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Abstract

Use of solid floor as an alternative to drainedstatted floor in the laying area of pig pens indsicsignificant
advantages in relation to animal welfare, low odaad ammonia emission, low energy consumption &uliaed
building costs, however solid floor is most oftezsdlected by the pig producers due to the riskfthding in the laying
area and the consequent risks of increased wothiad, poor animal welfare and poor indoor climatéhe risk of
fouling of the laying area increases at increasddar temperature and it is recommended that thpeeature should be
held around 13 °C in the last part of the growiregiqd if diffuse air intake is used. The resultuisdesired high
temperature in around 40 % of the yearly hours atehe relatively cold Danish climate (averagedouat temperature
of around 8C).

This study aims to investigate the potentials afigig ceiling inlet to control the air velocity attatk chilling of the
pigs in the laying area of a pen for finishers. GBthods were applied to predict relevant pararsdtecalculate the
effective temperature in the laying area. A tradisil diffuse air inlet through the ceiling was assd to deliver the
entire air change as long the outdoor temperatue Wwelow 10C. At higher outdoor temperature a ceiling jet tinle
above each pen was assumed to opened gradely eate er wall jet along the ceiling continuing aladhg wall down
into lying area. The investigations showed thatdbiing jet inlet, at the same total ventilatiaie, could be adjusted to
decrease the effective temperature in the layieg avith up to approximately €. At Danish climate conditions this
will decrease the number of yearly hours whereetdmes undesired warm by around two third. A fetewere
developed if the assumed inlet were 30 % or moenand the results showed that the largest redudtieffective
temperature was obtained when the inlet wheredpes and generated a wall jet.

1. Introduction

Use of solid floor as an alternative to drainedstatted floor in the laying area of pig pens in@sdsignificant
advantages in relation to animal welfare, low odaad ammonia emission, low energy consumption &uliaed
building costs, however solid floor is most oftessdlected by the pig producers due to the riskfthding in the laying
area and the consequent risks of increased wotkiad, poor animal welfare and poor indoor climatéhe risk of
fouling of the laying area increases at increasddar temperature and it is recommended that thpeeature should be
held around 13C in the last part of the growing period if diffusér intake is used. The result is undesired high
temperature in approximately 40 % of the yearlyrBoeven at the relatively cold Danish climate (ager outdoor
temperature of aroundeg).

This study aims to investigate the potentials afigig ceiling inlet to control the air velocity atttk chilling of the
pigs in the laying area of a pen for finishers.

2. Materialsand M ethods

CFD methods were applied to predict relevant patarsdo calculate the effective temperature inldlying area. A
traditional diffuse air inlet through the ceilingaw assumed to deliver the entire air change as tbegoutdoor
temperature were below 2Q. At higher outdoor temperature a ceiling jettirdbove each pen was assumed to opened
gradely and create a wall jet along the ceilingtioming along the wall down into lying area.

The study was based on an assumed 11.4 m widerguifitluding 5.2 m long and 2 m wide pens on txittes of a
1 m wide longitudinal aisle. The ceiling height waé m and the thermal insulation of building cepended to normal
Danish practice. The building was equipped withiaiake through the attic and a porous ceiling tilldwed diffuse
inlet to the animal room. In addition an adjustajde inlet - with dimension as DA 1800 Ceiling Ihl'om Skov
(www.skov.com) — was centred in the ceiling aboaehepen. At small openings the inlet directed #teagainst the
wall, where it deflected and continued down thel watl reached the animal occupied zone were theshicity aided to
cool the animals. At larger openings the inlet clied the jet directly in to the animal occupiede&on

Each pen included 15 pigs and the animals weravass$iio weigh 90 kg which was anticipated to beaspntative
for the period from 80 to 100 kg where the recomadeehtemperature was the lowest. Assumed total frealuction
originated from CIGR (2002) where the pig speadifitve were used for total heat production and #reegal curve were
used for calculating the division between sensdnhel latent heat production. Finally the calculagemsitive heat
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production was reduced by 5 % to account for tleeeimsed latent heat production that often is foumder practical
conditions.

The commercial CFD (Computational fluid DynamicdecAnsys Fluent 15 and the Standare tierbulence model
(Launder & Spalding, 1974) were used to calculdledair flow, the temperature distribution and hditwyi distribution
in one half pen section of the room including thiicaabove. The chosen section was divided into5B57hexahedral
cells, and the grid on surfaces and the used boyrdaditions (BC) are shown in Fig. 1 and 2.

Velocity outlet BC

Porous zone and heat source to model air inlet through ceiling

Ceiling inlet designed by surfaces that can
be defined as either walls or interior BC

Solid to model ceiling in front of jet inlet

Wall BC to model
pen partitions

Porous zones and heat sources to }
model the animal occupied zones Preferred laying area

Figure 1. Grid on surfaces and boundary condit{&) for the used geometrical model.

The geometrical model was prepared in such a watyttie inlet from the attic to the room below abeither be
exclusively through the porous layer in the ceilorghrough the porous layer in combination whk teiling jet inlet.
The latter could be adjusted to different openimgsissuming that different predefined surfaces wetéo be either wall
BC or interior (see Fig. 2 and Tab. 1).

The porous layer in the ceiling and the animal pgeth zone where modelled as porous media cell zanssiggested
by Bjerg et al (2011). Prior simulations had shdhat the porous media cell zone assumption, innmealistically large
extent, restricts the airflow along the porous zoaed therefore | modelled the ceiling in fronthod inlet as a solid (see
Fig 2). The flow resistance parameters used irpthreus cell zone part of the ceiling were selesedt resulted in a
linear relationship between airflow and pressur@pdover the ceiling, and so the pressure drop via®a& at an air
change of 100 mh! pig™ if the diffuse inlet was used only. Further on ilaan flow conditions were assumed in the
porous cell zone in the ceiling which preventedaer estimation of the heat and moisture diffugfmough the ceiling.
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Ceiling in front of the jet inlet
modeled as solid

Part of ceiling jet

inlet modeled as ; Parts of ceiling jet inlet modeled

wall BC as either wall or interior BC

Ceiling modeled as Porous
zone with heat supply

Figure 2. Boundary conditions (BC) around the assiioeiling jet inlet. Green lines indicate the lstructure of
the used hexahedral grid.

Table 1. Used assumptions (yellow backgroundafat results (grey background) of simulation 1-9.

Simulation # 1 2 3 < 6 7 8

Outdoor temperature, °c 10.0 150 15.0 150 150 150 150 16.1 189
Inlet flap direction, degree closed closed closed -5 -15 -30 -60 -15 -15
Inlet front removed: no no yes yes yes yes yes yes yes
Jetinlet opening height, mm: 0 0 30 121 183 274 413 183 183
Sensible heat, watt pig™: 139 117 139 139 139 139 139 139 139
Water evaporation g h* pig"‘: 129 150 129 129 129 129 129 129 128
Exhaust temperaure, °c: 140 184 191 192 19.2 19.2 19.2 20.2 20.2
Pressure drop over the ceiling, Pa: 30 30 25 11 8 7 7 8 23
Total airinlet, m* h™ pig™ 100 100 100 100 100 100 100 100 200
Air inlet from ceiling jet, m® h™* pig™ 0 0 17 57 72 76 86 72 122
Avarage temprature in PLA, °C: 176 216 190 184 182 194 19.2 193 205
Avarage air velocity in PLA, m/s: 018 017 026 040 042 0.23 0.22 042 0.63
Avarage water content in PLA, gm™ 9.7 151 122 119 119 129 129 128 148
Avarage effective temperature in PLA, m/s: 176 222 185 168 164 194 19.2 176 17.6
Minimum temperture in PLA, °C: 155 198 177 172 169 178 17.7 18,0 19.7
Maximum air velocity in PLA, °C: 026 025 041 051 056 046 045 056 0.83
Minumum water content in PLA, gm™ 86 136 118 11.7 115 120 120 125 144
Lowest effective temperature in PLA, °C: 147 197 160 145 137 157 156 151 151

Half of the sensible heat release from the animals assumed to be transferred to the air in thearaccupied zone
and the larger part (70 %) of it was distributedninat | defined as the preferred laying area (Ptéyering the floor
from O to 2.8 meter from the wall and up to 0.2%lnove the floor (see Figure 1). The other halhefheat release was
assumed to be transmitted out of animal occupie@ zs radiation. A minor part of this share wasiaesl equalized by
the transmission heat loss from the building and e@nsequently excluded in the calculation. Theaiaing part of the
radiation was distributed in the cell zone usednfiodelling the porous material in the ceiling.

Seventy % of the animal moisture production wasiassl to be released in PLA and the last 30 % in¢h@ining
part of the animal occupied zone.

The assumed water content in the outdoor air aatgish from the linear relationship between the mgraverage
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water content and monthly average dry bulb tempezain Danish climate data reported by Jensen &d,.uL995,
expressed in equation #£0.98):

Xout doo~ 0.86t - 2.0 (1)

where Xu aoor iS the water content in outdoor air, ¢ mndt is the air temperature, °C. Equation 2 (Bjerg.e2a16)
were used to calculate the effective temperat&€ ¢C) in PLA based on the average air velocity, therage
temperature and the average water content in Pedigted in the CFD simulations.

ET = 0.794t + 0.25},+ 0.70 — 0.42(39-t)(v-0.2) @)

Wheret,, is the wet bulb temperature, °C anig the air velocity, m& To assess the variation of ET in PLA equation
2 were also utilized to calculate the assumed lowdsin PLA based on the maximum air velocity, tiénimum
temperature and the minimum water content in PLedfmted in the CFD simulations.

Simulation 1 assumed closed jet inlet, outdoor &Enmmure of 10 °C and an air change of 100hth pig™. The
estimated average effective temperature in PLAtHig& case was 17.6 °C and was used as upper thiefsionell-
functioning pens with solid flooring in the layigea. In the subsequent simulations it was invatgdjto which extent
the use of the ceiling jet inlet could create saméffective temperature in PLA at higher outd@snperatures.

3. Resultsand Discussion

Based on the results of simulation 1 the assumeeérufnreshold for the thermal conditions in PLA veaseffective
temperature of 17.6C. Simulations 2-7 were conducted at outdoor teatpee of 15C (see table 1.) The ceiling jet
inlet were still closed in simulation 2 whereas 8&mm high front surface of the inlet was chanfjedh wall BC to
interior in simulation 3 which caused a reductidriree effective temperature in the PLA by 3.7 @egrFrom table 1 it
appears that lowest effective temperature in PLAevieund in simulation 5 were the inlet flap werieedted 15 degree
down ward. The increase of effective temperatutarger opening of the inlet flap are connectethtoresult that the jet
no longer was attached to the ceiling. The consezpidor the air velocity, temperature and moistdigributions
appears by comparing simulation 5 and 7 in figure 3

In simulation 5 the average effective temperatar®LA was 1.2 degrees below the threshold of 2Z.,6and the
result of simulation 8 showed that this thresholtswneet if the assumed out door temperature wasased to 16.4C.
This result indicated that use of the ceiling jetves the outdoor temperature where the threshalltl dee met from 10
to 16.1°C. Based on statistical data published by Jensenr®d (1995) this will increase the share of yg&durs were
the threshold can be met at Danish climate cmmditfrom 59 to 85 %. Simulation 9 shows that dmgbf the air
change caused that the outdoor temperature cogle ta19.1°C before the threshold were met and that will emshat
the threshold can be met at Danish climate cormitin 94% of the yearly hours.

The conducted simulations demonstrates a signifipatential in using ceiling inlets and air jet¢aghed to the
ceiling and wall to chill the animal laying areathre wall end of pig pens. The study was based single design and
location of the ceiling inlet and it is assessedt thignificant potentials exists to optimise botie tinlet design and
locations and the room design by making the inletevaerodynamic in its connection to the ceilingving the inlet
closer to the wall and implementing and aerodynanaigsition between the ceiling and the wall. TBedigeometrical
model had the advantages the it solved the quesfidividing the flow between porous ceiling ané tteiling jet inlet
but it has the not fully solved challenge that plogous zone, in the way it is implement in Ansysefit and Ansys CFX,
treat the velocity gradient different close to aqus zone and close to a wall regardless the apsistparameters was set
so high that the porous cell zone should react salid (Virding 2015). The practical implicatioa that air velocity
along the porous media cell zone becomes unrealiistilow which this study - to some extent - aauea for by
assuming that the ceiling in front was a solid, Beg2. However the jet should expand in width andsequently a part
of jet was still along the porous media and thaghhhave contributed to decreased momentum ofehé herefore in
further use of CFD methods to optimize the chilleféect of ceiling inlets it therefore should bensered to use wall
BC (or solid) at the entire ceiling in front of thelet, which naturally required an alternative hwat to handle the
influence of the air intake through the porous makén the ceiling.

The resulting air velocity in PLA was unexpected lim the two simulations were the ceiling jet inkeds opened so
much that the jet no longer was attached to thiégngeit is known that the grid design close tcetijlet are crucial for
cfd simulation of the conditions in un attached jetnd Bjerg et al. (2002) showed that the cerddtions in the flow
direction — as it is done in this study - was dahie way to obtain good results without using teany cells. Bjerg et al.
(2002) also showed that more cells distributechijet may increase air velocity even though the gas arranged in
the jet direction, and therefore in this study wade a further development of simulation 7 wherecalls with air
velocity above 1 m/s were divided into 8 new célisn each of the 3 dimensions). The change ine#se number of
cells to 478011 but had no significant influencetlom conditions in PLA. Therefore i assess thatrthér clarification of
the unexpected low air velocity in the unattachatdijill require comparison with measured data.
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Simulation 2 Simulation 5 Simulation 7

Temperature, °C Air velocity, m s

Water content,g m=

ey

Figure 3. Simulated air velocity, temperature ardewcontent distribution in the symmetry plan freimulation 2, 5
and 7.

4. Conclusions
The investigations showed that a ceiling jet ink, supplement to diffuse ceiling air inlet, coblel adjusted to
decrease the effective temperature in the layirg avith up to approximately € without increasing the total air
change. This increased the outdoor temperature/tien it began to be too warm in the preferred lgydrnea of a partly
solid floor pen from 10 to 16 °C, and reduced misiavhere it was too warm from 41 to 15 % of therlyelaours.

A free jet were developed if the assumed inleten& % or more open and the results showed tleatattgest
reduction of effective temperature was obtainedmthe inlet where less open and generated a wall je
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