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INDUSTRY SUMMARY 

Validating ventilation system performance and troubleshooting its operation are challenging in 

swine faculties, especially with the increasing complexity in mechanical equipment and controllers. The 

ventilation system should provide a thermally optimum environment inside the facility that maximizes 

pig performance while simultaneously using minimal energy and natural resources. However, there are 

no simple methods available for producers to comprehensively assess the thermal component of the 

indoor environment; thereby, rendering it nearly impossible to determine if the ventilation system is 

correctly and accurately performing its designed function and achieving the producer’s goals. This 

project had two parts focused on: 1) designing, developing, and deploying a novel sensor array to 

assess ventilation system/controller performance; and 2) analyzing maintenance records to develop 

building component integrity protocols. Our project yielded a novel sensor array capable of measuring 

the key parameters that influence pig thermal comfort. This sensor array adds a new level of 

measurement precision greatly needed in modern facilities and goes beyond solely measuring air 

temperature. Thermal comfort simulation results of group-housed, grow-finish pigs were used to 

generate a new thermal index for assessing different environmental combinations and predicting the 

subsequent impact on pig performance. The newly created housed swine heat stress index (HS2I) will 

allow economic evaluation of different heat stress reduction strategies to aid in risk management 

decisions. Overall, this project will help the swine industry by providing new technology and methods 
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to quantify the impact of the total thermal environment on pig performance for improved housing system 

design, management, and control decisions. For more information, please contact Dr. Steve Hoff 

(hoffer@iastate.edu) or Dr. Brett Ramirez (bramirez@iastate.edu), Department of Agricultural & 

Biosystems Engineering, Iowa State University. 
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SCIENTIFIC ABSTRACT 

For a swine housing system to function properly, the heating, cooling, and ventilation system 

components must work in harmony and individually as intended. A commissioning (Cx) process can be 

used to verify correct system function; however, swine facilities have yet to see the Cx process 

implemented due to the lack of instrumentation to measure the thermal environment (TE) and a 

technique to reduce the complexity of heat exchange and pig performance to a simple, common metric 

applicable across different facilities. Therefore, the goals of this project were to create a novel 

measurement system for quantifying the TE, develop a mechanistic model to understand the interaction 

between pigs and their TE, and lastly, establish the methodology to assess the TE with respect to pig 

performance. This project describes the design, validation, and implementation of an innovative TE 

sensor array (TESA) featuring dry-bulb and black globe temperature, airspeed, and relative humidity 

measurements. A low-cost omnidirectional thermal anemometer was engineered and calibrated for 

reliable airspeed measurements. These measured parameters were needed as inputs to estimate the 

convective, radiative, and evaporative modes of heat loss in the new model, which simulated the 

cascade of behavioral and physiological thermoregulatory responses of group-housed, grow-finish pigs 

as a function of the TE. Model results were used to generate the housed swine heat stress index (HS2I), 

which scaled TE impact from 0 (thermally comfortable) to 10 (severe heat stress), for assessing 

different combinations of the TE and predicting the subsequent impact on animal performance. HS2I 

was applied to spatially and temporally analyze data collected from a network of 44 TESAs deployed 

symmetrically in two rooms of a commercial swine facility. TESA adds a new level of measurement 

precision greatly needed in modern facilities and goes beyond solely measuring dry-bulb temperature. 

The mechanistic model provides reasonable agreement with previously published results and can be 

used to inexpensively explore different combinations of the TE on swine performance. Overall, this 

project provided new technology and methods to quantify the impact of TE on swine performance. This 

is a requisite need to enable the further development and execution of a Cx process. Further, both 

TESA and HS2I will be helpful for designing new ventilation systems and evaluating risk management 

decisions. 
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INTRODUCTION 

Building commissioning 

For a swine housing system to function properly, the major system components including fans, 

fresh-air inlets, secondary inlets, controllers, sensors, space and zone heaters, and the structural 

components of the building itself must work in harmony and individually as intended. It is common 

practice in non-agricultural facilities to commission (Cx) buildings before occupancy. The Cx process 

(figure 0) is conducted by an independent unbiased group that systematically verifies operation and 

performance of all major building components and is quality-driven for improving the delivery of the 

project (ANSI/ASHRAE/IES, 2013).  

For newly constructed buildings, Cx initiates at the project pre-design phase and continues through 

the occupancy of the building (figure 0). The objective is to ensure the owner’s project requirements 

(OPRs) are achieved and maintained through all stages of the project. This systematic process includes 

evaluating and documenting all systems and assemblies (including plan, design, installation, operation, 

and maintenance) and confirming the results meet the OPRs. Owners can also have an existing 

building commissioned, referred to as retrocommissioning (rCx). Both the Cx and rCx process have the 

capabilities to reduce energy consumption, provide acceptable thermal environment and indoor air 

quality, and ensure a quality project was delivered to the owner (ANSI/ASHRAE/IES, 2013). 
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Figure 0. Complete commissioning and retrocommissioning process overview (Retrieved from: 
(http://cx.lbl.gov/definition.html; Haasl and Heinemeier, 2006). 

The production agriculture sector has yet to see the Cx process implemented in livestock and 

poultry buildings since the issue was first addressed by Zhang, Barber, & Ogilvie (2000). Even today, 

there is still limited literature on evaluating livestock and poultry building performance. Ogilvie (1999) 

proposed the standard X567 entitled “Standard for Design and Performance of Mechanical Livestock 

Ventilation Systems” to the American Society of Agricultural Engineers (ASAE) standards committee in 

an attempt to standardize ventilation systems in livestock and poultry buildings. This standard failed to 

be pursued. This may be attributed to the fact that most human occupied buildings operate regardless 

if the occupants generate a profit. Swine facilities must be profitable; hence, decisions on building 

operation are driven by economics – not comfort or occupant demands. Further, a lack of Cx may also 

be attributed to swine facilities low capital investment, lack of technical intricacy in the design and 

construction, and low operating costs (utilities, operation, and maintenance; Zhang, Barber, & Ogilvie, 

2000). Another key drawback of implementing a Cx process is the lack of a standardize evaluation 

method and criteria of the thermal environment (TE) inside swine facilities. Unlike with human occupied 

buildings, where extensive research and iterations have established descriptive standards for thermal 

comfort, energy efficiency, controller performance, etc. – no such information exists for swine facilities.  

http://cx.lbl.gov/definition.html
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One aspect in requisite need of development to enable the ability of a Cx process to exist is the 

measurement and evaluation of the TE. With a limited understanding of how the different components 

of the TE impact swine performance, it is nearly impossible to assess whether or not the major 

ventilation, heating, and cooling system components are providing an environment that is optimal for 

the pigs. Failure to house pigs in their optimum TE can result in degraded animal well-being, growth 

performance, and can place the animal at risk for adverse health effects (Curtis, 1983; Huynh et al., 

2005; Renaudeau, Gourdine, & St-Pierre, 2011). Due to the economic and performance implications, 

it is imperative to understand the impact the total TE has on swine performance and universally assess 

the TE in the diverse array of facilities. The development of a sensor system to quantify the TE spatially 

within a room and temporally will enable the first key component of the Cx process. Secondly, analysis 

of the spatiotemporal data with regards to pig performance will enable the Cx authority to determine if 

an individual heating, ventilation, or cooling system component or the combination of components are 

working in harmony.  

The thermal environment 

The indoor environment inside swine production facilities is primarily controlled by mechanical (i.e., 

fan-driven airflow) ventilation systems to provide fresh air as well as remove noxious gases, moisture, 

and heat generated by the animals (Albright, 1990). Fresh air enters a room through planned inlets 

(opening size often adjusted mechanically) because of a pressure gradient created by the fans. The 

thermal component of the indoor environment is managed by a combination of ventilation, heating, and 

cooling systems. While a typical room houses between 1,000 to 2,000 head with 30 to 60 animals per 

pen, the dimension, layout, design, placement, operation, etc., can all vary considerably across 

buildings and climatic regions (Pork Checkoff, 2009). All these systems must seamlessly integrate 

together to achieve the optimum TE for maximum animal performance.  

Swine are homoeothermic animals that maintain a narrow core body temperature range 

(approximately 39°C) via a cascade of thermoregulatory mechanisms (physiological and behavioral). 

Since energy must be conserved from one form to another (first law of thermodynamics), heat loss to 

the environment must equal the total energy product of metabolism (ASHRAE, 2013; Curtis, 1983; 

DeShazer, 2009), if normal core body temperature is to be maintained. Essentially, the TE must be 

capable of dissipating metabolically generated heat and avoid invoking performance penalties due to 

thermal stress.  

The TE is used to describe the parameters that influence thermal (heat) exchange between an 

animal and its surroundings (ASHRAE, 2013; DeShazer, 2009). Heat loss is partitioned into sensible 

(conduction, convection, and radiation) and latent (evaporation) modes. Sensible modes are driven by 
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a temperature gradient and latent modes by a water vapor pressure gradient between an animal’s outer 

surface (skin and/or pelage) and its surroundings. Animal characteristics, for instance, configuration, 

surface area, and surface temperature effect all modes of heat loss, while additionally; the animal’s 

surface emissivity only impacts radiation. Environmental characteristics each uniquely impact the 

different modes of heat loss, such as surrounding surface temperatures (conduction and radiation), dry-

bulb temperature (convection), air velocity (convection and evaporation), vapor pressure (evaporation), 

emissivity and orientation of surrounding objects (radiation), and lastly, heat capacity and thermal 

resistance of contact object (conduction). The TE can be complicated to describe and understand, but 

is an essential component of the thermal balance between an animal and its surroundings. 

The measureable parameters used to describe the TE include dry-bulb temperature (tdb), relative 

humidity (RH), airspeed, and mean radiant temperature (tmr). Dry-bulb temperature (or air temperature) 

is frequently the only parameter used to describe and control TE in commercial swine production 

facilities; however, it exclusively impacts only the convective and evaporative modes of heat loss. The 

thermal balance, which governs animal response and performance, can only be accurately assessed 

if the total TE is quantified. Therefore, swine facilities require additional measurements (RH, tmr, and 

airspeed) to accurately determine if the ventilation, heating, and cooling systems are concurrently 

delivering and maintaining the optimum TE conditions for the pigs.  

The process to validate a facility’s controller and equipment at delivering and maintaining the 

optimum TE conditions can be defined as Cx. This research project was aimed at developing the 

necessary components for accurately assessing the TE to enable the Cx process to occur. Specifically, 

the TE sensor array (TESA) featuring tdb  and black globe temperature, airspeed, and RH 

measurements was created. As a part of TESA, a low-cost omnidirectional thermal anemometer was 

engineered and calibrated with documented measurement uncertainty for reliable airspeed 

measurements. These measured parameters were needed as inputs to estimate the convective, 

radiative, and evaporative modes of heat loss in the developed model, which simulated the cascade of 

behavioral and physiological thermoregulatory responses of group-housed, grow-finish pigs as a 

function of the TE. Model results were used to generate a new thermal index for assessing different 

combinations of the TE and predicting the subsequent impact on animal performance. With this 

knowledge and instrumentation established, Cx is possible. 

Corrosion and degradation of agricultural components 

In steel structures, the largest concern with the integrity of the building and the components is 

corrosion control. The environment inside the animal housing facility has a great impact on the rate and 

on how much corrosion occurs. Corrosion is measured by changes in weight and changes in thickness 
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(Bishop, 1981; Rast, 1983; Pedersen, 1991). The amount of corrosion is quantified with one of two 

units, change in thickness per unit time (μm year-1), which measures a penetration rate through the 

material in question and in terms of mass loss per unit area per unit time (kg m-2 yr-1). 

According to De Belie (2000) the manner in which a building will decay is heavily influenced by the 

layout and design of the building, the housed animals, and the housing environment. Some of the layout 

factors include: 

 Volume of the housing unit 

 Roof characteristics 

 Insulation against thermal effects 

 Management of the manure in the building 

Environmental factors include: 

 Radiation due to the sun’s solar energy 

 Housing temperature 

 Relative humidity (RH) within the building 

 Air speed (ft s-1) through the building corresponding to a certain volumetric flow (cfm) 

Most modern swine facilities are made with a slatted floor with a slurry pit beneath. The slurry pit, 

which is a combination of animal feces, urine, water, and feed residue, emits a variety of gasses, which 

will affect the air quality in the building. Gas concentration measurements from 0.3 m above the slatted 

floor have shown that NH3 concentration can range from 2 to 50 ppm (avg. 4 to 13 ppm), with the 

concentration reaching 50 ppm on occasion after stirring the slurry (CIGR, 1989). The indoor air quality 

will have an effect on corrosion within the building, so understanding the composition of the slurry is 

helpful. According to Hoeksma (1988), the chemical composition of a slurry in a finishing swine facility 

can consist of 4.3 to 11.5 kg m-3 of nitrogen, 1.3 to 5.5 kg m-3 of ammonium, 3.2 to 11 kg m-3 of acetic 

acid, and 7 to 3 kg m-3 of propionic acid. Covering a slurry storage, with a similar action as a deep-pit 

swine facility, can increase component corrosion and degradation due to anaerobic and biological 

processes that forms hydrogen sulfide (H2S), propionic acid, and acetic acid (De Belie, 2000). Corrosion 

can become increasingly likely if H2S is allowed to escape the environment or “bubble” around the 

slurry. The H2S will undergo chemical reactions, through which it will become sulphuric acid, which can 

cause much more component damage above the level of the slurry than it can near the “bubble” 

(Parker, 1945; Gilchrist, 1953; Thistlethwayte, 1972; Derange` re & Cochet, 1991; Attal et al., 1992; 

Vincke et al., 1999).  

The steel in most animal housing buildings deteriorates at a rate of 40 to 50 μm year-1, but this rate 

can reach levels of 200 μm year-1 in the worst areas of the facility. This includes places where the steel 

is resting on or near the floor, exposed directly to manure and feed buildup, causing aggressive 

corrosion rates (Jansson, 1981). Swine facilities in general, can reach a rate of 240 gm-2 yr-1, which is 

a level much higher than observed in most other livestock and poultry facilities, which are seen to 
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deteriorate at a rate of 5 gm-2 yr-1 (Korokewitsch, 1981). Some of the causes for the higher rates are 

thought to be the slurry, as well as the very moist indoor environment. High ammonia and carbon 

dioxide concentrations may be a factor as well (Elliot et al., 1983). However, research conducted by 

Zhu (1999), showed that ammonia levels actually retard the rate of corrosion to steel. All these factors 

can cause an unacceptable rate of corrosion and decay of steel within the barn (Schreck, 1981). 

Generally speaking, steel corrodes at a higher rate than aluminum, which corrodes at a rate of 1 to 2 

gm-2 yr-1 (Korotkewitsch, 1981), pure aluminum will show the greatest resilience to corrosion, but as 

the purity of the aluminum decreases, the corrosion rate increases (Wernick et al., 1987; Behrens, 

1987). Therefore, it is good practice to utilize aluminum components within your barn whenever possible 

or feasible to do so. Steel will begin to corrode at a very slow rate until the protective oxide layer on the 

component is destroyed, at which point, it will proceed at a much quicker rate once it is through the 

oxide layer (Korotkewitsch, 1981). 

There are a number of different methods that can be taken in an attempt to slow down the effects 

of corrosion on building components. The first is a preventative measure of designing the building 

before it is built to resist corrosion. A good, but overlooked method is by simply providing drainage 

holes. Others are requiring good adequate passage for ventilation, sloping surfaces to shed water, and 

designing the building for easy maintenance yielding good long-term benefits (De Belie, 2000). Water 

absorbent materials should be kept away from materials that are easily corroded. In most buildings, 

vertical steel members are at an increased risk for corrosion, where the steel meets the floor; therefore, 

there are benefits for placing the steel on a concrete surface that slopes away from the steel to avoid 

accumulation of manure and other residues (De Belie, 2000). 

Another way to prevent corrosion is by better choosing materials that can resist corrosion. As 

stated, aluminum has a much higher ability to avoid corrosion than most other metals, especially steel. 

Stainless steel is also an option. Stainless steel can be used to resist against corrosion by resisting 

oxidation and acidic condensate attacks (Bishop, 1981). Materials made from 18 chromium-8 nickel 

steel will form and an oxide film will develop when exposed to air, acting as a defense against corrosion 

(Connolly, 1970). Sometimes stainless steel cannot even prevent corrosion, as chlorine ions in solution 

can break down the oxide film on the steel, which will cause the steel to corrode, even though it is 

stainless (Little et al., 1990).  Despite the benefits of utilizing stainless steel, it’s price restricts its use 

for structural purposes in most cases, but they are useful for high corrosion areas such as anywhere 

near the ground. It is also worth a designer’s time to look into ceramic materials or polymers as a means 

of a non-corrosive component (Bishop, 1981).  

Physically separating the steel from the corrosive environment is also a feasible means to prevent 

corrosion (Lendrick, 1995). Specifically, creating a coating to protect the component from the 
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aggressively corrosive environment. In agriculture, these coatings are most commonly zinc and organic 

coatings. While the coatings can be very effective, they must be prepared correctly and carefully. The 

preparation of the metal surface is extremely important and if inadequate, the effectiveness of the 

coating may drop below 25% of its possible effectiveness (Schreck, 1982).  

OBJECTIVES 

The overall goal of this research was to establish the methodology to measure the TE in swine 

production facilities to enable the use of a mechanistic model for quantitatively assessing the impact of 

the TE on swine performance. Specific objectives were to: 

1) design, construct, and validate a novel TE sensor array capable of providing the required TE 

measurements to assess a pig’s thermal balance via modelling; and, 

2) develop and disseminate a set of building component integrity protocols to enhance the swine 

industry’s understanding of mechanical component failures and maintenance priorities. 

MATERIALS & METHODS 

Objective 1: design, construct, and validate a novel TE sensor array capable of providing the required 
TE measurements to assess a pig’s thermal balance via modelling 

Thermal environment sensor array 

An individual Thermal Environment Sensor Array (TESA; figure 1) was developed to measure dry-

bulb temperature (tdb), relative humidity (RH), airspeed, and estimate mean radiant temperature (tmr) 

from the globe temperature (tg) of a Black Globe Thermometer (BGT). Sensor signals from a TESA 

were connected via a 3.05 m long, nine-conductor wire to screw terminals mounted on the TESA Data 

Acquisition (TESA DAQ) custom Printed Circuit Board (PCB). 
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Figure 1. A Thermal Environment Sensor Array (TESA) featuring dry-bulb temperature, relative humidity, airspeed, 
and black globe thermometer sensors. Globe temperature is obtained from a dry-bulb temperature sensor secured 
at the center of the black globe thermometer.  

Sensors 

Ambient tdb and tg were measured with a Negative Temperature Coefficient (NTC) thermistor 

(nominal 10 kΩ at 25°C, NTCLE413-428, Vishay, Malvern, PA, USA; figure 1). Gao, Ramirez, & Hoff 

(2016) provide further details regarding the signal conditioning and nonlinear regression coefficients for 

these two thermistors. Additionally, a single wire, digital interface tdb,d  and RH sensor (RHT03, 

MaxDetect Technology Co. Ltd., Shenzhen, China; figure 1) was used. Valid sensor operation ranged 

from -40°C to 80°C (tdb,d) and 0% to 100% (RH; non-condensing).  

A custom Omnidirectional Thermal Anemometer (OTA; figure 1) was developed to measure 

airspeeds between 0 and 5.5 m s-1. A near-spherical, NTC thermistor (nominal 470 Ω at 25°C, Model 

LC471F3K, U.S. Sensor Corp., Orange, CA, USA) was heated above ambient tdb by a Constant 

Temperature Anemometer (CTA) circuit in order to estimate the electrical power dissipated by the OTA 

as a function of airspeed and the fluid properties of the air for a given tdb. Gao et al. (2016) provides 

further detail regarding the sensor design, calibration, and tdb compensation approach. 

The net exchange of radiant energy between objects is the algebraic sum of all the radiant fluxes 

in which the object is exposed. Dimensions, locations, and thermal characteristics (i.e., surface 

temperature and emissivity) of the surrounding exposed objects must be known to calculate the flux of 

each object; however, this method becomes increasingly difficult and time consuming to implement, 

when the number of sources is large and geometries complex (ASHRAE, 2013; ISO 7726, 2001, p. 

77). The BGT is a cost effective and simple approach to estimate tmr when coupled with ambient tdb and 
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airspeed measurements at the level of the BGT (Bond & Kelly, 1955; Pereira, Bond, & Morrison, 1967; 

Purswell & Davis, 2008). A BGT (figure 1) was constructed from a 0.1016 m diameter, flat black, hollow 

plastic sphere (3FXE7, W.W. Grainger Inc.) with a nominal 1.27 cm CPVC male adapter threaded into 

a 0.635 cm diameter hole in the top of the plastic sphere. Outer emissivity was assumed to be 0.95 

(ASHRAE, 2013) and the plastic sphere wall thickness was 0.81 mm. A rubber stopper with a small 

axial hole was inserted into the CPVC male adapter to secure the tdb thermistor at the center of the 

BGT. 

Data acquisition and serial communication 

The TESA DAQ featured a custom designed (Eagle v7.4, CadSoft Computer GmbH, Pleiskirchen, 

Germany) and manufactured PCB (OSH Park) for containing the signal conditioning circuits (figure 2).  
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Operational 
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Push connectors 

for RS-232 and 

+5V DC power

TTL serial to 

RS-232

Auxiliary 

analog and 

digital ports
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Figure 2. Thermal Environment Sensor Array Data Acquisition (TESA DAQ) on the custom Printed Circuit Board 
(PCB) with microcontroller, signal conditioning, and serial communication for a single TESA. 

The PCB (figure 2) included the CTA circuit, tdb divider circuits, a microcontroller (Arduino Micro, 

Arduino LLC, Italy), and a serial TTL to RS-232 converter (MAX232IN, Texas Instruments Inc., Dallas, 

TX, USA). The operational amplifier in the CTA circuit was replaceable if the device failed or needed 

replacement. Similarly, the microcontroller could be readily removed for programming or replacement. 

Eight capacitors (each 1 µF) were required for the serial TTL to RS-232 converter, in addition to one 

10 kΩ resistor for the digital tdb and RH sensor. 

Two TESA DAQs (i.e., one per TESA) were housed in a 0.136 × 0.136 × 0.09 m (L × W × D) 

weatherproof housing (NBF-32010, Bud Industries Inc., Willoughby, OH, USA) for protection from the 

environment (figure 3). Four cable grips were installed to provide watertight connections for the two 

TESA signal wires, serial communication, and +5 VDC power transformer (WSU050-1500, Triad 

Magnetics, Perris, CA, USA). 
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Figure 3. Weatherproof housing containing two TESA DAQ on PCBs (stacked) for deployment of two TESAs and 
serial communication hardware. 

Serial communication network 

The serial data communication network featured bidirectional data transfer between a notebook 

computer and every deployed TESA DAQ (figure 4). A unique address identification number was 

programmed onto each TESA DAQ microcontroller such that a handshake protocol (bidirectional data 

transfer) could be implemented in a multipoint RS-485 network. On command, the terminal data 

communication device (i.e., TESA DAQ microcontroller) sent collected sensor data through a TTL serial 

to RS-232 converter (figure 3 and 4) then a RS-232 to RS-485 converter (ATC-106, ATC Technology 

Co., Ltd, Wilmington, MA, USA; figure 3 and 4). RS-485 was used due to its robustness and stability 

over long-distances in electrically noisy environments. A RS-485 bus to universal serial bus converter 

(USB-RS485-PCBA, FTDI Ltd, Glasgow, United Kingdom) was interfaced with the computer and a 

Custom Data Management Software (CDMS). TESA DAQs were arranged in series, that is, one three-

conductor cable (+485, -485, ground) between each housing (one RS-232 to RS-485 converter per 

housing). This approach also minimized communication cable length and was relatively easier to 

implement, but with more labor than other communication protocols, such as wireless. 
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Figure 4. Schematic of serial communication network connecting two TESA DAQs per weatherproof housing 
together with the notebook. 

Modeling heat loss and pig performance 

With TESA validated under controlled conditions and shown to be effective at estimating total heat 

loss from a simplified geometry, the next procedure was to develop a computational model to estimate 

total heat loss (and subsequently performance) from group-housed, non-disease challenged, ad libitum 

fed pigs. 

Mechanistic model 

The thermal balance model, developed in Matlab (R2017a, The Mathworks, Inc., Natick, 

Massachusetts, USA), was adapted from Fialho, Bucklin, Zazueta, & Myer (2004) and Fialho, van 

Milgen, Noblet, & Quiniou (2004) and simulated the thermal exchange for non-disease challenged, ad 

libitum, group or individually housed pig(s). The effects of TE on the animal(s) were assumed to be 

completely expressed by the animals’ mean body temperature (tb), integrated over the volume of the 

animal. A detailed description and operation of the model can be found in (Ramirez, Hoff, & Harmon, 

2017a). Essentially, the model sets initial conditions and proceeds to iterate tb through physiological 

and behavioral thermoregulation responses. The resulting tb can then be used to estimate feed intake 

from a complex transfer function. 

Housed swine heat stress index 

The HS2I was developed to convert the simulated tb (physiological response) difference from 39°C 

(Δtb; the assumed tb 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.  

Simulated Δtb (n = 15,517) was generated for combinations of BW (50 to 120 kg in 10 kg 

increments), tdb (16°C to 33°C in 1°C increments), relative humidity (10% to 90% in 5% increments), 

and airspeed (0.2 m s-1 and 0.5 to 3.0 m s-1 in 0.5 m s-1
 increments). Mean radiant temperature was 
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assumed equal to tdb – a reasonable assumption in housed environments with high ventilation rates 

and modern levels of building insulation. Elevation (300 m) and group size (n = 30) were constant. Prior 

to initial fitting, Δtb outliers were removed such that the simulated data contained -0.25°C < Δtb < 1.5°C. 

Numerous nonlinear regressions were fit to the data to develop HS2I. 

Commissioning 

A total of 44 TESAs were deployed in a deep-pit, wean-finish swine facility located within 8.9 km of 

Pocahontas, IA, USA (42°44'04.2"N, 94°40'18.4"W). Data were collected from two flows of pigs: flow 

1: August 12, 2017 to January 26, 2017 and flow 2: February 12, 2017 to July 16, 2017. Weather data, 

including ambient tdb (ta) and dew point temperature were downloaded at 1 min intervals from an 

Automated Surface Observing System (ASOS) station located 59 km from the facility 

(mesonet.agron.iastate.edu/). The facility featured two side-by-side rooms, with room dimensions (L × 

W × H) of 61 m × 15.2 m × 2.54 m and each housing ~1200 hd in 12 pens. The length of the building 

was orientated along the East-West axis. The negative pressure ventilation system was fully 

mechanical with power (i.e., fresh air distributed through ceiling inlets in cold to mild conditions) to 

tunnel (i.e., fresh air 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) operation. Ambient tdb and RH were recorded at the facility by 

the ventilation controller every 15 min. A total of 22 TESAs were suspended about 1 m above the fully-

slated concrete floor in each room corresponding to figure 5. A text file containing the comma-separated 

data from all 44 TESAs at a 1 min sampling interval was created and saved every hour on removable 

flash memory. 
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Figure 5. Schematic of TESA installation as a part of a larger study. A total of 44 TESAs were deployed in deep-pit, 
wean-finish swine facility located within five miles of Pocahontas, IA, USA from August 8th, 2016 to January 25th, 
2017. 

Data post-processing 

Text files were first imported into Matlab (R2017a, The Mathworks, Inc., Natick, Massachusetts, 

USA) with any rows of data containing unimportable cells excluded (i.e., garbled text, etc.). Each row 

of data (corresponding to a TESA) was first checked to make sure at least 15 measurements were 

included in the mean value that was returned by the TESA DAQ. Next, analog voltages for the 

thermistors were inspected to be between a rational range of 1 to 4 VDC. Any values outside this range 

were discarded. Similarly, for the digital tdb and RH, values outside of 10°C and 40°C and 5% and 

100%, respectively were discarded. Data were then saved to .mat files to decrease future processing 

time. Analog voltages were then transformed to physical values following the equations in Gao et al. 

(2016). Data were filtered again to confirm values were within the measurement limit of the sensors 

and no erroneous data types were present. All faulty, missing, or discarded data were stored as Not-a-

Number. 

Mean radiant temperature 

For calculation of tmr, the thermal balance (ISO) equating radiative exchanges of surrounding 

surfaces to the losses due to convection was solved using the tg, BGT diameter, assumed emissivity, 
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tdb, and airspeed. The standard equation presented in ISO, assumes the BGT is at steady-state 

conditions, which is valid when the TE in the room changes slower than the response time of the BGT. 

In a typical swine production facility, forced air furnaces in the winter cause rapid increases in tdb, faster 

than the response time of the BGT, which consequently falsely decreases the estimation of tmr. 

Data analysis 

Initial and final BW was provided by the producer (BW was unable to be measured throughout the 

study) and intermediate values were found using a cubic regression of a growth curve for average pigs 

from weaning to 28 weeks of age (PIC, 2013). Then, HS2I was calculated for every timestamp using 

TESA measured tdb, RH, and airspeed data and the estimated BW. The sprinklers were not activated 

during this study (Son = 0).  

The tmr = tdb assumption was validated by initially applying a moving average (20 element window, 

approximately equal to 20 min) to the tdb, airspeed, and tg data for each TESA. The ISO 7726 (2001) 

procedure for forced convection over a 0.1016 m diameter sphere with an assumed 0.98 emissivity 

was used to estimate tmr. The tmr = tdb assumption was analyzed for each room by the linear regression 

coefficients and regression statistics between tdb and tmr, for the total study period, for ta ≤ 20°C, and ta 

> 20°C. 

Since ta has a substantial impact on TE inside the facility, HS2I data was separated into eight bins 

based on ta (ta ≤ 0°C; 0°C < ta ≤ 5°C; 5°C < ta ≤ 10°C; 10°C < ta ≤ 15°C; 15°C < ta ≤ 20°C; 20°C < ta ≤ 

25°C; 25°C < ta ≤ 30°C; ta > 30°C). Descriptive statistics for a random subsample of HS2I (n = 600) in 

each room were calculated for each ta bin. Further, each room was divided into four zones (n = 6, 5, 5, 

and 6 TESAs) spanning the length of the room (zones 1 to 4). For each zone, descriptive statistics for 

a random subsample of HS2I (n = 600) were calculated for each ta bin. 

The non-weighted uniformity of HS2I within a room was assessed by a uniformity coefficient, which 

relates the average deviation of each location from the room average (equation 1). 

𝛾 = 1 −  
1

√𝑛
∑

√(𝐻𝑆2𝐼𝑖 −𝐻𝑆2𝐼̅̅ ̅̅ ̅̅ ̅)2

𝐻𝑆2𝐼̅̅ ̅̅ ̅̅ ̅

𝑛

𝑖=1

 (1) 

where 
 γ = uniformity coefficient (dimensionless) 

 n = sample size (16 ≤ n ≤ 22)  

 𝐻𝑆2𝐼̅̅ ̅̅ ̅̅ ̅ = average HS2I 

 i = TESA location (1 ≤ i ≤ 22) 
 

A uniformity coefficient equal to unity indicates completely uniform and was calculated for the total 

study period and separated into the aforementioned eight ta bins. 
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Objective 2: develop and disseminate a set of building component integrity protocols to enhance the 
swine industry’s understanding of mechanical component failures and maintenance priorities 

Maintenance records  

Environmental conditions within animal housing buildings result in gas, dust, and moisture 

conditions that can be damaging to the building itself, as well as all of the components located within 

the building. This forces environmental control to be a matter of great importance as the health of the 

animals and the integrity of the building depend upon it. The conditions inside modern swine facilities 

are generally controlled to provide a good environment for animal productivity (i.e., comfort, food intake, 

average daily gain) as well as being the best economical choice for the producer to yield the greatest 

return on investment.  

While environmental control is vitally important for animal health, it is also a matter that can be 

considered when working on material and component longevity. The component that is oftentimes 

affected in animal housing buildings is steel where the degradation of steel is affected by combinations 

of chemicals and substances reacting with each other. This can cause conditions within an animal 

housing facility to become corrosively aggressive. In addition, normal wear and tear of components is 

expected with multiple groups of animals cycling through common components.  

Being able to record and document which components degrade fastest, and most often, would be 

very beneficial for the producer. Time until total degradation would also be useful, as the producer 

would be able to stay on top of maintenance and would be able to fix potential problems before they 

occur, saving time and money. To accommodate the second objective of this research project, a 

cooperating integrator was willing to share their maintenance data from several of their barns, detailing 

components repaired or replaced over a two year period, and this information was organized to develop 

a theme of major maintenance issues that need consideration.  

RESULTS & DISCUSSION 

Objective 1: design, construct, and validate a novel TE sensor array capable of providing the required 
TE measurements to assess a pig’s thermal balance via modelling 

Applications of HS2I 

The capability of HS2I was compared to the popular, but very limited, temperature humidity index 

(THI). The wet-bulb (twb)/tdb temperature index (WDTI) by Ingram (1965) for pigs weighing between 20 

to 30 kg is analogous to THI. Roller & Goldman (1969) associated the WDTI to four physiological 

parameters for pigs weighing from 30 to 90 kg exposed to tdb (34°C to 43°C) and twb (23°C to 31°C) 

conditions for 200 min. 

Elevated airspeeds are commonly used in commercial grow-finish facilities to alleviate the effects 

of heat stress (Albright, 1990). For increasing airspeeds, HS2I decreased as well, but only marginally 
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for airspeeds greater than 2 m s-1, as illustrated in figure 6. Further, the difference in HS2I between 0.5 

and 3 m s-1 for the 60 kg pigs is greater than the 120 kg pigs. These results agree with previous 

literature, where the convective benefit has shown to decrease with increasing airspeeds (Hoff, 2013).  

Since WDTI does not include airspeed, it cannot be used to assess the TE when airspeed is 

elevated. For 60 kg pigs, figure 6 shows common WDTI (or THI) threshold values of normal: ≤74; alert: 

75 to 78; danger: 79 to 83; and emergency: ≥84 and HS2I plotted at different airspeeds. Figure 6a 

shows reasonable agreement between HS2I and the normal threshold when airspeed in 0.5 m s-1 (a 

similar airspeed to that of what was used in the original study). However, when airspeed is increased, 

the WDTI threshold values remain unchanged, which does not accurately reflect the thermal comfort 

of the animal. The threshold values should be increased to show the increased convective heat loss; 

hence, where HS2I intersects WDTI is increased . Further, heavier pigs, an example of a group of 120 

kg pigs is shown in figure 7, who have a higher metabolic heat production, become heat stressed at a 

lower TE conditions compared to lighter pigs. Similarly, WDTI cannot account for body weight, as shown 

by the same dashed threshold values in figure 6 and figure 7. 

 
Figure 6. Comparison of HS2I and the wet-/dry-bulb temperature index (WDTI; Roller & Goldman, 1969) for a group 
of 60 kg pigs Commonly associated threshold values (dashed line) for WDTI are normal: ≤74; alert: 75 to 78; danger: 
79 to 83; and emergency: ≥84 (DeShazer, 2009).  
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Figure 7. Comparison of HS2I and the wet-/dry-bulb temperature index (WDTI; Roller & Goldman, 1969) for a group 
of 120 kg pigs. Commonly associated threshold values (dashed line) for WDTI are normal: ≤74; alert: 75 to 78; 
danger: 79 to 83; and emergency: ≥84 (DeShazer, 2009).   

Lastly, the effect of wetted skin (Son = 1) on HS2I (figure 8) was examined for a constant BW (110 

kg) and a range of RH (50% and 70%) and airspeed (0.5 to 3 m s-1). Both RH and airspeed had an 

effect on HS2I – this agrees with mass and heat transfer theory. For example, at 34°C, low airspeed 

(0.5 m s-1), and high RH (70%; twb = 29°C), HS2I decreases from 9.0 to 7.4, when wetted (~1.6 HS2I 

difference). In comparison, at 34°C, high airspeed (>2 m s-1), and regardless of RH, HS2I decreases 

from 9.0 to less than 4 once wetted (>5 HS2I difference). An approximately 3.1 times difference in HS2I. 

The effect of RH on HS2I with non-wetted skin is evident as shown by the ~1.7 HS2I difference from 

70% to 50% regardless of airspeed. A similar effect was observed by Huynh et al., 2005 and is 

reasonable because, tdb is approaching skin temperature (sensible heat loss is minimized) and latent 

heat loss modes are utilized by the pig, but the high twb inhibits the efficiency of these modes. 

Interestingly, the effect of RH on HS2I with wetted skin was more prevalent at low airspeeds compared 

to high airspeeds. There is a ~1.3 HS2I difference between RHs of 50% and 70% at 0.5 m s-1 – as 

opposed to a ~0.9 HS2I difference at the same RH at >2 m s-1. Similarly, HS2I decreases marginally 

with increasing airspeed with wetted skin and for a given tdb, decreasing RH has a more substantial 

effect. 
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Figure 8. Demonstration of the effect of wetted skin (Son = 1) on HS2I for a constant BW (110 kg) pig. At 34°C (0.5 
m s-1; RH = 70%; HS2I = 9), the combination of wetted skin and elevated airspeed (> 2 m s-1; regardless of RH) 
reduced HS2I to less than 4. 

The considerably greater heat loss rate associated with wetted skin and concurrently elevated 

airspeeds requires careful interpretation for practical considerations. As depicted in figure 8, for 110 kg 

pigs (near market weight), HS2I remains below 4 for tdb < 35°C. While this is positive for this sized pig, 

lighter BW may be negatively affected by wetted skin, if tdb is not sufficiently high enough. For example, 

60 kg pigs remain at HS2I < 3 at tdb < 29°C and ≥ 0.5 m s-1, regardless of RH. This has major implications 

for sprinkler control systems in grow-finish facilities. Airspeed, BW, and tdb (also RH, but is rarely 

accommodated for in modern control systems) need to be accounted for in the management decisions 

for the sprinkler ‘on’ conditions. Furthermore, control of sprinkler systems could be optimized to 

maximize heat loss with minimize water usage by adjusting the evaporation time (‘off’ interval) to include 

the TE inside the facility (Ramirez, Hoff, & Harmon, 2017b). 

Air temperature is not the only parameter that affects a pig’s thermal comfort. It must be combined 

with airspeed and relative humidity to understand the total effect. The newly created HS2I does just 

that – it simplifies the complicated interactions to an easy-to-understand value ranging from 0 to 10. 

This tool will be helpful for designing new ventilation systems and evaluating current ones. 

Commissioning 

For all ambient temperatures (ta) encountered for flow 2, the tdb = tmr assumption was reasonable 

based on inspection of the descriptive statistics of a linear model agreement between tdb and tmr for 22 

TESAs in each room (table 1). The mean slope for each room was nearly unity with good linear 
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agreement; however, the intercept was greater than zero for both rooms. This suggests that tmr tended 

to be slightly higher than tdb. For ta ≤ 20°C, the tmr was anticipated to be greater than tdb in the S room 

due to the length of building (curtain sided) being exposed to the sun. With pigs present, it may be 

difficult to detect the increased curtain surface temperature. When the rooms were empty (early 

February when ambient temperatures are less than 0°C), the increased curtain surface temperature 

was measureable by the TESAs located nearest the curtain (data not shown). Most likely, the heat 

production from the pigs and the forced air furnaces reduced the ability to discern any environmental 

factors. Interestingly, an increased intercept and decreased slope associated with ta > 20°C was found, 

implying surrounding surfaces tended to be warmer than ta but this difference decreased as ta 

increased. The moving average was imperative to improving the estimation of tmr because the forced 

air furnaces rapidly increased tdb and airspeed, resulting in swift and unrealistic decreases in tmr.  

Table 1. Average (95% confidence interval) linear regression statistics resulting from tdb versus tmr for the north (N) 
and south (S) room (n = 22 each) for the whole study and two ambient temperature (ta) ranges. 

  Slope Intercept R2 RMSE (°C) 

All ta     
 N room 0.966 (0.999, 0.933) 2.824 (3.563, 2.084) 0.831 (0.884, 0.777) 1.598 (1.958, 1.237) 
 S room 0.994 (1.121, 0.867) 1.547 (3.291, -0.196) 0.850 (0.934, 0.767) 1.779 (2.740, 0.819) 
ta ≤ 20°C     
 N room 0.998 (1.045, 0.951) 2.002 (2.968, 1.037) 0.807 (0.868, 0.745) 1.605 (2.005, 1.204) 
 S room 1.053 (1.135, 0.971) 0.193 (1.248, -0.863) 0.852 (0.935, 0.768) 1.628 (2.430, 0.826) 
ta > 20°C     
 N room 0.794 (0.820, 0.767) 7.511 (8.285, 6.737) 0.894 (0.927, 0.862) 1.035 (1.215, 0.854) 
 S room 0.722 (0.842, 0.602) 8.684 (9.863, 7.504) 0.845 (0.928, 0.763) 1.498 (2.755, 0.241) 

      

Mean HS2I (95% CI) binned by ta for the South (S) and North (N) rooms for flow 1 (Aug-12, 2016 

to Jan-26, 2017) and 2 (Feb-2, 2017 to July-16, 2017) are presented in table 2. Due to a configuration 

error during flow 1 during the first six weeks of the study, the tdb in the N room was higher than the S 

room. While this is not apparent in table 2, this may suggest that both rooms were maintained warmer 

than needed. For flow 2, both rooms maintained reasonable TEs (i.e., HS2I < 4) for a large portion of 

the study. Since ta influences the TE inside the rooms, warmer ta results in a higher HS2I, but since this 

facility was tunnel ventilated, it is assumed that the elevated airspeed maintained a low HS2I even with 

increased ta. 

 

 

 

 

 

 



· 22 · 
 

Table 2. Mean HS2I (95% CI) binned by ambient temperature (ta) for the South (S) and North (N) rooms for flow 1 
(Aug-12, 2016 to Jan-26, 2017) and 2 (Feb-2, 2017 to July-16, 2017). 

  N room  S Room 

 Flow: 1 2  1 2 

 ta ≤ 0°C 2.76 (2.80, 2.72) 1.86 (1.89, 1.84)  2.79 (2.83, 2.76) 1.92 (1.95, 1.89) 
 0°C < ta ≤ 5°C 2.35 (2.38, 2.31) 2.18 (2.21, 2.15)  2.56 (2.60, 2.52) 2.27 (2.30, 2.25) 
 5°C < ta ≤ 10°C 2.69 (2.73, 2.64) 2.31 (2.34, 2.27)  2.70 (2.74, 2.65) 2.56 (2.59, 2.53) 
 10°C < ta ≤ 15°C 3.79 (3.83, 3.74) 2.30 (2.33, 2.27)  3.57 (3.61, 3.53) 2.91 (2.94, 2.88) 
 15°C < ta ≤ 20°C 4.57 (4.61, 4.52) 2.27 (2.31, 2.24)  4.27 (4.31, 4.24) 3.10 (3.14, 3.06) 
 20°C < ta ≤ 25°C 5.17 (5.21, 5.13) 2.54 (2.58, 2.50)  4.53 (4.57, 4.50) 3.28 (3.32, 3.24) 
 25°C < ta ≤ 30°C 5.64 (5.68, 5.60) 2.90 (2.94, 2.86)  5.39 (5.42, 5.36) 3.38 (3.42, 3.34) 
 ta > 30°C 5.14 (5.19, 5.10) 3.34 (3.39, 3.29)  5.01 (5.05, 4.97) 3.73 (3.77, 3.69) 

       

Mean (95% CI) HS2I for four zones (1 to 4) distributed down the length of the building binned by ta 

for N and S rooms for flows 1 and 2 are shown in table 3 and figure 9. During tunnel ventilation (i.e., 

fresh air 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), if there is not adequate fan capacity, heat and moisture can accumulate 

down the length of the building. Based on the average values obtained in each zone, it appears the 

facility had sufficient fan capacity as no increasing trend of HS2I is observed. Further, the N room for 

flow 2 shows HS2I to be greater than 3 for as low as 10°C < ta ≤ 15°C. The lowest tdb setpoint in the 

facility was ~19.4°C and this occurred during the summer with the heaviest BW pigs. This was most 

likely more attributed to the combination of low airspeeds and inadequate ventilation when the 

ventilation is transitioning between ceiling inlets and tunnel mode. 

Table 3. Mean (95% CI) HS2I for four zones (1 to 4) down the length of the building binned by ambient temperature 
(ta) for the South (S) and North (N) rooms for flow 1 (Aug-12, 2016 to Jan-26, 2017) and 2 (Feb-2, 2017 to July-16, 
2017). 

   N room  S Room 

Zone Flow: 1 2  1 2 

 1 ta ≤ 0°C 2.54 (2.60, 2.49) 1.63 (1.73, 1.54)  2.61 (2.65, 2.57) 1.59 (1.68, 1.50) 
  0°C < ta ≤ 5°C 2.14 (2.19, 2.08) 1.79 (1.87, 1.70)  2.18 (2.23, 2.14) 1.93 (2.02, 1.84) 
  5°C < ta ≤ 10°C 2.27 (2.36, 2.17) 2.00 (2.06, 1.95)  2.18 (2.23, 2.13) 2.29 (2.34, 2.25) 
  10°C < ta ≤ 15°C 3.39 (3.53, 3.25) 1.85 (1.92, 1.77)  3.09 (3.20, 2.98) 2.48 (2.53, 2.43) 
  15°C < ta ≤ 20°C 4.17 (4.30, 4.04) 1.96 (2.06, 1.87)  3.92 (4.04, 3.80) 2.63 (2.71, 2.55) 
  20°C < ta ≤ 25°C 4.76 (4.88, 4.64) 2.35 (2.45, 2.26)  4.21 (4.34, 4.08) 2.81 (2.90, 2.72) 
  25°C < ta ≤ 30°C 5.23 (5.33, 5.13) 2.55 (2.63, 2.48)  5.20 (5.32, 5.08) 2.87 (2.94, 2.81) 
  ta > 30°C 4.87 (4.96, 4.79) 2.91 (2.99, 2.83)  4.69 (4.80, 4.57) 3.23 (3.29, 3.17) 
        
 2 ta ≤ 0°C 2.85 (2.90, 2.79) 1.88 (1.97, 1.78)  3.06 (3.11, 3.02) 1.92 (2.02, 1.83) 
  0°C < ta ≤ 5°C 2.36 (2.42, 2.31) 2.10 (2.19, 2.01)  2.67 (2.72, 2.63) 2.23 (2.32, 2.14) 
  5°C < ta ≤ 10°C 2.50 (2.59, 2.41) 2.31 (2.37, 2.25)  2.70 (2.75, 2.64) 2.61 (2.66, 2.56) 
  10°C < ta ≤ 15°C 3.82 (3.96, 3.68) 2.15 (2.22, 2.08)  3.61 (3.71, 3.51) 2.79 (2.84, 2.74) 
  15°C < ta ≤ 20°C 4.66 (4.79, 4.53) 2.15 (2.24, 2.06)  4.33 (4.43, 4.23) 2.90 (2.96, 2.85) 
  20°C < ta ≤ 25°C 5.17 (5.29, 5.05) 2.38 (2.48, 2.29)  4.48 (4.59, 4.37) 3.14 (3.21, 3.07) 
  25°C < ta ≤ 30°C 5.64 (5.74, 5.54) 2.59 (2.65, 2.53)  5.33 (5.44, 5.22) 3.17 (3.22, 3.12) 
  ta > 30°C 5.10 (5.21, 5.00) 2.97 (3.03, 2.92)  4.93 (5.02, 4.84) 3.54 (3.58, 3.49) 
        
 3 ta ≤ 0°C 2.90 (2.96, 2.85) 1.98 (2.07, 1.88)  3.16 (3.20, 3.12) 2.14 (2.23, 2.04) 
  0°C < ta ≤ 5°C 2.53 (2.58, 2.48) 2.30 (2.39, 2.20)  2.95 (3.00, 2.91) 2.48 (2.58, 2.39) 
  5°C < ta ≤ 10°C 2.85 (2.94, 2.75) 2.59 (2.65, 2.53)  3.05 (3.10, 2.99) 2.96 (3.01, 2.91) 
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  10°C < ta ≤ 15°C 4.16 (4.31, 4.01) 2.47 (2.54, 2.41)  3.90 (4.00, 3.81) 3.29 (3.34, 3.24) 
  15°C < ta ≤ 20°C 5.05 (5.18, 4.92) 2.48 (2.57, 2.39)  4.50 (4.61, 4.39) 3.56 (3.62, 3.50) 
  20°C < ta ≤ 25°C 5.55 (5.68, 5.43) 2.73 (2.83, 2.64)  4.60 (4.74, 4.47) 3.71 (3.78, 3.64) 
  25°C < ta ≤ 30°C 6.13 (6.23, 6.03) 2.95 (3.01, 2.90)  5.54 (5.65, 5.43) 3.68 (3.74, 3.62) 
  ta > 30°C 5.66 (5.76, 5.56) 3.37 (3.43, 3.31)  5.19 (5.28, 5.10) 4.06 (4.10, 4.02) 
        
 4 ta ≤ 0°C 2.53 (2.58, 2.48) 2.02 (2.12, 1.93)  2.43 (2.47, 2.39) 2.14 (2.24, 2.03) 
  0°C < ta ≤ 5°C 2.25 (2.30, 2.20) 2.07 (2.16, 1.97)  2.41 (2.47, 2.36) 2.09 (2.18, 1.99) 
  5°C < ta ≤ 10°C 2.50 (2.58, 2.41) 2.34 (2.39, 2.29)  2.60 (2.68, 2.52) 2.43 (2.49, 2.37) 
  10°C < ta ≤ 15°C 3.64 (3.77, 3.51) 2.50 (2.56, 2.44)  3.46 (3.56, 3.36) 2.98 (3.05, 2.91) 
  15°C < ta ≤ 20°C 4.42 (4.54, 4.30) 2.68 (2.76, 2.60)  4.23 (4.34, 4.13) 3.40 (3.46, 3.34) 
  20°C < ta ≤ 25°C 4.87 (4.98, 4.75) 3.05 (3.14, 2.96)  4.39 (4.52, 4.27) 3.61 (3.68, 3.53) 
  25°C < ta ≤ 30°C 5.51 (5.60, 5.43) 3.43 (3.49, 3.37)  5.43 (5.55, 5.31) 3.69 (3.75, 3.62) 
  ta > 30°C 5.01 (5.10, 4.93) 3.90 (3.95, 3.85)  5.15 (5.25, 5.06) 4.07 (4.12, 4.03) 

        

 

Figure 9. Example of mean (95% CI) HS2I for four zones (1 to 4) down the length of the building binned by ambient 
temperature (ta) for the North room for flow 2 (Feb-2, 2017 to July-16, 2017). 

Mean (95% CI) uniformity coefficient (maximum = 1) binned by ta is presented in figure 10. For both 

rooms and flows, uniformity coefficient tended to decrease from the coldest bin to the 10°C < ta ≤ 15°C 

and then increase to the warmest bin – with highest values found near the extreme bins. This result 

seems reasonable as the controller can adjust inlet opening and heater run time to maintain tdb setpoint 

during colder conditions. Conversely, at warmer conditions, which usually exceed the tdb setpoint, the 

transitions between power to tunnel can lead to a more severe lack of uniformity. This result also 

suggests that mild weather ventilation (ta range 5°C to 20°C) is one of the major challenges prohibiting 

the delivery and control of a thermally optimal and uniform environment in modern swine facilities. 
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Figure 10. Mean (95% CI) uniformity coefficient (maximum = 1) binned by ambient temperature (ta) for the South (S) 
and North (N) rooms for flow 1 (Aug-12, 2016 to Jan-26, 2017) and 2 (Feb-2, 2017 to July-16, 2017). 

 

Objective 2: develop and disseminate a set of building component integrity protocols to enhance the 
swine industry’s understanding of mechanical component failures and maintenance priorities 

Field collected maintenance data  

The cooperating integrator-supplied field data was reorganized into specific categories, based upon 

general facility requirements. These categories included pig comfort (with sub-categories ventilation 

fans, ventilation inlets, cooling systems), basic needs (with sub-categories water, feed), and pig 

handling (with sub-categories gating, loading chute). Within each category and sub-category, specific 

component maintenance needs were quantified. 

A total of 10423 maintenance records with 2259 pig comfort-related (22%), 6363 basic need-related 

(61%), and 1801 pig handling-related (17%) requests from the two-year maintenance records provided. 

The percent of total maintenance requests by category and sub-category is shown in Figure 11. The 

top three requested maintenance issues were related to the basic need category and specifically the 

feed sub-category where these three alone comprised 39% of all requested repairs.  
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 Figure 11. Percent of total maintenance requests by category and sub-category. 

 
Pig comfort 

Maintenance request records were reviewed for any item related to ventilation fans, ceiling inlets, 

and any item designed for pig cooling (i.e., evaporative pads, water pumps, solenoids, etc.). For the 

two-year time period analyzed, a total of 1382 ventilation fan related, 41 ceiling inlet related, and 836 

cooling system related maintenance requests were issued. 
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Figure 12. Percent of total pig comfort category maintenance requests by specific component. 
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Figure 13. Ventilation fan maintenance requests. 

 

111

66

106

664

40

341

54

0

100

200

300

400

500

600

700

N
u

m
b

e
r 

o
f 

R
e
q

u
e

s
ts

Types of Requests

Shutters

Belts

Bearings

Motor

Housing

Blades

Controller

0

5

10

15

20

25

30

35

Percent of Pig Comfort Requests as a Function of 
Component



· 27 · 
 

Ventilation inlet maintenance 

Ceiling inlet related requests (figure 14) were very low (41 total requests) with issues related to inlet 

cables dominating these requests (66%). 

Figure 14. Ceiling inlet maintenance requests. 
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Figure 15. Cooling system maintenance requests. 
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Basic needs 

Maintenance request records were reviewed for any item related to the water supply and feed 

delivery systems. For the time period analyzed, a total of 599 plumbing related and 5764 feed delivery 

related maintenance requests were issued. 

Figure 16. Percent of total basic need category maintenance requests by specific component. 
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Figure 17. Plumbing related maintenance requests. 
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Feed system maintenance 

Feed delivery related requests (figure 18) were dominated by issues related to the feed line itself 

(35%), the auger motor (24%), the auger itself (12%) with a myriad of other requests ranging from chain 

disks (5%) to issues associated with frozen lines (1%).  

Figure 18. Feed supply system related maintenance requests. 
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Pen gating maintenance 

Gating related requests (figure 20) were dominated by issues related to brackets, loose anchoring, 

and floor-to-gate brackets (53%), welding repairs (23%), and the horizontal rods or vertical support bars 

(18%).  

Figure 20. Gating related maintenance requests. 

Loading chute maintenance 

Loading chute related requests (figure 21) were dominated by the elevation jack (30%) with the 

balance handled with a myriad of components.  

Figure 21. Loading chute related maintenance requests. 
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Summary of maintenance records reviewed 

The maintenance records reviewed clearly indicated that issues related to the in-barn feed delivery 

system dominated repair requests. The feed line, the associated auger motor, and the auger itself 

comprised 39% of the 10423 repair requests evaluated. Attention to quality installation and component 

selection with these three items is of paramount importance. In general, issues related to motors (feed 

system: n=1363, fans: n=664, and cool cell pumps: n=126) accounted for 21% of all repair/replacement 

requests. Selection of motors designed for the challenging environment inside swine barns is 

paramount to the overall success of the commissioning (Cx) and recommissioning (rCx) process. The 

myriad of repairs required to maintain the operational integrity of swine barns is daunting. Attention to 

detail by the operator is a crucial step in maintaining acceptable functional performance of a swine 

production system and their efforts in this process should be commended. 

The overall goal with this second research objective was to develop a building integrity index (BII) 

and for the most part we fell short in achieving this objective. The maintenance records reviewed were 

crucial for assessing the bottle-necks in repairs/replacements required but lacked the time-

interval/frequency information required to assess component integrity. Useful insight was gained on 

maintenance issues and clearly pointed to the overall in-barn feed delivery system as a high priority 

area that demands better quality for our production systems. Further work is required to establish the 

desired BII originally proposed.  

OVERALL PROJECT CONCLUSIONS 

Commissioning (Cx) and recommissioning (rCx) concepts can and should be applied to swine 

production systems. With this research project, several key steps were taken to ensure that the 

production system developed for raising swine efficiently has been met. The specific achievements of 

this research in attaining the ultimate goal of providing procedures for Cx were: 

1. A novel sensor array (TESA) was developed that, in the near future, could be implemented with 

existing swine barn control systems to better describe the thermal environment. 

2. TESA, by its very design, incorporates all thermal parameters required to assess the state of the 

thermal environment and the ability of the control, inlet, fan, heating, and cooling systems to 

achieve optimal conditions. 

3. Thermal comfort simulation results of group-housed, grow-finish pigs were used to generate a 

new thermal index for assessing different combinations of the thermal environment and predicting 

the subsequent impact on pig performance. 
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4. The newly created housed swine heat stress index (HS2I) will produce numerous prospective 

approaches to quantify the total impact of the thermal environment for guiding ventilation design 

and risk management decisions. 

5. Overall, the results from this research project will help the swine industry by providing new 

technology and methods to quantify the impact of the thermal environment on pig performance for 

improved housing system design, management, and control decisions. 

6. An extensive search of maintenance records clearly indicated the need for better in-barn feed 

delivery components to ensure long-term building operation success. Motors associated with the 

feed delivery system, fans, and cool cell pumps require significant investment in repair 

management and although partially expected, expresses the need for better selection of motors 

exposed to the challenging environments typical of swine production systems. 
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APPENDIX 

Category Sub-category Component Requests % of Total 

basic need feed feed line 1999 19.2 

basic need feed motor 1363 13.1 

basic need feed auger 694 6.7 

comfort fan motor 664 6.4 

handling gating brackets 408 3.9 

comfort fan blades 341 3.3 

comfort cooling cool cells 328 3.1 

handling gating misc welding 315 3.0 

basic need feed chain disk 301 2.9 

basic need feed gear box 262 2.5 

handling gating rods/bars 246 2.4 

basic need feed switch 238 2.3 

basic need water valves 193 1.9 

basic need feed feeder 183 1.8 

basic need feed unloader 182 1.7 

basic need feed sensor 171 1.6 

basic need feed tailshaft 170 1.6 

comfort cooling A/C 166 1.6 

handling gating loose gate 148 1.4 

handling chute jack 125 1.2 

basic need feed circuit breaker 115 1.1 

basic need water medicators 114 1.1 

comfort fan shutters 111 1.1 

comfort fan bearings 106 1.0 

handling gating gate feet 106 1.0 

basic need water sprinklers 99 0.9 

basic need feed frozen line 86 0.8 

handling chute cleats 83 0.8 

comfort cooling pump 82 0.8 

handling gating anchoring 71 0.7 

comfort fan belts 66 0.6 

comfort cooling stir fans 66 0.6 

comfort cooling misters 66 0.6 

handling chute 
bent 

components 62 0.6 

comfort fan controller 54 0.5 

basic need water pump 53 0.5 

handling gating gate tabs 45 0.4 

comfort cooling motor 44 0.4 

comfort fan housing 40 0.4 

basic need water pressure tank 40 0.4 

comfort cooling solenoids 34 0.3 

comfort cooling cool cell pads 30 0.3 
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basic need water frozen line 30 0.3 

basic need water sump pump 29 0.3 

comfort inlet cable 27 0.3 

handling gating dividers 26 0.2 

basic need water solenoids 23 0.2 

handling chute hinge 22 0.2 

handling chute flat tire 22 0.2 

comfort cooling float valve 20 0.2 

basic need water nipples 18 0.2 

handling chute T-bars 18 0.2 

handling chute collar 17 0.2 

handling chute holes 17 0.2 

handling chute cables 17 0.2 

handling gating bushing 15 0.1 

handling chute chute door 15 0.1 

comfort inlet baffles 14 0.1 

handling chute lights 12 0.1 

handling chute plywood 11 0.1 

 

 


