FUNCTIONAL PERFORMANCE EVALUATION OF A
NOVEL THERMAL ENVIRONMENT SENSOR ARRAY
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ABSTRACT. The thermal environment (TE) inside livestock and poultry facilities has a substantial impact on animal growth
performance and facility energy usage; therefore, the TE must be quantified correctly to maintain the optimal TE that
maximizes feed efficiency and consumes minimal resources. To achieve this goal, a TE sensor array (TESA) and accompanying data acquisition system were previously developed to measure dry-bulb temperature (tdb), black globe temperature,
airspeed, and relative humidity (RH). While measurement of each parameter is useful individually, it is more informative
when they are combined to estimate and assess the total impact that the TE has on an animal. Hence, the objectives of this
study were to (1) design, construct, and commission a TE simulation system, named the Animal Thermal Environment Replication and Measurement System (AThERMS), and (2) compare total sensible heat loss estimated by TESA to a reference
ideal temperature source (ITS) when subjected to different TE conditions inside AThERMS. AThERMS is a 1.04  1.17 
1.04 m chamber inside a large insulated enclosure in which air supplied by an air handling unit provides unique combinations of tdb, RH, and airspeed while independently controlling chamber surface temperature (ts). Commissioning of
AThERMS included qualitative (smoke visualization) and quantitative (three-dimensional traverse) velocity characterizations in the central region of the chamber and verification of similar and stable ts for all six surfaces. Analysis of velocity
contours at three nominal flow rates indicated steady patterns, and at three nominal ts values (13°C, 23°C, and 33°C) during
2 h steady-state operation, the maximum average difference between any two of the six surface ts values was 0.26°C. The
TESA was then suspended in AThERMS adjacent to the ITS (15.24 cm diameter black copper sphere with a heater immersed
in water). The ITS and TESA were subjected to two nominal airspeeds (~0.5 and 2.0 m s-1) at three nominal tdb values (17°C,
25°C, and 33°C) with a mean radiant temperature approximately equal to the nominal tdb. Total heat loss was estimated
from heat transfer theory with TESA measurements as inputs and compared to the measured root mean square power required to maintain a constant water temperature in the ITS. Overall, predicted total heat loss underestimated measured
power for all six tests. Future work needs to improve the measurement accuracy at low total heat losses. AThERMS can be
used to simulate different TEs that an animal may experience and provide steady reference conditions to verify TE measurements. The TESA is a novel and effective tool for understanding the TE distribution and estimating total heat loss.
Keywords. Black globe, Data acquisition, Swine, Ventilation.

A

ccurate quantification of the thermal environment (TE) inside livestock and poultry houses is
essential for improving the production efficiency
needed to address future global food security demands without neglecting environmental impact. The TE influences animal well-being and growth performance, and it
can place animals at risk for adverse health effects (Ames,
1980; Close, 1987; Curtis, 1983; Huynh et al., 2005; Renaudeau et al., 2011). Often in both commercial and research
settings, only dry-bulb temperature (tdb) and occasionally
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relative humidity (RH) are used to describe the TE. These
two parameters alone can only be used to indirectly quantify
sensible and latent heat loss. Further, when only tdb and RH
are used to develop empirical indices (e.g., temperature-humidity index) relating the TE to an animal’s behavioral
and/or physiological responses, these indices become invalid
when other aspects of the TE change, such as elevated airspeeds or extreme surrounding surface temperatures. Airspeed influences forced convective and evaporative heat
losses, while surrounding surface temperatures describe the
impact of thermal radiation. The addition of airspeed and
mean radiant temperature are required to correctly model total heat loss, and these parameters require monitoring to improve our understanding of the impact that the TE has on
animals. Hence, accurate quantification of the overall TE
and estimations of total heat loss from easily measured TE
parameters are needed to improve current measurement and
ventilation systems.
A thermal environment sensor array (TESA) and accompanying data acquisition (DAQ) system for measurement of
tdb, black globe temperature, airspeed, and RH were previously developed by Ramirez (2017) and Ramirez et al.
(2016). This robust measurement system has the capability
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to provide discretized, spatiotemporal TE data inside livestock and poultry facilities. A performance assessment of
TESA is needed to ensure accurate individual measurements, as well as the combination of the four TE parameters,
so that total heat loss can be accurately estimated. Custombuilt reference systems are often needed to assess the performance of novel instruments such as TESA. Simone et al.
(2007) developed a test room with surfaces cooled and
heated at different temperatures to assess operative temperature estimation by a novel sensor (varying in color and geometry) at different locations within the room. A control system using an artificial neural network was tested in a chamber (2.92 m W  2.39 m D  2.51 m H) capable of sensible
and radiant heating, humidification, and dehumidification
(Moon and Kim, 2010). Further, cylindrical globe thermometer behavior was studied in conditions of radiant temperature asymmetry in a small box with a hydronically cooled
ceiling and electrically heated floor (Fontana, 2010). These
previous studies all involved specialized testing chambers
for unique measurement applications; hence, TESA requires
a new reference measurement system to accommodate the
unique measurements and goals of TESA.
A reference measurement system that can provide stable
tdb, RH, airspeed, and mean radiant temperature to assess
TESA does not exist. Further, TESA measures the main
physical parameters needed to estimate the total sensible
heat loss of an animal but requires validation on a simplified
representation. Tanabe et al. (1994) described the construction and control of a thermal manikin to explore non-uniform
TE. In a summary by Bakken (1992), heat transfer between
model animals and the surrounding TE was studied using approximate representations in the form of simple geometries

or realistic sculptures and life casts. Therefore, the objectives
of this study were to (1) design, construct, and commission
a TE simulation system, named the Animal Thermal Environment
Replication
and
Measurement
System
(AThERMS), and (2) compare the total sensible heat loss estimated by TESA to a reference ideal temperature source
(ITS; represented by a sphere) when subjected to different
TE conditions inside AThERMS.

MATERIALS AND METHODS
The AThERMS was first constructed and commissioned
(Ramirez, 2017; Ramirez et al., 2015) and then used to conduct a functional performance evaluation of TESA, which
measured of dry-bulb temperature (tdb) via a thermistor, tdb
and relative humidity (RH) via a digital sensor, airspeed, and
black globe temperature (tg). The tg was used in the convective and radiative balance (ISO, 2001) on the black globe to
calculate mean radiant temperature (tmr). Airspeed was
measured with a custom omnidirectional thermal anemometer (OTA). Further details on the sensor design, calibration,
and tdb compensation approach are described by Gao et al.
(2016). A detailed description of the sensors and communication network is provided by Ramirez (2017).
AThERMS DESIGN AND CONSTRUCTION
The AThERMS (figs. 1, 2, and 3) was designed to simulate the different radiative, convective, and evaporative TEs
that a housed animal may experience. Different tdb, RH, and
airspeeds were simulated at the center of a large chamber
constructed of 0.7 mm (0.0276 in.) thick sheet metal painted
gloss white (assumed emissivity of 0.98) to replicate a gray

Figure 1. Schematic of the AHU, IE, and AThERMS. Conditioned air from the AHU to AThERMS was controlled by an actuated damper, with
excess flow supplied to each side of the IE via flex ducts (shown as rigid for simplicity). AThERMS exhausted air to the room, and air circulating
around AThERMS and inside the IE was returned to the AHU.
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Figure 2. Detailed schematic of AThERMS. An actuated damper controlled airflow from the AHU, supplied via a rigid duct. Sheathing secured
by hose clamps connected the access door duct to the supply duct. Toggle clamps secured the weather-stripped access door in place.

Figure 3. Dimensioned drawing of AThERMS. All units are in meters [in.]

body. The interior dimensions (L  W  H) were 1.04  1.17
 1.04 m (41  46  41 in.; fig. 3). All six sides of the chamber (>90% of the area in thermal radiation exchange with a
black globe) were maintained at the same surface temperature (ts). The inlet to the chamber had a 0.15 m (6 in.) diameter opening with a perforated diffuser with 4.77 mm
(0.188 in.) holes to straighten the airflow and increase the
surface area of the wall (as opposed to leaving the inlet
open). The outlet consisted of a 0.20 m (8 in.) diameter opening with a perforated diffuser with 6.35 mm (0.25 in.) holes
in the center of the wall opposite the inlet (fig. 1). The inlet
and outlet were sealed with weather stripping, and the interior of the chamber was sealed with silicone. A sealed door
(fig. 2) was positioned on the inlet side to allow access to the
interior of the chamber. AThERMS was housed inside a
larger insulated enclosure (IE; fig. 1) constructed of 0.051 m
(2 in.) thick rigid foam board insulation (R-10) with exterior
dimensions (L  W  H) of 2.44  2.44  1.83 m (8  8 
6 ft). Concentric ring diffusers placed on opposite sides of
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the IE distributed air around AThERMS to control ts (fig. 1).
A 0.15 m (6 in.) diameter outlet on top of the IE (fig. 1) returned air to the air handling unit (AHU; fig. 1), with makeup
air from the room available when required. A tdb and RH sensor (HMP-133Y, Vaisala, Helsinki, Finland) was located
near the return duct in the IE.
The AHU (fig. 1; AA-5474, Parameter Generation and
Control, Black Mountain, N.C.) conditioned the air (at a set
tdb and RH) supplied to both AThERMS (fig. 2) and IE
(fig. 1) through a 0.15 m (6 in.) diameter duct split via a wye,
with the airflow to AThERMS controlled by an actuated
damper (figs. 1 and 2; remaining airflow went to the IE diffusers). The maximum airflow provided by the AHU was
0.33 m3 s-1 (700 cfm) with 3,000 W (10,236 BTU h-1) sensible heating and 5275 W (1.5 ton) cooling capacity.
AThERMS PERFORMANCE EVALUATION
AThERMS performance was verified to provide a consistent and stable TE after completion and prior to the TESA
functional performance testing.
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Airspeed
The airflow through AThERMS was visualized using
smoke (S102, Regin HVAC Products, Inc., Oxford, Conn.)
injected into the supply duct and recorded with a small video
camera. Light sources were placed on the bottom of the
chamber, and a black background was added opposite the
camera to aid in visualizing the flow patterns.
Three nominal airflow rates (low, medium, and high),
controlled by the actuated damper (figs. 1 and 2), were used
to evaluate airspeeds (commonly found in swine facilities)
in the central region (fig. 4a) of AThERMS. A three-dimensional traverse (fig. 4) was conducted using a hot-wire anemometer (model 8455, TSI Inc., Shoreview, Minn.) across
an 0.25  0.25  0.20 m (10  10  8 in.) volume. Three 12
VDC linear actuators (HDA10-2 and HDA8-2, Robotzone
LLC, Winfield, Kans.) moved the anemometer in the x, y,
and z directions (fig. 4b), and about 243 measurement locations were randomly tested. Velocity was assumed only in
the y-direction (fig. 4a) and confirmed by smoke visualization. The position of the anemometer relative to center of the
chamber was determined by calibrating the actuator displacement against the analog response (from an internal
10 k potentiometer) and measuring the offset for the side
and bottom surfaces. Six airspeeds per measurement location
were sampled every second with the anemometer, which internally calculated the average every 50 ms. The average velocity at each measurement location was used to determine
the airspeed and construct a three-dimensional velocity profile using three-dimensional linear interpolation of a 5 mm
(0.2 in.) mesh grid. All uniformity tests were conducted at a
constant tdb,in (20°C) and RHin (50%).

Dry-Bulb and Surface Temperatures
Ambient temperature stability was confirmed by using a
tdb sensor (NTCLE413E2 thermistor, Vishay Intertechnology Inc., Malvern, Pa.) located near the center of
AThERMS. A datalogger (Micro, Arduino LLC, Italy) sampled tdb every 2 s, and the values were recorded with customdeveloped software (Python 2.7, Python Software Foundation, Beaverton, Ore.).
Stable and evenly distributed ts on each of the six sides of
AThERMS was verified using six digital infrared (IR) tem-

(a)

perature sensors (MLX90614, Melexis NV, Leper, Belgium;
field of view = 90°, e.g., measurable area at 0.5 m distance
= 0.785 m2) mounted on the surfaces of a small cube (fig. 5a)
that was suspended in the center of AThERMS (fig. 5b), and
ts was recorded every 6 s (Uno R3, Arduino LLC, Italy). The
IR cube placement was verified to not affect ts prior to testing
by placing the IR cube in the center of AThERMS. The IR
sensors were calibrated by the manufacturer with an emissivity of 1.0; hence, ts was corrected using the Stefan-Boltzmann law and the interior surface emissivity of AThERMS.
Mean IR ts was analyzed during the steady-state phase for
nominal AHU supply temperatures (tdb,in) of 13°C (55.4°F),
23°C (73.4°F), and 33°C (91.4°F). An uncertainty analysis
(table 1) was performed for the IR sensor to establish the
confidence in ts. Standard uncertainties obtained from Type
B evaluation were much greater than from Type A evaluation (i.e., standard error); thus, standard error was neglected
but still identified to emphasize its importance (table 1).
Nonlinear, least squares regression was performed in
Matlab (R2016a, The Mathworks, Natick, Mass.) on the
mean ts (i.e., all six sides averaged) versus elapsed time to
determine the time constant (, ~63%) for heating and cooling the system (eq. 1). The time constant served as a metric
to determine the time to reach steady-state. The time to reach
steady-state was estimated by 3 (~95% of steady-state
value), assuming first-order system behavior (eq. 1):
 t  t0


ts  t   t s,0  t s 1  e 








(1)

where
ts(t) = surface temperature as a function of time (°C)
ts,0 = initial ts at time t0 (°C)
ts = difference between ts,0 and ts at steady-state (°C)
t = time (min)
t0 = initial time (min)
 = time constant (min).
TESA PERFORMANCE EVALUATION
The performance of TESA was assessed by subjecting the
TESA to various TE conditions inside AThERMS. Individ-

(b)

Figure 4. (a) Coordinate system for airspeed measurements with the origin at the center of the chamber and (b) three linear actuators used to
complete three-dimensional airspeed traverse in the center (location of BGT) using a hot-wire anemometer.
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(a)

(b)

Figure 5. (a) Six digital IR sensors mounted on each surface of a cube and (b) suspended in the center of AThERMS.
Table 1. Uncertainty analysis for digital IR sensor.
Standard
Value Probability
Uncertainty
Source
(°C) Distribution Divisor
(°C)
Standard error[a]
Normal
1
Reading resolution[b]
0.01 Rectangular
8.33E-6
3
Accuracy[c]
0.5
Rectangular
0.083
3
Measurement resolution[d]
0.02 Rectangular
0.003
3
Combined standard uncertainty
0.29
Coverage factor k[e]
2
Expanded uncertainty
0.58
[a]
Standard error was very small relative to other standard uncertainties
and was thus neglected.
[b]
Indicated that ts can lie with equal probability anywhere in the interval
ts – 0.005 to ts + 0.005.
[c]
Range: 0°C to 50°C.
[d]
SMBus protocol resolution indicated that ts can lie with equal probability anywhere in the interval from ts – 0.01 to ts + 0.01.
[e]
Approx. 95% confidence interval and infinite degrees of freedom.

ual TESA measurements were compared with respect to reference conditions, and then the combination of individual
measurements was used to estimate total heat loss compared
to the power required to maintain an ideal temperature
source (ITS).

Analytical Analysis
An ITS (i.e., a source of thermal energy that can maintain
a specified temperature regardless of thermal energy exchange by the system) will ultimately balance the power required to maintain a specified temperature with the combined convective and radiative losses of the TE (eq. 2). For
any object, the transient sensible thermal balance is:
mc

dT
  qconv
  qrad

 q gen
dt

where
m = mass (kg)
C = specific heat of mass (J kg-1 K-1)
T = absolute temperature of an object’s mass (K)
T = time (s)
qgen = generated heat flux inside an object (W m-2)
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(2)

qconv = convective heat flux (W m-2)
qrad = radiative heat flux (W m-2).
Assuming steady-state and substituting in the appropriate rate equations yields equation 3:



4
qgen  hcv A Ts  Tdb   A Ts4  Tmr



(3)

where
qgen = total generated heat (W)
hcv = convective heat transfer coefficient for the object’s
geometry (W K-1 m-2)
A = object surface area (m2)
Ts = surface absolute temperature (K)
Tdb = absolute dry-bulb temperature (K)
 = emissivity (0.95)
 = Stefan-Boltzmann constant (5.6697E-8 W m-2 K-4)
Tmr = mean radiant temperature (K).
The sensible TE can be quantified by TESA and then used
to estimate the sum of the convective and radiative losses
(qtotal), with knowledge of the object’s geometry. The sensible heat balance states that qtotal must equal the rate of thermal energy being generated inside the ITS (eq. 4); thus,
measurement of the electrical power required to maintain the
ITS at a constant temperature (eq. 4) was the reference value
to compare with qtotal (eq. 3) estimated by TESA:
q gen  Pgen  V AC I RMS  qtotal

(4)

where
Pgen = measured electrical power to maintain ITS at constant temperature (W)
IRMS = root mean square AC current (A)
VAC = AC voltage (120 VAC RMS)
qtotal = predicted combined radiative and convective heat
loss by a TESA (W; eq. 3).

Experimental Setup
The ITS (fig. 6) was a 0.15 m (6 in.) diameter copper
sphere with 1.09 mm (0.04 in.) thick walls painted flat black
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Figure 6. Experimental setup with thermal environment sensor array
(TESA) and ideal heat source (black sphere with heater).

and filled with water (1.85 L; 113 in.3). The sphere replicated
a geometry with well-known empirical heat transfer relationships for forced and natural convection. A 6.03 cm (2.4 in.)
long, 100 W electrical cartridge resistance heater
(HDL00001, Tempco Electric Heater Corp., Wood Dale,
Ill.) was secured in a 1.27 cm (0.5 in.) diameter hole bored
in the top of the sphere. A TRIAC (AC-VXP/N 180V800E,
Control Resources, Inc., Littleton, Mass.) transformed the 0
to +5 VDC input to control the AC output to the heater. A
metal wire shaped in a zigzag pattern was inserted inside the
sphere and rotated with constant speed to enhance mixing
and heat distribution from the cartridge heater; therefore, it
was assumed that the ITS had an isotropic surface temperature. A waterproof temperature sensor was placed in the water and acted as the feedback sensor for proportional-integral-derivative (PID) control of the water temperature (twater,
fig. 6). A four-channel, 16-bit analog to digital converter
(ADS1115, Adafruit, New York, N.Y.) was interfaced with
a microcontroller (Micro, Arduino LLC, Italy) that contained a custom DAQ and PID (Beauregard, 2015) control
software created in the integrated development environment
of the microcontroller.

Data Acquisition and Procedure

Two nominal airspeeds (~0.5 and 2.0 m s-1) were tested
at three nominal tdb (17°C, 25°C, and 33°C) where tmr was
equal to the nominal tdb. The water temperature setpoint was
39°C to approximate the core body temperature of a pig.
Data were recorded in a comma-delimited text file and processed using Matlab (R2016a, The Mathworks, Inc., Natick,
Mass.). The tdb, tmr, and twater of the ITS were allowed to reach
steady-state prior to estimating qtotal and calculating the RMS
power required by the ITS. Once at steady-state conditions,
the analysis was conducted over at least a 30 min interval.
Raw voltage measurements were transformed to their corresponding physical value, and then the physical quantity was
averaged over the steady-state period. A Simulink (R2016a,
The Mathworks, Natick, Mass.) model was developed and
used to solve for the theoretical qtotal using TESA measurements and compared to the measured power required to
maintain the ITS at a constant twater.
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RESULTS AND DISCUSSION
ATHERMS DESIGN AND CONSTRUCTION
The completed AThERMS was capable simulating different radiative, convective, and evaporative TEs that a housed
animal may experience to verify the TE measurements inside
the chamber. The final design and construction of
AThERMS were specific to meet the requirements of TESA.
Several other studies have documented the design, construction, and evaluation of custom chambers for TE testing of
new sensors or heated apparatuses. Often in these studies,
experimental details to assess chamber performance are undocumented, and data are used as-is in subsequent calculations. Most other custom chambers are sized according to
their application, that is., so that there is sufficient space for
airflow around the test sensor or apparatus, and feature multiple methods for heating, cooling, and humidifying the supply air and additional systems for controlling surface temperatures. For cooling surfaces, hydronic systems with coils
using an air-water heat pump (Catalina et al., 2009) or a water (60%) and ethyl alcohol solution refrigerated by a chiller
(Fontana, 2010) have been used. A major concern with
cooled surfaces is interior and exterior surface condensation
that could lead to damaged electronics. Both commercial and
custom control systems have been implemented to control
supply air and surface temperatures, which are then verified
with a statement of variably during the experiment.
AThERMS PERFORMANCE EVALUATION

Airspeed

Flow visualization with smoke confirmed the magnitude
of velocity to be predominately in the y-direction (fig. 7a).
Although some smoke swirled in the center of AThERMS, a
steady jet formed as air entered the chamber and exited
through the outlet (fig. 7b). Some air collided with the surface surrounding the outlet and recirculated back to form the
jet (fig. 7c).
Each of the three nominal airflow rates tested (low, medium, and high) showed consistent velocity profiles in the
central region of AThERMS (fig. 8). These results aided in
determining possible locations of the OTA that accurately
reflect the typical convective environment experienced by
TESA. The OTA must not affect tmr measurement nor measure airspeed in the boundary region around the sphere. The
optimum location is the best estimate of the free-stream airspeed passing the ball. Control of airflow and uniform airflow patterns are not always possible in commercial swine
facilities.
Catalina et al. (2009) used CFD to estimate air velocity
fields in a 3.10  3.10  2.50 m climate chamber with a
cooled ceiling to subsequently analyze human thermal comfort via predicted mean vote (PMV). The CFD results were
verified using temperatures and allowed increased spatial
resolution in different planes. Similar to this study, CFD was
used to verify experimental measurements and subsequently
confirm assumptions on airflow direction. While local airspeed was measured in this study, Catalina et al. (2009) used
the results of the CFD analysis as the air velocity inputs in
their PMV model.
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(a) Low flow

(b) Medium flow

(c) High flow
Figure 7. (a) Smoke initially entering AThERMS, (b) formation of the jet, and (c) some smoke circulating back to the jet.

Dry-Bulb and Surface Temperatures
A stable temperature inside AThERMS (tdb,bgt) was observed for each of the three nominal AHU supply temperatures (table 2). This indicated a reliable tdb for determining
convective heat transfer coefficients for the ITS and TESA.
Low fluctuations in tdb,in from the AHU considerably aided
in maintaining stable ts and tdb,bgt. The interior chamber tdb
reported by Catalina et al. (2009) was measured with six
K-type thermocouples (0.5°C accuracy) and RH with an
accuracy of 2.5%, while Fontana (2010) used two K-type
thermocouples at a distance of 5 cm from the BGT. With
TESA, the tdb thermistor (0.33°C standard uncertainty) was
mounted about 10 cm from the BGT and used an RH sensor
with an accuracy of 3.5%.
All six interior surfaces of AThERMS were found to provide uniform and stable surface temperatures at the three
nominal AHU supply air temperatures (tdb,in) tested (fig. 9
and table 2). At 23°C tdb,in (fig. 9b), mean ts was similar to
mean tdb,in (supplied to both AThERMS and IE), while at
13°C (fig. 9a) and 33°C (fig. 9c) tdb,in, mean ts was higher
and lower than mean tdb,in, respectively. This difference was
most likely due to heat loss through the uninsulated supply
ducts and the IE. The ambient dry-bulb temperature of the
room housing the IE and AThERMS was approximately
22°C, and the airflow to AThERMS was about 0.0064 m3
s-1 (13.5 cfm), while the remaining airflow went to the IE,
which increased heat loss through the supply ducts. This ex-
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planation also rationalizes the difference between tdb,in and
tdb,IE. At 23°C, mean ts was very similar to the mean temperature inside AThERMS (tdb,bgt), while at 13°C and 33°C,
mean ts was lower and higher than tdb,bgt, respectively. This
difference is not statistically significant based on the standard uncertainties of the two measurement sensors and DAQs.
A possible explanation may be a slight difference between
the assumed emissivity of the digital IR sensor and the actual
emissivity of the white surface or the influence of temperature on the digital IR sensor measurement. Further, these results simplify the thermal radiation network from seven
nodes (six surfaces plus the BGT) to a trivial two-node problem; because all six ts are equal, there is no thermal radiation
exchange between them. This corroborates the theoretical
assumption of the “large enclosure” scenario, in which the
surroundings are a uniform temperature.
The climatic chamber used by Catalina et al. (2009) had
nine Pt100 probes (accuracy = 0.3°C) on the interior surfaces and nine on the exterior faces of the six chamber sides.
Because ts measurement in this study used six digital IR temperature sensors, each with an expanded uncertainty of
0.58°C, subsequent calculation of tmr may have had more
uncertainty compared to Catalina et al. (2009). That earlier
study also calculated tmr from a BGT and via analytical analysis using the Pt100 probes and found reasonable agreement.
This supports using a BGT and corroborating with measured
ts. The smaller chamber (0.52  0.64  0.43 m) used by Fon-
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(a) Low Flow

(b) Medium Flow

(c) High Flow
Figure 8. Velocity visualization for (a) low, (b) medium, and (c) high nominal airflow rates where TESA was located in AThERMS.

tana (2010) used ten K-type thermocouples applied to the interior of each of the six chamber walls and achieved ts stability within 0.2°C. Fontana (2010) also verified that the tmr
obtained from ts measurements and the value deducted from
the BGT were within 0.25°C. However, Simone et al.
(2007) did not discuss airspeed, ts, and tdb performance. Both
ts control and stability are critical to ensuring a stable TE to
enable proper calculation of tmr.
The time to reach steady-state (table 3) was 85.2 min
(cooling) and 42.0 min (heating). Coefficients of determina-
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tion (R2) were greater than 0.97 for each regression (fig. 10).
The root mean square error (RMSE) provided an estimate of
the overall uncertainty over the regression. Heating caused
the system to reach steady-state faster compared with cooling due to the equipment in the AHU. Sensible heat was directly transferred to the air by five looped coils; for cooling,
air passed through an evaporative cooling spray chamber.
The time to reach steady-state (3) can be used to improve
experimental and operational protocols when TESA or any
other sensors are placed inside AThERMS.
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ble. The unique design of AThERMS allows this fine control
and stable supply of different TEs.
In order for the ITS to function with ideal behavior, twater
inside the sphere must be approximately constant. Figure 12
demonstrates that the twater was nearly constant (SD =
0.0.02°C) over the steady-state period, with no observation
of major fluctuations. This narrow control band was most
likely due to the tuning of the PI controller on the microcontroller.
The sensible modes of qtotal were partitioned for each of
the six experiments (fig. 13). Convection was the greatest
fraction of qtotal in each experiment. The relative proportion
of convection losses to radiative losses increased as airspeed
increased, except for the 25°C, 0.43 m s-1 test, where heat
loss due to convection was about three times as great as heat
loss due to radiation (fig. 13). A limitation of this study is
that only tdb = tmr was tested. Additional work is needed to
explore conditions in which qrad is greater than qconv.
When the measured power required by the ITS to maintain a constant twater in the sphere was compared with the total
heat loss (qtotal) predicted by TESA from TE measurements
in AThERMS, the predicted qtotal tended to underestimate the
measured ITS Pgen (fig. 14). A potential cause for this con-

Table 2. Mean ( standard deviation) of steady-state temperatures at
three nominal AHU supply temperatures.
Nominal AHU Supply Temperature
13°C
23°C
33°C
Surface ID (n = 2898)
ts,left
14.66 0.05
23.03 0.03
31.66 0.11
ts,top
14.54 0.05
23.01 0.04
31.81 0.10
ts,back
14.60 0.05
22.96 0.04
31.55 0.11
ts,bottom
14.65 0.05
23.01 0.04
31.63 0.10
ts,front
14.61 0.05
22.97 0.04
31.58 0.11
ts,right
14.49 0.07
23.07 0.05
31.83 0.10
Dry-bulb temperature ID
tdb,in (n = 480)
13.03 0.06
23.03 0.06
33.00 0.07
tdb,IE (n = 481)
14.67 0.11
22.82 0.02
30.97 0.13
tdb,bgt (n = 7610)
14.95 0.07
23.06 0.03
31.17 0.13

TESA PERFORMANCE EVALUATION
Six experiments were conducted at two airspeeds for
three nominal tdb values. A summary of the steady-state average from measurements obtained at the ITS and TESA is
provided in table 4. Overall, during steady-state conditions,
both the power output of the heater (fig. 11) and the TE inside AThERMS (fig. 12) were stable; however, the airspeed
had a range of about 0.1 m s-1, most likely due to turbulence.
The resulting impact on the calculation of qtotal was negligi-

(a)

(b)

(c)
Figure 9. For three nominal AHU supply temperatures (tdb,in) of (a) 13°C, (b) 23°C, and (c) 33°C, results showed uniform and stable surface
temperature and AThERMS dry-bulb temperature.
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(a)

(b)

Figure 10. Nonlinear regression to determine the time constant for (a) cooling and (b) heating AThERMS.
Table 3. Nonlinear regression coefficients and statistics to estimate the time to reach steady state (3) for cooling and heating AThERMS.
Nominal AHU Supply
ts,0
RMSE
Time to Reach
t
t0
Temperature (°C)
(°C)
Steady-State (min)
(°C)
(°C)
(min)
R2
13
21.5
-6.98
10.05
0.986
0.1602
85.2
33
24.5
7.02
2.08
0.979
0.1364
42.0
Table 4. Summary of average ( standard deviation) TE conditions and ITS water temperature during each of the six experiments. The last row
(tmr,IR) was obtained from the IR sensor cube to verify the tmr calculation.
Parameter
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
tdb,digital (°C)
33.53 0.03
33.15 0.05
25.50 0.01
18.77 0.05
17.2 0.01
25.50 0.04
tdb,thermistor (°C)
33.56 0.05
32.91 0.01
25.42 0.04
18.82 0.03
17.39 0.01
25.51 0.01
Airspeed (m s-1)
2.22 0.03
0.42 0.04
0.43 0.03
0.38 0.04
2.19 0.03
2.22 0.03
twater (°C)
39.26 0.13
39.13 0.12
38.97 0.11
39.31 0.35
39.02 1.07
39.01 0.08
tmr (°C)
33.67 0.26
33.2 0.04
25.37 0.09
18.53 0.07
17.39 0.01
25.51 0.01
tmr,IR (°C)
33.21 0.06
33.03 0.07
25.13 0.06
17.85 0.12
17.27 0.16
25.24 0.09

Figure 11. Example of instantaneous power measurement and calculated root mean square (RMS) power for test 2 during the steady-state
period. The RMS power was compared with the theoretical heat loss
predicted from TESA measurements and a Simulink model.

sistent underestimation may be due to the empirically derived relationships used to estimate the convective heat
transfer coefficient. Additionally, the assumption that the
airspeed measured by TESA was equal to the airspeed over
the ITS sphere may have been incorrect. Any differences in
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Figure 12. Example of TE conditions measured by TESA and twater inside
the ITS for test 2 during the steady-state period.

airspeed caused by turbulence, by TESA obstructing the airflow, or by the airflow itself would have resulted in a lower
estimate of convective heat loss. At the lowest nominal tdb
and highest airspeed, the predicted qtotal had the lowest relative difference compared to the measured ITS Pgen. This was
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Figure 13. Partitioning of convective and radiative heat loss, and total heat loss from the ITS as predicted by TESA measurements of the TE.

promising; however, improvements in the measurement system are needed to better estimate low qtotal. Future work includes collection and analysis of data for tmr not equal to tdb.
The ultimate goal is for TESA to be implemented in a commercial swine production facility to characterize and compare the TE performance of different ventilation controllers
and building designs.
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Figure 14. Comparison of the power required by the ITS to maintain a
constant water temperature in the sphere with the total heat loss predicted by TESA from TE measurements in AThERMS.

most likely due to measuring larger values (the highest qtotal
among six experiments) with greater accuracy because of the
full-scale nature of most instruments. Conversely, the lower
observed qtotal had the greatest relative difference between
predicted and measured values.

CONCLUSION
A novel thermal environment sensor array (TESA) was
evaluated in different thermal environments (TEs) provided
and controlled by the Animal Thermal Environment Replication and Measurement System (AThERMS). AThERMS
can be successfully used to simulate different TEs experienced in the animal-occupied zone of livestock and poultry
facilities and can function as a reference to calibrate or verify
TE measurements. AThERMS was the initial step to creating
a system capable of testing the performance of TESA. At
two nominal airspeeds and tdb equal to tmr, the feasibility of
TESA to estimate convective and radiative heat losses seems
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