adjusted based on Li et al. (2016) relating a cylinder in crossflow to a 3D pig model from 

computational fluid dynamics simulations in a fictional wind tunnel.  

Saturated water vapor pressure at the skin was estimated from skin temperature, RH = 98%, and 

barometric pressure. Ambient water vapor pressure was estimated from ambient tdb, RH, and 

barometric pressure as a function of altitude (ASHRAE, 2013).  

The Lewis relation depicts the association between convective heat and mass transfer coefficients 

for a surface and is expressed as the Lewis ratio (LR). While LR is often assumed a constant 16.5 

K kPa-1 (ASHRAE, 2013), it is defined as a function of film temperature and moist air density, 

latent heat of vaporization (a function of skin temperature), specific heat of water (a function of 
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humidity ratio at film conditions), and Lewis number (ratio of thermal diffusivity to mass 

diffusivity; expressed at film conditions; Fobelets & Gagge, 1988).  

The evaporation rate of water from a pig’s surface can be estimated from evaporative heat loss and 

the latent heat of vaporization (Equation 2). 

�̇�𝑚𝑒𝑒 =
𝑞𝑞𝑒𝑒
ℎ𝑓𝑓𝑓𝑓

 (2) 

 �̇�𝑚𝑒𝑒  = evaporation rate (kg s-1) 
 hfg = latent heat of vaporization (kJ kg-1) 
 

Finally, evaporation time (Equation 3) is calculated from the mass water (on the object, assumed 

from layer thickness and wetted area) divided by evaporation rate. 

𝑡𝑡𝑒𝑒 =
𝑚𝑚𝑤𝑤

�̇�𝑚𝑒𝑒
 (3) 

 te = evaporation time (s) 
 mw = mass of water (kg) 
 

A range of environmental conditions and pig body masses were simulated to show the interaction 

with estimated evaporation time. In addition, a sensitivity analysis was conducted to show relative 

impact of model parameters on evaporation time. 

 

 

    

 

 
 

   
  

  

 
 

 
 

 
 

Figure 1. Pictorial representation of analytical model developed for calculating water evaporation. 
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Simplified Geometry Model Validation 

The analytical evaporative transfer model was validated with experiments performed on a 

simplified pig in a controllable chamber at different thermal environment conditions to compare 

the measured evaporation time with predicted. 

Experimental Setup 
A chamber (L × W × H) with dimensions of 0.89 × 0.52 × 0.52 m featured a 0.2 m diameter 

galvanized steel cylinder mounted at the center, spanning the width of the chamber (figure 2). The 

cylinder was wrapped in a thin chamois and three flexible heaters were coiled on the inside such 

that the flexible heaters maintained contact with the interior cylinder walls. A flow straightener 

separated the chamber from a 0.45 × 0.52 × 0.52 m entry section, which was responsible for 

transitions to a 0.15 m diameter duct to the square opening of the chamber. An air handling unit 

provided controlled tdb and RH conditions through an insulted flexible duct connected the entry 

section. A manual damper controlled flow and subsequently airspeed across the cylinder. A tray 

was placed below the cylinder to collect any water that rolled off. 

A custom omnidirectional thermal 

anemometer (Gao, Ramirez, & Hoff, 

2016) was mounted above the cylinder 

to measure airspeed (figure 3). A digital 

IR thermometer was mounted slightly 

above the cylinder. The chamois 

changed color as it dried allowing this 

color response to be captured by a Figure 3. Picture from inside the environmental chamber for 
water evaporation experiments. 
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Figure 2. Experimental setup for validating water evaporation model. 
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photocell mounted near the chamois. In addition, inlet and outlet tdb and RH were measured. 

Data Acquisition and Procedure 
A microcontroller with a time-proportioning PI control algorithm controlled surface temperature 

at a constant 34°C. The microcontroller was also interfaced with two 4-channel, 16-bit ADCs to 

collect tdb, RH, photocell, and airspeed analog responses. 

Once the conditions in the chamber were stable, water was sprayed onto the cylinder and allowed 

to evaporate completely. The mass of water applied was determined as the change in mass of the 

spray vessel measured before and after spraying, plus the addition of any water that rolled off. 

Experimental conditions included the nominal combinations of tdb (28°C, 33°C, and 38°C), RH 

(40% and 65%), and airspeeds (1 and 2 m s-1). 

Statistical and Data Analysis 
Data were processed in Matlab (R2017a, The Mathworks, Inc., Natick, Massachusetts, USA). 

Evaporation time was determined based on the photocell analog response. Once the photocell 

response returned to baseline (i.e., dry) after wetting, the chamois was assumed to be dry. This was 

verified prior to experiment to ensure accurate results. A linear regression model was fit to the 

predicted and measure evaporation time to assess the accuracy of the model over the range of 

conditions. 

Field Performance Evaluation - Exp. 1  

As part of a larger study, a 7,500 hd commercial, deep-pit, grow-finish facility located in northeast 

Iowa, USA featured four rooms: two side-by-side rooms located across from each other with a 

common hallway in between (figure 4). Room dimensions (L × W × H) were 61 × 20 × 2.54 m 

and each room housed ~1,875 hd in 12 large pens. The length of the building was orientated along 

the North-South axis. The negative pressure ventilation system was fully mechanical with 100% 

of fresh air distributed through ceiling inlets (bi-flow) by six exhaust fans in each room. On each 

end of the building, fresh air entered through a 0.1524 m thick EP and into a common spray-foam 

insulted attic plenum that was shared by all the rooms. The attic plenum was separated in half with 

plastic sheets – effectively dividing the airspace for the North and South set of side-by-side rooms. 

This was to prevent air mixing between the North and South attic plenums; hence, different 
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conditioned fresh air treatments would only be applied to two rooms, while the other two rooms 

could be controlled differently.  

 

 

Instrumentation 
Three thermal environment sensor arrays (TESAs; Ramirez et al., 2018a) quantifying dry-bulb 

(Tdb) and black globe (Tbg) temperature (nominal 10 kΩ at 25°C, NTCLE413E2103F, Vishay), 

relative humidity (RH; HIH-4000, Honywell), and airspeed (Gao et al., 2016) were placed in each 

room and served as feedback to the control system for evaluating the TE and potential HS 

conditions. A +5 VDC adapter powered each TESA via 120 VAC receptacles in the rooms. TESA 

construction was modified from Ramirez et al. (2018a) to feature an improved weatherproof 

housing and additional sensor protection to prevent direct contact with water from the sprinkler 

system. Five analog signals plus ground for each TESA were connected via 6-connducter shielded 

wire to one multifunction data acquisition system (MDAQS; U6, LabJack Corp.) with a 16-bit 

Figure 4. Facility layout and location of environmental sensors. South rooms featured sprinkler control and 
North rooms were conditioned with an evaporative cool pad. Attic was divided into two separate plenums to 
keep cool and humid air downstream of the evaporative pad from mixing with incoming air from the south. 
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analog to digital converter. Four terminal boards (CB37, LabJack Corp.) were connected to an 

analog input expansion board (Mux80, LabJack Corp.) to accommodate the 60 analog signals from 

the 12 TESAs (figure 5). Ambient temperature and RH (±0.2°C, ±2.5% RH; MX2301, Onset 

Corp.) were measured in 15 min intervals. 

A solenoid, flowmeter, water temperature 

(±0.15°C; PT100 RTD; TE-IBN-D0444-14, 

Dwyer Instruments, Inc.), and water pressure 

(Dwyer Instruments, Inc.) sensors were added in 

parallel with the existing sprinkler system 

solenoid (‘on’ temperature set to 32.2°C for 

emergency backup). The digital output on the 

MDAQS was interfaced with a solid-state relay 

to switch and energize the 120 VAC solenoid. A 

4-channel pulse data logger (UX120-017, Onset Corp.) was used to record the number of pulse 

signals per 30 s interval. Signals from the water temperature (LJTick-Resistance-10k, LabJack 

Corp.) and pressure (LJTick-CurrentShunt, LabJack Corp.) were conditioned prior to analog 

measurement with the MDAQS.  

Software 
Custom software (Python 2.7, Python 

Software Foundation) was developed 

in an integrated development 

environment (PyCharm 2017.3.4, 

JetBrains) on a portable computer 

interfaced with the MDAQS. The 

control system was developed to assess 

the TE from TESA feedback, operate 

the sprinkler systems based on 

estimated average Housed Swine Heat 

Stress Index (HS2I; Ramirez, 2018b; 

figure 6), and predict evaporation time. Inputs to HS2I include bodyweight, group size, Tdb, RH, 

Figure 5. Instrumentation for controlling sprinklers 
and collecting water and environmental data. 

Figure 6. Explanation of the Housed Swine Heat Stress Index 
(HS2I) as depicted in Ramirez et al. (2018a). 
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airspeed, and wetted skin. It is based on the simulated mean body temperature (physiological 

response; Ramirez et al., 2017) difference from 39°C (the assumed mean body temperature of a 

pig existing within its thermal comfort zone) into a dimensionless indexed value ranging from 0 

(thermally comfortable) to 10 (severely heat stressed), with intermediate values 3 to 6 as 

moderately heat stressed.  

Data were recorded at 1 Hz and saved hourly in .csv files located in a folder synced with a cloud 

service storage provider.  

Algorithm Development 
Data were collected from July 7, 2017 to July 30, 2017 in order to develop the preliminary 

algorithms to control the sprinkler and EP cooling systems and to simulate the control logic prior 

to implementation. A program developed in MATLAB (R2017b, MathWorks Inc.) processed *.txt 

files and filtered irregular values. Data from each source were synchronized using linear 

interpolation to a uniform 5-min interval time vector. 

Conceptually, each day, given the ambient weather forecast, the control system would model pig 

performance penalty using the three aforementioned cooling system methods to subsequently 

determine the best strategy to minimize the impact of heat stress. Heat stress impact was calculated 

using the Housed Swine Heat Stress Index (HS2I; Ramirez, 2017a) which accounts for 

bodyweight, group size, Tdb, RH, airspeed, and wetted skin. The HS2I was developed to convert 

the simulated mean body temperature (physiological response; Ramirez et al., 2017b) difference 

from 39°C (the assumed mean body temperature of a pig existing within its thermal comfort zone) 

into a dimensionless indexed value ranging from 0 (thermally comfortable) to 10 (severely heat 

stressed), with intermediate values 3 to 6 as moderately heat stressed.  

The initial objective was to estimate room Tdb and wet-bulb temperature (Twb; ASHRAE, 2013) 

given ambient conditions and EP operation (i.e., on/off). The EP was independently operated to 

turn on at a room temperature of 23.9°C. Data from the 23-d period was sorted between evaporative 

cool pad on and off for the two North and South rooms. Least squares regression was used to 

develop relationships to estimate North and South room Tdb, Twb with EP on, and Twb with EP off. 

Measured and predicted conditions for the aforementioned six parameters were compared. 
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Experimental Setup 
Pigs were initially individually weighed and placed in six quasi-randomly selected pens 

(experimental unit) per room on July 3, 2018. Weight measurements were taken corresponding to 

four periods: Period 0 (days 1-14), Period 1 (days 14-35), Period 2 (days 35-56), and Period 3 

(days 56-77). Mortalities were removed from the pens and weighed on a daily basis.  

Field Performance Evaluation - Exp. 2 

The objective of this aspect of the project was evaluate the performance of a traditional tunnel 

ventilated facility with and without VISSCoS. Two sites located in northcentral Iowa were selected 

to test this objective. Each site featured four rooms (~1,200 hd per room) in a doublewide H 

configuration with a centrally located office. Each room was negative pressure, fully mechanical 

ventilation (power-tunnel). This is, power ventilation featured fresh air distribution through ceiling 

inlets in cold to mild conditions and in tunnel mode, fresh air was pulled the length of the building 

from the tunnel curtain at the one end wall to fans at the other end wall in hot conditions. Site A 

was orientated with the long axis of the facility perpendicular to the North-South axis and Site B 

was opposite. 

Instrumentation 
In each room, air temperature and relative humidity were monitored in three locations (one-third 

from each endwall and at the room center). Airspeed was measured in one location near the room 

center to avoid elevated airspeeds due to the vena contracta effect caused by tunnel ventilation 

(Luck et al., 2014). A commercially available data acquisition and control (DAQC) system 

(Maximus, Maximum Ag Technologies, Jenison, MI) was utilized to condition sensor signals, 

record measured values, and control sprinkler operation in treatment rooms via a solenoid. Each 

site was internet enabled via a mobile hotspot to remotely access the data and in real-time, view 

the system status. 

Experimental Setup 
Two rooms at each site were randomly 

selected as the control and treatment rooms. 

The control featured the normal ventilation 

with a 15 minute duty cycle sprinkler starting 

at 85°F and the treatment featured VISSCoS. 

Table 1. Growth periods for each site. 
Growth 
Period 

Denmark 32- Site A Denmark 13- Site B 
Start Date End Date Start Date End Date 

1 6/10/19 7/2/19 6/11/19 7/3/19 
2 7/2/19 7/23/19 7/3/19 7/24/19 
3 - - 7/24/19 8/15/19 
4 - - 8/15/19 9/6/19 
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Six pens (each pen holding a maximum of 35 pigs) in each of the control and treatment rooms 

were quasi-randomly selected. Pigs were individually identified with RFID ear tags by the 

producer at placement and then individually weighed at the start of each growth period as indicated 

in table 1. Pigs were weighed between 48 and 24 hours prior to being loaded for market. Mortalities 

were identified and removed daily. Mortality weight was not recorded for this experiment. Thus, 

ADG calculated for was solely based on the weight gain and head days of the pigs marketed. 

Data and Statistical Analysis 
Production data for both field experiments 1 and 2 were processed using Excel and analyzed using 

JMP versions 13 and 14 (SAS, Inc.). For each experiment a pen average daily gain was calculated 

based on the weight gain of the pen in total divided by the total head days during the period. This 

accounted for mortalities in Experiment 1 and the marketed pigs in Experiment 2. The data was 

checked for normality of weight distribution by pen and checked for outliers prior to analysis. No 

issues with normality were noted for either experiment. A Mixed model was used for all analyses 

with the random effect of pen, and fixed effects of the average starting weight for the period, 

sprinkler control algorithm, barn (only Experiment 2), and an interaction of barn and treatment 

(only experiment 2). Pairwise T-tests were used to test for differences between treatments and the 

other fixed effects with an α=0.05. 
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Results and Discussion 
Simplified Geometry Model Validation 

An example of the thermal environment conditions, cylinder surface temperature, and photocell 

response for one nominal treatment are shown in figure 7. 

 A series of images of the chamois drying can be observed in figure 8. Inlet and outlet conditions 

are stable and surface temperature decreases once wetted. Further, the proportional-integrative 

control increased the heater ‘on’ time (not shown) to adjust for this disturbance and had minimal 

overshoot. The decrease in DBT and RH observed in the initial minutes were attributed to the 

opening of the lid to the chamber for the water spraying. 

Figure 7. Example of thermal environment conditions, cylinder surface temperature, and photocell 
response for one nominal treatment. 

Figure 8. Time lapse images of water evaporating from chamois from initially wet (a) to dry (d) with 
intermediate images at (b) and (c). 

(b) (a) 

(c) (d) 
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Results of the modeled and measured 

evaporation time are summarized in figure 9. 

There was reasonable agreement with a root-

mean-square error of 7.9 min over the range. 

While there is a limited sample size and range 

of environmental conditions for 

comparisons, the results suggest at lower 

airspeeds there may be increased airspeed 

measurement uncertainty. Airspeed is 

challenging to measure accurately at low 

values due the operational characteristics of 

hot wire anemometers. Further, it was 

anticipated that the flow straightener in the entry of the chamber would provide stable streamlines 

over the cylinder allowing the volumetric and mas flow air of air to the estimated in conjunction 

with the airspeed measurement. However, selected location for measuring airspeed was not 

representative of the flow profile over the cylinder; thus, the mass of water evaporated from the 

cylinder could not be compared to the mass of water applied to the cylinder surface.  This 

preliminary experiment provides insight to the behavior of water evaporation from a heated object.  

Figure 9. Comparison of modeled with measured 
evaporation time. Shape size is proportional to airspeed 

and circles: RH < 50%; squares: RH > 50%. 
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Field Performance Evaluation – Exp. 1 

Environmental Conditions 
An example of the ambient and resulting room conditions for a selected 3 d period is shown in 

figure 10 to provide a demonstration of trial variations for both ambient and indoor thermal 

environments.  

To demonstrate the value of HS2I, one 6 h segment of data was subsampled from two days: (1) 

hot and dry and (2) hot and humid, to show the impact of using an evaporative pad. Figure 11 (hot 

and dry) shows the temperature and relative humidity inside the facility (bar plot) with airspeed 

superimposed and a pictorial description of the location of the sensors. This example of a hot and 

dry afternoon shows the large cooling potential of the cool cell. The resultant conditions inside the 

two rooms were about 5.5°C cooler with 20% higher relative humidity and an average HS2I of 

3.7. A slight increase in airspeed could help further reduce HS2I. 

Figure 100. Ambient (Tamb) and room conditions for an example 3 d period during the study. 



▪ 19 ▪ 
 

The next example of a hot and 

humid day essentially shows 

that using the cool cell made 

the environment worse than 

ambient conditions (figure 12). 

The resultant room conditions 

were only about 1.1°C cooler 

with 14% higher relative 

humidity and an average HS2I 

of 7.3. The warm and humid air 

inside the room coupled with 

low airspeeds are negative to 

pig performance. This is an 

example where the 

algorithm was able to 

estimate this potential 

situation and avoid it by 

leaving the cool cell off 

during the day and using 

sprinklers instead.  

Growth Performance 
An overview of the growth 

period weights can be found 

in table 2. In summary, the 

control cool cell (or 

evaporative pad) CC group 

started significantly heavier 

and the treatment novel sprinkler (SPR) group ended significantly heavier, resulting in an overall 

greater ADG of 1.06 kg d-1 compared to the control CC group of 0.95 kg d-1 (p < 0.05). These 

results are promising in suggesting that the novel cooling control algorithm for sprinkler systems 

versus traditional cool cell systems resulted in significantly better growth performance.  

Figure 11. Hot and humid ambient conditions showing the negative impact 
of using a cool cell. 

Figure 11. Hot and dry ambient conditions showing the positive impact 
of using an evaporative pad. 
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Table 2. Summary of growth performance data by phase and overall trial period for the cool cell (CC) 
controlled and sprinkler (SPR) controlled rooms. Levels not connected by the same letter are significantly 

different, p < 0.05 (bolded). 

Weigh Period 
Cooling 

Treatment 
Start 

Weight, kg 
End 

Weight, kg 
End Weight 

SD, kg 
Average End 

Weight CV, kg 
ADG, kg 

d-1 
0 

(days 1-14) 
CC 36.9a 49.2 5.0 14.6 0.90 
SPR 31.7b 44.8 3.6 12.7 0.93 

1 
(days 14-35) 

CC 49.2 69.4 5.3 11.6b 0.95b 
SPR 44.8 67.2 4.6 10.6a 1.10a 

2 
(days 35-56) 

CC 69.4 92.5 6.2 9.9b 1.10 
SPR 67.2 92.3 6.9 9.0a 1.20 

3 
(days 56-77) 

CC 92.5 110.1 5.5 9.4 0.81b 
SPR 92.3 113.3 6.7 8.2 0.99a 

Overall 
(days 14-77) 

CC 49.2 110.1b 5.5 9.4b 0.95b 
SPR 44.8 113.3a 6.7 8.2a 1.06a 

 

Field Performance Evaluation – Exp. 2 

Environmental and water usage data are currently being processed as well as the pen weight 

variability. Pen average start and end weights for each growth period and ADG results from this 

trial are summarized in table 3. Overall, no statistically significant difference between control and 

VISSCoS treatment was detected for average daily gain at each site. There are periods that are 

significantly different for both sites, but no trend is observed in one treatment being consistently 

higher than the other. It was observed at Site B the VISSCoS rooms developed a respiratory 

infection leading to the whole site being treated with a water-based antibiotic at the start of growth 

period 2. No diagnostic tests were performed to determine the specific disease or cause. 

Table 3. Pen average start and end weights for each growth period as well as average daily gain. Levels not 
connected by the same letter are significantly different, p < 0.05 (bolded). 

Growth period Site Treatment Start weight, kg End weight, kg ADG, kg d-1 

1 
A Control 106.0 125.2 0.96 a 

VISSCoS 101.6 122.7 1.04 b 

B Control 66.5 89.3 1.04 a 
VISSCoS 66.9 87.7 0.95 b 

2 
A Control 125.2 135.0 0.79 a 

VISSCoS 122.7 133.6 0.78 a 

B Control 89.3 110.5 1.00 a 
VISSCoS 87.7 105.1 0.81 b 

3 B Control 110.5 125.3 0.88 a 
VISSCoS 105.1 124.0 1.06 b 

4 B Control 125.3 135.0 0.96 a 
VISSCoS 124.0 133.6 0.98 a 

Overall 
A Control 106.0 135.0 0.90 a 

VISSCoS 101.6 133.6 0.95 a 

B Control 66.5 138.8 0.97 a 
VISSCoS 66.9 137.1 0.96 a 
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