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Introduction

 Various efforts and studies to improve the raising 
conditions of animals have been carried out.  However, 
ventilation studies are limited because of the difficulty in 
analyzing airflow, which is invisible and unpredict-
able1,3,8.  To solve this problem, many recent studies have 
used aerodynamic technology to study and improve the 
ventilation systems of livestock houses11,12,13,14.
 The biggest difficulty with existing poultry houses 
is uniformity of conditions.  In Korea, most of the cage-
type poultry houses with typical forced ventilation sys-

tems generally have the inlets on a side wall and the out-
lets on the ceiling; the inlets on a side wall and outlets on 
the other side wall; or tunnel-type ventilation15.  In these 
systems, the stability, suitability, and uniformity of con-
ditions are not satisfied, and ventilation efficiency is thus 
very low.  
 As of December 2005, Korea had a total of 
101 693 000 poultry, about 47% of which were broilers16.  
Since 2001, the number of growers raising 30 000 to 
50 000 and more than 50 000 broilers had increased by 
28% and 70%, respectively.  This increase in production 
has increased the recognition of the importance of opti-
mally controlling the environment in poultry farming.  
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Abstract
We used aerodynamic technology to develop a ventilation system for a prototype chick incubator.  We 
used computational fluid dynamics (CFD) to analyze the internal airflow and distribution of air with-
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and a diffuser installed in the central passageway, and contaminated air was exhausted through the 
outlet system before being diffused to the cages.  The sizes of the inlet and outlet slots were very im-
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inlet was also critically important in maintaining a uniform air pressure and airflow at the inlet 
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However, a verified ventilation system suitable for all 
four seasons in Korea has not yet been developed.  More-
over, most of the current ventilation system models are 
imported from Europe, where conditions are different.
 Generally, chicks hatch in a hatchery and are trans-
ferred within a day to broiler houses, where they are 
raised until sold.  However, chicks show high mortality in 
the broiler house during the first 7 days.  Suitable envi-
ronmental conditions and proper ventilation in the broiler 
house during this critical stage are very important.  More-
over, improving the raising conditions then would greatly 
decrease mortality and illness of the chicks and thus pro-
duce healthier poultry17,21.
 The ultimate goal of the study was to find an opti-
mum ventilation system for a transportable chick incuba-
tor.  The ventilation system aimed to uniformly deliver 
fresh air to all cages of the incubator and discharge con-
taminants before they are diffused to the chicks.  Because 
a field experiment requires enormous cost, time, and ef-
fort to find the optimum system, an aerodynamic simula-
tion using computational fluid dynamics (CFD) was con-

ducted. CFD uses numerical methods and algorithms to 
solve and analyze problems that involve fluid and air 
flow.  This computer-based method is faster and more 
economical than other methods, and allows the structure 
of the cages and environmental factors to be manipulated 
in various ways.  However, the accuracy of the CFD tech-
nique must be tested initially, as the designer’s skill and 
knowledge of the technology can significantly influence 
the results.  After an optimum model was found using the 
CFD technology, a chick incubator was built following 
the CFD results, and the data collected in the incubator 
were used to verify the CFD model.

Materials and methods

1. Experimental facilities
(1) Incubator design
 The chick incubator framework design presented in 
Fig. 1 has 12 cages arranged in two columns and six rows.  
The cage height was set at 200 mm with conveyor belts 
placed 200 mm below each cage for manure manage-

Fig. 1. End view of a chick incubator model (units, mm)
 The ceiling inlet opening and the diffuser just below it are shown in cross-section.
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ment.  The widths of each cage and the passageway were 
set to 850 and 800 mm, respectively.  A hard PVC duct to 
deliver fresh air to all cages was installed in the central 
passageway of the incubator.  The duct is unfolded most 
of the time during the ventilation period and can be fold-
ed away for access.  The ventilating inlet slots located at 
both sides of the PCV duct were installed at equal height 
just below the cages to avoid blowing air on chicks.
 A temperature and humidity control system was in-
stalled where the main inlet and outlet ducts were con-
nected to maintain an optimum air temperature around 
the chicks and to maintain an optimum energy balance, 
especially during the cold season.  The outlet slots were 
located at equal height on both side walls to lead to the 
main vertical exhaust duct.
 The most important consideration in determining 
the size of an incubator is conformity to the Korean Road 
and Transportation Law9, which specifies that it should 
be transportable on roads.  The dimensions of the chick 
incubator were set at 11.15 m (L) × 3.0 m (W) × 3.6 m (H).  
Approximately 10 000 chicks can be raised at one time in 
the incubator for 7 days.  The prototype chick incubator is 
shown in Fig. 2.
(2) Computational fluid dynamics
 The CFD programs used in the study were STAR-
CD version 4.10 (CD-Adapco, Melville, NY, USA) and 
Fluent CFD version 6.2 (Fluent Co., Lebanon, NH, USA).  
The accuracy of the CFD model was tested by using 
LMA/LMR theory and mass balance.  LMA refers to the 
time it takes for air to travel from an inlet to a given point 
inside, and LMR to the time it takes for air to travel from 
a given point inside to an outlet.  Mass (1), momentum 
(2), and energy (3) conservation equations4,5,10 were also 
used in the CFD application and analysis:

    (1)

    (2)

       (3)

where E = total energy (kJ s–1), F
→
 = external body force 

(N m–3), g→ = gravity acceleration (m s–2), hj = specific en-
thalpy of species j (J kg–1), J

→

j = diffusion flux of species j 
(kg m–2 s–1), keff = effective conductivity (W m–1 K–1), P = 
pressure (Pa), Sh = total entropy (J K–1), Sm = mass source 
(kg m–3 s–1), T = temperature (K), v→ = velocity (m s–1), ρ = 
density (kg m–3), τ = stress tensor (Pa), and τ−eff = effective 
stress tensor (Pa).
(3) Ventilation efficiency analysis
 We analyzed the ventilation efficiency by an LMA/
LMR function connected to the CFD main module 
through a user defined function7,19.  The application of 
LMA/LMR analysis was thoroughly explained by Sand-
berg et al.18 and Han et al.7, and the importance of ventila-
tion efficiency analysis was discussed in detail by Han6  
and Sandberg19.  The ventilation efficiency was deter-
mined from the air exchange rate at each internal location 
(24 in total) and the uniformity in the feeding environ-
ment inside.  Even if two identical interior spaces have 
equal ventilation rates, the ventilation efficiency varies 
according to the location of the ventilation inlets and out-
lets.  Since livestock houses constantly generate dusts, 
gases, and other contaminants, it is not reliable to depend 
only on the overall ventilation rate, especially in ventila-
tion system design.
 There are three methods for finding the LMA and 
LMR by experiment: step-up, step-down, and pulse.  We 

Fig. 2.  A prototype of the chick incubator
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used the step-down method. A total of 24 measuring 
points were designated for measuring LMA and LMR: in 
each cage and at the conveyor belts.  The ideal in ventila-
tion efficiency is to get complete mixing with an even 
distribution of gas concentration.  In a complete mixing 
state, the ventilation rate per hour, Q (m3 h–1), within an 
interior volume V (m3) gives the air exchange rate (h–1) or 
ventilation rate.  The inverse of the ventilation rate is 
time, called the nominal time constant (τn):

    (4)

 If LMR >> τn, the local exhaust index (εp) is low.  
Likewise, if LMA << τn, the local supply index (αp) is low.  
These indexes represent the ventilation efficiency at a 
given point inside.  Since LMR at an inlet is the time it 
takes for a contaminant to travel from the inlet to an out-
let, it is therefore equal to the LMA at an outlet.  The 
analysis therefore considers the assumption that the LMA 
at an outlet (LMAex) = the LMR at an inlet (LMRsup).  
Theoretically, it is also equal to τn

6,7,18,19:

    (5)

 The average local exhaust index of an interior space 
is defined as the room-mean exhaust effectiveness.  It has 
been shown that the room-mean exhaust efficiency is 
equal to the room-mean supply efficiency, or the average 
local supply index of the interior space (Han, 1999; Han 
et al., 2001).  Therefore, the room-mean exhaust efficien-
cy and the room-mean supply efficiency can both be de-
fined as the room-mean ventilation efficiency.  In the 
case of complete interior mixing, the room-mean ventila-
tion efficiency is 50%; and in the case of displacement 
ventilation, the room-mean ventilation efficiency is 
100%.  In Eq. (6), <ε> represents a mean value:

    (6)

 We used a tracer gas decay method using carbon di-
oxide (CO2).  In the step-down method, the CO2 concen-
tration of the inlet air and of the internal volume was 400 
ppm.  To measure LMA, we generated 2000 ppm CO2 as 
tracer gas at the inlet and then measured concentrations 
at all 24 points inside.  To measure LMR at a given point, 
we released the tracer gas there and measured the con-
centration at the outlet.  Equations (7) and (8) show LMA 
and LMR, respectively, for a point p.  The overall LMA 
and LMR of the internal space are shown in Eq. (9).  The 
superscripts and subscripts indicate the location of the 
tracer gas injection and its measuring spot, respectively.  

    (7)

    (8)

    (9)

where LMA = local mean age (s), LMR = local mean re-
sidual time (s), t = time (s), C = gas concentration (ppm), 
p = an internal point, ex = location of outlet, and sup = lo-
cation of inlet.  
 Each outlet and inlet in the CFD model had 15 cells, 
and since each cell has different velocities and gas con-
centrations, the weighted mean at the vent opening of the 
model was used to calculate the LMA and LMR in Eq. 
(10):

    (10)

where A = total area of vent opening (m2), Ai = area of 
cells i (m2), Ci = gas concentration (mass fraction), n = to-
tal number of cells, V = velocity at vent opening (m s–1), 
and Vi = velocity at cell i (m s–1).

2. Experimental procedures
 Designing a chick incubator in an accurate 3D CFD 
model more cells than a Pentium IV processor can han-
dle.  Therefore, we used a 2D CFD model with 100 400 
hexahedral cells.  The effect of screen type, feeding line, 
and water supply were not included in the model as their 
influence on airflow is very small and insignificant.  
Chicks were also neglected, since the purpose of the sim-
ulation was to find an optimum ventilation system, and it 
is difficult to design a 3D distribution of chicks in a 2D 
simulation model.  However, the model considered the 
belts designed to manage chick manure, as they can exert 
a great influence on the internal airflow.  The left half of 
a symmetrical incubator was incorporated into the CFD 
model, and the boundary wall along the passageway was 
made into a symmetric wall for effective meshing.  This 
reduced the number of squares in the mesh and the com-
puter operating time.  
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 We also used a 2D CFD model to design the opti-
mum ventilation system, to design the inlet and outlet 
ducts and their best locations.  All surface temperatures 
were set at 27°C.  The kinetic energy (Eq. (11)) and dissi-
pation rate (Eq. (12)) at the inlet were specified as fol-
lows:

    (11)

    (12)

where k = turbulent kinetic energy (m2 s–2), v = air veloc-
ity (m s–1), Ι = turbulent intensity (%), ε = turbulent dissi-
pation rate (m2 s–3), Cµ, = empirical constant (0.09), and γ 
= turbulence length scale (m).  
 Turbulent models are a key factor in enhancing the 
accuracy of CFD simulations.  We used the RNG (renor-
malization group) κ–ε model (Eqs. (13) and (14)).  Several 
reports proved the reliability and accuracy of the model 
in analyzing various flow problems in agricultural facili-
ties14. 

    (13)

    (14)

where C1ε = constant (1.44), C2ε = constant (1.92), t = time 
(s), ρ = density (kg m–3), k = turbulent kinetic energy (m2 
s–2), ε = turbulent dissipation rate (m2 s–3), µt = turbulent 
viscosity (m2 s), Gk = generation of turbulent kinetic en-
ergy due to mean velocity gradients (kg m–1 s–2), Gb = 
generation of kinetic energy due to buoyancy (kg m–1 s–2), 
YM = contribution of fluctuating dilatation in compress-
ible turbulence to the overall dissipation rate (kg m–1 s–2), 
σk = turbulent Prandtl number for k (1.0), and σε = turbu-
lent Prandtl number for ε (1.3).  
 First, we had to carefully consider the optimum ven-
tilation design before we could find a detailed structural 
design by CFD.  The main consideration was to improve 
the uniformity, stability, and suitability of internal envi-
ronmental factors, typically air temperature in this 
study.  
 The main structural factors intended to improve the 
internal environmental conditions were vertically in-
stalled inlet and exhaust ducts (Fig. 1).  We assumed that 
they improve the uniformity of environmental conditions 
in all cages.  We also assumed that the internal volume to 
be environmentally controlled can be decreased and that 
the thermal resistance of the side walls can be improved.  

We also examined the effect of the diffuser installed at 
the ceiling inlet at maintaining the uniformity of air pres-
sure at the inlet slots of the vertically installed PVC inlet 
duct.  The sizes of the inlet and outlet slots are also im-
portant factors in achieving uniformity of mass flow rates 
at the slots.  
 In the preliminary model, the sizes of both inlets and 
outlets were set to 5 cm, and the width of the vertical ex-
haust pipe was set to 10 cm.  Each of these sizes should be 
carefully decided to uniformly deliver fresh air to all cag-
es of the incubator and to discharge contaminants before 
they are diffused to the chicks.  Accordingly, the ventila-
tion efficiencies with the various inlet and outlet sizes 
were examined by using the time-dependent computed 
2D CFD models while the LMA/LMR function was con-
nected to the CFD main module to be computed simulta-
neously in order to analyze the ventilation efficiency.  
The CFD environmental factors are shown in Table 1.  
We used two methods to test the validity and accuracy of 
the CFD models in order to check the reliability of the 
CFD-computed results.  First, the total mass flow rates at 
the inlet and outlet slots were compared to examine the 
mass balance of the CFD model.  Second, the errors of 
the CFD results were examined by Eqs. (4) and (5) under 
the assumption that LMAex = LMRsup (= τn)6,7,18,19 (Eq. 
(5)).  

Results and discussion

1. Optimum ventilation design
 Equation (15) of Bruce2 and Wathes & Charles20 was 

Table 1.  Constant input values for the CFD model

Contents Value Unit

Design air temperature 300.15 K
Design relative humidity 70.0 %
Wall surface temperature 300.15 K
Cage surface temperature 300.15 K
Floor surface temperature 300.15 K
Density of internal air 1.147 kg m–3

Viscosity of internal air 1.83E-05 kg m–1 s–1

Thermal conductivity of 
internal air 0.0262 W m–1 K–1

Specific heat of internal air 1004.0 J kg–1 K–1

Mass diffusivity of internal air 1.56E-05 m2 s–1

Molecular weight of 
internal air 28.966 g mol–1

Gravitational acceleration of 
internal air 9.81 m s–2

Atmospheric pressure 101.325 kPa
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used to calculate maximum ventilation rate, giving 62.7 
m3 h–1.  This value was then used in the CFD analysis as 
100% ventilation rate, and 31.4 m3 h–1 was used as 50% 
ventilation rate:

   Maximum ventilation rate 1.5×10–3m3s–1kg0.75 (15)

 Many problems emerged during the CFD analysis.  
First, the greatest volume of airflow was seen at the bot-
tom-most inlet slot of the vinyl duct, because the down-
ward incoming air from the central ceiling inlet generat-
ed high pressure at the bottom.  Thus, it was impossible 
to evenly deliver fresh air to each cage.  Moreover, the 
greatest volume of air was exhausted through the topmost 
outlet slots.  It was therefore necessary to resize the outlet 
slots at each cage, increasing from the smallest at the top 
to the largest at the bottom.  This exhausted an even vol-
ume of air at each height.  The CFD simulation was again 
run and the results were analyzed and compared.  Al-
though there would be many experimental cases for the 
slot sizes, we decided to make the size of the inlets on the 
vinyl duct equal and use only the diffuser at the ceiling 
inlet to generate equal pressure at each inlet.  Then each 
outlet slot was appropriately sized.
 The inlet slots on both sides of the vinyl duct were 
uniformly set to 3 cm, and a diffuser on the ceiling inlet 
was installed to generate uniform air pressure at every in-
coming slot.  The goal was to maintain a consistent pres-

sure vertically along the vinyl duct.  The CFD analysis 
determined the appropriate angle of the diffuser to be 70° 
to 75°.  The preliminary CFD analysis results showed that 
the air volumes were equalized at most of the outlet slots 
when the outlets measured 5, 6, 8, 10, 12, and 12 cm from 
top to bottom and the diameter of the vertical exhaust 
pipe was 15 cm.  
 The CFD model was run in the final design in three 
cases (Fig. 3): case 1, without a diffuser or vinyl duct; 
case 2, without a vinyl duct but with a diffuser; and case 
3, with a vinyl duct and a diffuser.  The angle of the dif-
fuser was set at 70° for cases 2 and 3.  Figures 3 and 4 
show the CFD airflow distributions in the incubator when 
the ventilation rate was 100% and 50%, respectively.  In 
case 1, most of the incoming air from the ceiling inlet 
passed through the central passageway and diffused early 
before reaching the bottom cage.  This resulted in a lower 
volumetric flow rate at the lower outlet slots than at the 
upper outlet slots.  In case 2, incoming fresh air was sup-
plied only to the upper cages and the fresh air outlets im-
mediately at the main outlet.  This showed that the diffus-
er was not helpful in delivering the incoming fresh air to 
all the cages.  Case 3 gave a good result, with a nearly 
uniform distribution of fresh air to the cages.  This re-
vealed that the combination of the diffuser and vinyl duct 
was very helpful in uniformly supplying fresh air to all 
the cages.
 Tables 2 and 3 show the air velocities and mass flow 

Fig. 3.  Airflow pattern at 100% ventilation rate with a maximum air velocity of 1.576 m s–1
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Fig. 4.  Airflow pattern at 50% ventilation rate with a maximum air velocity of 0.862 m s–1

Table 2.  Air velocity and mass flow rate from bottom to top in case 3 at 100% ventilation rate

Inlet Width
(m)

U 
(m s–1)

Mass flow rate
(kg s–1)

Outlet Width
(m)

U
(m s–1)

Mass flow rate
(kg s–1)

1 0.03 0.88 0.0312 1 0.12 0.17 0.0240
2 0.03 0.82 0.0291 2 0.12 0.24 0.0333
3 0.03 0.78 0.0276 3 0.10 0.22 0.0256
4 0.03 0.73 0.0259 4 0.08 0.29 0.0269
5 0.03 0.78 0.0277 5 0.06 0.33 0.0230
6 0.03 0.95 0.0337 6 0.05 0.67 0.0393
Total 0.1752 0.1721

Table 3.  Air velocity and mass flow rate from bottom to top in case 3 at 50% ventilation rate

Inlet Width
(m)

U
(m s–1)

Mass flow rate
(kg s–1)

Outlet Width
(m2)

U
(m s–1)

Mass flow rate
(kg s–1)

1 0.03 0.43 0.0153 1 0.12 0.08 0.0114
2 0.03 0.40 0.0143 2 0.12 0.12 0.0166
3 0.03 0.38 0.0135 3 0.10 0.10 0.0121
4 0.03 0.37 0.0131 4 0.08 0.14 0.0127
5 0.03 0.39 0.0139 5 0.06 0.16 0.0115
6 0.03 0.51 0.0180 6 0.05 0.38 0.0221
Total 0.0881 0.0864
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rates at the inlet and outlet slots for case 3 at 100% and 
50% ventilation rates.  Inlets 1 to 6 are located from bot-
tom to top.  The air velocities and mass flow rates at the 
inlets gave an almost uniform supply of fresh air to all the 
cages, but a higher value at the bottom inlet slot.  This can 
be explained by the high pressure created at the bottom of 
the vinyl duct even though a diffuser was installed at the 
ceiling inlet.  The CFD-computed air velocities at the in-
let slots appeared to be high enough to stress the chicks, 
but the air velocities at the chick locations were mostly 
<0.2 m s–1, which is insufficient to cause stress.  High ve-
locities and mass flow rates were also recorded at the bot-
tom outlet, but these can be remedied by making the out-
let slot smaller.  Comparing the uniformity of the inlet 
and outlet slots at 100% and 50% ventilation rates showed 
that the range of the mass flow rate at the outlet was al-
most twice as large as at the inlet.

2. LMA and LMR investigation
 The ventilation efficiencies of the three cases were 
investigated by using the computed LMA and LMR val-
ues.  Case 3 with 100% ventilation rate (Fig. 5) showed 
much more uniform LMA and LMR values than cases 1 
and 2.  The LMA of case 1 showed that the fresh air from 
the ceiling inlet rarely reached the upper cages because 
the air flowed down through the central passageway and 
then diffused from the bottom to the outlet slots.  Very 
high LMAs were found at the lowest cage in case 2, indi-
cating that fresh air did not reach the lowest cage; the dif-
fuser distributed fresh air only to the upper cages.  This 
agrees with the observed airflow pattern in case 2 at both 
100% and 50% ventilation rates.  On the other hand, case 
3 showed much more uniform LMA at all cages, with 
maximum values at locations P3 and P4 of the lowest 
cage.  The LMA value at those locations may have been 
affected by the empty space below the lowest cage.  It 
therefore seems advisable to completely close the space 
below the lowest cage or to install one more outlet slot 
there.  
 The average LMRs at the manure belts were 19.7 s in 
case 1, 26.0 s in case 2, and 8.5 s in case 3.  This shows 
that gases and dusts at the manure belts were effectively 
exhausted before being diffused to the chick locations.  
In this study, the inlet and outlet slots were located next to 
the manure belts.  Locating the inlet and outlet slots just 
next to the chick locations could further improve the ven-
tilation efficiency.
 When the ventilation rate was 50%, the computed 
LMA and LMR were approximately double those at 100% 
(Fig. 6).  The average LMAs were 21.3 s in case 1, 45.9 s 
in case 2, and 18.0 s in case 3 at 100% ventilation rate, 
and 42.6, 95.7, and 35.0 s, respectively, at 50%.  The aver-

age LMRs were 16.8 s in case 1, 27.7 s in case 2, and 19.1 
s in case at 100% ventilation rate, and 34.4, 47.6, and 36.4 
s, respectively, at 50%.  Compared with case 1, the aver-
age LMA of case 3 was much improved by using the vi-
nyl inlet duct installed in the aisle.  However, the LMA 
became much higher if only the vinyl inlet duct was used 
without the diffuser at the ceiling inlet (case 2).  The aver-
age LMR in case 3 was comparable with that in case 1 
because there were no significant changes in outlet condi-
tions.  If we used the inlet slots of the inlet vinyl duct as 
the inlet point instead of the ceiling inlet, we got much 
lower LMA and LMR values in case 3 than in case 1.  
However, unfortunately, we cannot verify this quantita-
tively because the LMA/LMR theory used in this study 
can be used with only one inlet and one outlet.  For this 
reason, the LMA uniformity of case 3 was not better than 
that of case 1.  Accordingly, the averaged LMAs at high-
est and lowest chick locations were 1.5 and 32.9, respec-
tively, even though the inlet slots were located just next to 
the chick locations to supply fresh air uniformly.  The 
standard deviations of the averaged LMA at the chick lo-
cations were 7.3 in case 1, 62.8 in case 2, and 10.5 in case 
3 at 100% ventilation rate; the standard deviations of the 
averaged LMR were 11.2, 22.8, and 5.0, respectively. 
These results show that the uniformity of the ventilation 
efficiency was acceptable.  The results obtained from 
each cage at 100% and 50% ventilation rates also showed 
that the ventilation design with the vinyl duct and diffus-
er greatly improved the ventilation efficiency of the chick 
incubator.  When the vinyl duct was not installed, case 1 
gave better ventilation efficiency than case 2.

3. Examination of CFD accuracy
 We used two methods to test the validity and accu-
racy of the CFD model.  First, we compared the total 
mass flow rates of the inlet and outlet slots to examine the 
mass balance of the CFD model.  As shown in Tables 2 
and 3, the total mass flow rates of the inlet and outlet slots 
were 0.1752 and 0.1721 kg s–1, respectively, at 100% ven-
tilation rate, and 0.0881 and 0.0864 kg s–1 at 50%.  The 
widths of the inlet and outlet slots are shown in Tables 2 
and 3; the thickness of the 2D CFD model was assumed 
to be 1 m.  The results were almost equal, demonstrating 
the reliability of the CFD model.  Assuming that the inlet 
mass flow was correct, the errors were –0.8% at 100% 
ventilation rate and –1.2% at 50%.  
 Second, the errors of the CFD results were exam-
ined by Eqs. (4) and (5) under the assumption mentioned 
before.  The nominal time constant (τn) was computed us-
ing Eq. (4) with internal dimensions of the incubator of 
10.0 m (L) × 2.8 m (W) × 2.8 m (H), which give a total 
volume of 78.4 m3:
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 The value of τn = 25.88 s should therefore be equal to 
LMAex and LMRsup.  Comparing the LMAex and LMRsup 

results from the CFD analysis, we determined the CFD 
error (Table 4).  The average errors for LMAex were 
–0.41% at 100% ventilation rate and –0.55% at 50%.  The 
average errors for LMRsup were –1.35% at 100% ventila-
tion rate and –2.54% at 50%.  The largest error was only 
–2.82% at 100% and only –3.52% at 50%.

Fig. 5.  CFD-computed LMA and LMR values at ventilation rate of 100%
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Conclusions

 The CFD results show that the ventilation system we 
designed improved the ventilation efficiency of the chick 
incubator.  The CFD simulation confirmed that the size 
of each inlet and outlet slot and the width of the main ex-

haust duct had a major impact on ventilation effective-
ness.  The incoming fresh air could be evenly supplied to 
the chick locations by using a diffuser and a vinyl duct 
with appropriately sized inlet and outlet slots.  The angle 
of the diffuser was also critically important in maintain-
ing a uniform air pressure and airflow at the inlet slots.  

Fig. 6.  CFD-computed LMA and LMR values at ventilation rate of 50%
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 Results of the mass balance of the CFD model at 
100% and 50% ventilation rates showed errors of only 
–0.8% and –1.2%, respectively, confirming the reliability 
of the model.  Moreover, comparisons of CFD results re-
vealed that the largest error of the CFD model was only 
–3.52% in LMR, further substantiating the accuracy of 
the model.  This proves that the CFD simulation technol-
ogy is an effective tool for evaluating relative perfor-
mance and air distribution patterns of alternative designs 
of livestock houses and structures.  Moreover, the LMA/
LMR theory proved to be very effective in studying ven-
tilation efficiencies.  
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