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ABSTRACT The design of a flux chamber affects accurate ammonia measurements 
from manure. The objective was to compare dairy manure ammonia emissions from a 
whole-room mass balance calculation (ventilation rate x gas concentration) versus 
emission measurements performed within that room using portable flux chambers. 
Assessment focused on two chamber measurement systems: a widely-accepted U.S. 
Environmental Protection Agency (EPA) steady-state flux chamber and a non-steady-
state recirculation flux chamber designed specifically at Penn State for ammonia 
measurements from manure. To simulate naturally-ventilated animal building 
environment in the test room an air velocity of 0.3 m s-1 was established at 8 cm above 
the floor. During trials fresh dairy manure was uniformly spread over the room floor. 
Ammonia concentration (infrared photoacoustic analyzer) multiplied by room air flow 
rate (duct traverse of exhaust fan) calculation was compared with the ammonia emission 
rate calculated using accepted formulas appropriate for each flux chamber type. 
Emissions were evaluated over 9 – 20oC and conducted 18 hours after manure application 
to establish equilibrium emission conditions. The Penn State flux chamber offered more 
accurate emission estimates compared to the EPA device by measuring 90% to 119% of 
ammonia emissions of the whole room. This compared to EPA chamber measures of 14% 
or 50% of the emissions of the whole room at sweep air flow rates intervals of, 
respectively, 3.25 L min-1 (manufacturer recommendation) to 10.0 L min-1 (maximum 
available). This work suggests that the EPA chamber method, although universally 
recognized in USA emission evaluations, is not as suitable for sources with high gas 
emissions (manure) versus its previous uses with lower emission sources (soil, industrial, 
etc.). 
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INTRODUCTION Ammonia emission from livestock housing and manure storages has 
been estimated in a variety of ways for the two basic building environments: 
mechanically- or naturally-ventilated.  In a mechanically-ventilated building the emission 
rate is usually calculated by measuring ventilation rate and ammonia concentration at the 
air inlet and air outlet of the building. If the environment is naturally-ventilated, like most 
dairy facilities and manure storages, several indirect methods are available to estimate 

mailto:efw2@psu.edu�


CIGR XVIIth World Congress – Québec City, Canada – June 13-17, 2010 2 

ventilation rate, including the tracer gas method, the pressure difference method, and 
methods based on carbon dioxide and heat balances. Another approach to measuring 
ammonia emission from a naturally-ventilated building is to use a flux chamber. 
Ammonia released from manure on the floor of the building will at some later time be an 
emission from the building.  

Basically, there are two flux chamber types with variations of each being used in 
agricultural research. First are the static or closed chambers used to describe a non-
steady-state system, in which there is no air replacement in the chamber and the gas 
concentration builds up over time. The second type is a dynamic or open flux chamber 
used to describe steady-state systems where a constant flow of clean air through the 
chamber is maintained and the gas reaches an equilibrium concentration after 30 to 60 
minutes. Instrumentation design is variable among research groups.  

The primary benefit of flux chamber data is its ability to measure treatment effects among 
various surfaces but with the major criticism that results do not necessarily reflect actual 
conditions due to gas emission interferences caused by the measuring method. Through 
investigation of physical and biochemical parameters influencing ammonia generation 
and emission in dairy manure slurry, such as those outlined in Ni (1999), this 
disagreement was found to be primarily due to a lack of air movement over the manure 
surface enclosed within the chamber. For example, a non-steady-state chamber with no 
internal air circulation underestimated emissions by roughly 5 to 7 times versus emissions 
measured by a mechanically-ventilated room ammonia balance (Blanes Vidal, et al. 
2007). The addition of chamber air flow to provide surface-level velocity similar to that 
experienced outside the chamber, greatly improved the accuracy of gas emission 
evaluations (average error 26%; range 9 to 37%; R2 = 0.72). Therefore, providing air 
velocity over the manure was recommended for more realistic flux chamber use in 
estimating ammonia emission from livestock housing facilities. Deployment of a non-
steady state flux chamber for a short time is desirable to minimize interference with 
accumulating gases. Short deployment times also offer opportunity to monitor multiple 
locations to better capture variability in emissions from non-uniform emissions sources 
such as manure on barn floors. 

The primary objective of our study was to compare dairy manure ammonia (NH3) 
emissions from a mechanically-ventilated test room versus emission measurements 
performed using portable flux chamber devices. Assessment of a widely-accepted and 
commercially available U.S. Environmental Protection Agency (EPA) steady-state flux 
chamber device and the Penn State non-steady-state recirculation flux chamber system 
were of foremost interest. This paper focuses on these two units although other flux 
chambers were evaluated.   

METHODS Penn State non-steady-state flux chamber Laboratory evaluations were 
conducted in an Agricultural & Biological Engineering lab at The Pennsylvania State 
University during which time the vented, non-steady state, internal air recirculating flux 
chamber was designed (Fig. 1) based on principles noted in Livingston and Hutchinson 
(1995). The Penn State flux chamber was designed to provide air velocity over the 
surface of the enclosed manure in a fashion that closely matched conditions outside the 
chamber. This included a horizontal air movement pattern over the manure surface at air 
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speeds we typically encountered in field evaluations of dairy freestall housing gas 
emissions.  

 
Figure 1.   Penn State non-steady-state flux chamber positioned on dairy barn manure 
showing rectangular measuring chamber with pressure-equalizing vent (center), transition 
ducting with sample tubing to gas analyzer, and airflow recirculation tubing with 
variable-speed fan housing (top).   

The flux chamber was constructed from stainless steel, to minimize ammonia adhering, 
and consisted of the rectangular “footprint” measuring chamber plus air flow 
recirculation tubing including transitions and a fan housing.  These main components had 
final construction and design via contract with a machine shop specializing in stainless 
steel fabrication (Bolland Machine, Beaver Falls, PA). Components were fastened 
together with quick-fit ventilation fittings and clamps (Nordfab®, Thomasville, NC) 
allowing easy disassembly for cleaning and inspection and all clamped joints were sealed 
with 0.16 cm Virgin-PTFE flange gaskets. The chamber was vented via a 30 cm length of 
0.64 cm stainless steel tubing to the atmosphere to mitigate pressure effects on flux rates.  
The flux chamber was connected to the multi-gas analyzer sample inlet and outlet with 
two 2 m long, 3 mm ID Teflon™ tubes.  These tubes attached to the flux chamber at the 
chamber air inlet transition and the chamber air outlet transition. The chamber 
dimensions were approximately 30 cm wide, 46 cm long, and 15 cm high with an open 
bottom.  The two transition pieces connected the rectangular chamber to the 12.7 cm 
diameter air flow tubing.  Flux chamber internal air was recirculated with a cooling fan (3 
m3 min-1, 11.9 cm square x 3.8 cm depth, 115 VAC, McMaster-Carr part # 1976K43).  
The fan speed was adjustable using a voltage controller (Variac, General Radio 
Company, Cambridge, MA). A flow distribution plate was installed between the chamber 
inlet and the transition piece downstream of the fan. This plate decreased any preferential 
flow of the recirculating air (discharge from transition elbows and spiral flow from fan 
discharge) and provided a more uniform air velocity moving horizontally over the 
enclosed manure surface. The flow distribution plate was constructed of three layers of 
wire mesh (50 x 50 Mesh, 0.023 cm wire diameter, type 304 stainless steel woven wire 
measuring approximately 15 x 32 cm sandwiched between a 4 x 4 Mesh, 0.16 cm wire 
diameter, type 304 stainless steel woven wire measuring approximately 32 x 32 cm, 
folded in half.     

Air velocity profiles of the Penn State non-steady-state flux chamber were determined 
using 6 equally-spaced locations across the chamber width and at 3 equally-spaced 
heights from the bottom. These measurements were used to determine the relationship 
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between fan voltages and the resulting average recirculation air velocity (Fig. 2). 
Laboratory measurements of flux chamber air velocities used 12 VDC batteries to power 
a DC to AC inverter to closely simulate field conditions. An operational minimum fan 
voltage of 70 VAC was imposed to prevent fan failure.   

Velocity = 0.0076*V + 0.0559,  R2 = 0.83

y = -0.0002x2 + 0.0406x - 1.4935
R2 = 0.9242
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Figure 2.  Flux chamber average recirculation air velocities (n=18 each voltage, except 
n=55 for one of the 120V profiles) as a function of internal fan AC voltage.  

EPA Emission Isolation Flux Hood A steady-state flux chamber was purchased for 
evaluation.  The design and use followed the EPA flux chamber protocol except the dome 
top was solid stainless steel, not clear acrylic (Ac'Scent St. Croix Sensory, Inc.  
Stillwater, MN). Bottled, zero-air was used to provide a steady-state, sweep air flow rate. 
The volume of the flux hood is approximately 25 liters with a diameter of 0.4 m covering 
an area 0.13 m2. Design sweep air flow rate is 3.25 L min-1 based on 25 L min-1 m-2. 

Validation of measuring system Emission experiments were conducted at the Penn 
State Dairy Teaching and Research Center in a specially-constructed, mechanically-
ventilated test room with a known quantity and depth of dairy manure on the floor. 
During trials, the concrete floor was covered first with a sheet of 0.1 mm (4 mil) PVC 
sheeting and then with 68 kg of fresh dairy cow manure spread as evenly as possible onto 
a floor surface area of 2.44 m x 3.05 m, approximately 1 cm in depth. After the manure 
was spread on the floor, the room ventilation was started. Initial trials found that room 
NH3 emissions reached equilibrium concentration approximately 14 to 18 hrs following 
manure application (Fig. 3). Accordingly, flux chamber measurements were delayed until 
equilibrium conditions were established.  

In order to validate the flux chamber measurements they were compared to a known 
emission rate (ER) from a mechanically ventilated test room. Fresh air was delivered to 
the experimental test room via a positive pressure ventilation system utilizing a 
centrifugal fan (Model 71420-0151, Nalgen Company, NY, 115 V, 60 Hz, 5.4 A) that 
was ducted at both inlet and outlet (duct lengths 60 cm). Fresh air entered the room via a 
plenum with a perforated peg-board wall. The room’s variable speed exhaust fan 
(manually controlled, attempted to keep static pressure difference < 0.01-inch water) was 
located at the opposite side of the room in a plenum behind another wall of perforated 
peg-board. Our goal was to provide a reasonably uniform air flow near the floor of about 
0.5 m s-1 to match conditions observed near the manured-floor of freestall dairy facilities. 
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Installation of perforated air distribution supply and exhaust walls and limiting supply air 
to only the bottom 0.60-m of supply wall perforations allowed us to provide more 
uniform air velocity throughout the room than using a distribution duct with holes (a first-
generation design). 
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Figure 3. Ammonia concentration measured at test room exhaust. Emission experiments 
were conducted after emission stabilized about 14 to18 hours after freestall dairy manure 
was evenly distributed on room floor. 

The portable flux chamber emission monitoring system consisted of three main 
components: 1. an infrared photoacoustic multi-gas analyzer (Innova model 1412 
Photoacoustic Field Gas-Monitor, AirTech Instruments, Ballerup, Denmark); 2. a flux 
chamber, and 3. a wheeled carrying unit (including a laptop computer, battery and AC 
inverter). 

Ammonia balance calculation in the experimental test room The ammonia emission rate 
can be obtained from the ammonia balance in the experimental test room as the product 
of ventilation rate and difference in ammonia concentration between inlet and outlet. 
Ammonia concentrations at the fresh air distribution wall and experimental test room 
exhaust were measured before and after each set of flux chamber measurements (n= 2 or 
3; about every 50 minutes) with the infrared photoacoustic analyzer.  The ventilation was 
calculated as the product of the average air velocity in the inlet duct of the fan, and the 
area of the duct. Average air velocity in the duct was determined from measured air 
velocities at specific coordinates of the duct, according to ASHRAE (2001), with 
example of the three traverses shown in figure 4. The measurement section was placed 30 
cm upstream from the fan, as preliminary measurements determined that the upstream 
velocity profile was more uniform and stable than downstream. Air velocities in the duct 
were measured twice, once at the beginning and again near the end of each measurement 
session with a portable hot wire anemometer (Model A031 Kanomax, Japan, Osaka, 
accuracy of ±3% + 0.1 m s-1 of reading, from 0.2 to 30 m s-1) held steady in the duct 
traverse with a mechanical holder.  
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Figure 4. Example air velocity profile of exhaust fan in emission test room with each line 
representing one of the three hot-wire anemometer traverses. 

Ammonia flux chamber emission calculations Ammonia emission from the experimental 
test room calculated using the non-steady state flux chamber measurements was obtained 
as the product of the averaged measured ammonia flux rate from the floor and the area of 
the manured surface. Ammonia flux rate from the manure covered by the chamber was 
calculated according to the model (Eq. 1) proposed by Hutchinson and Mosier (1981). 
This model calculates initial gas flux at the beginning of the sampling period.  

( )
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12

01

CC
CC

−
−

  > 1                (1) 

Where: f = gas flux rate from the manure covered by the chamber (g m-2 s-1); t = time 
(sec.) between measuring C0 and C1 (120 sec. for this study) C0 = background gas 
concentration (g/m3); C1 = gas concentration at a time t after placing the chamber on the 
surface (g/m3); C2 = gas concentration at a time 2t after placing the chamber on the 
surface (g/m3); Vc = volume of the chamber (m3); Ac = area covered by the chamber (m2). 
 
This model is non-linear, as it assumes that the rate of gas exchange is not uniform over 
the measurement period, but rather decreases as the gas is accumulated inside of the 
chamber. A linear model (Eq. 2) proposed by Hutchinson and Mosier (1981) may be 
adopted, which assumes a constant rate over the period of observation.   

dt  A
dCV

f
c

     c=                                                                                                                       (2) 

The length of time the non-steady-state flux chamber was deployed (total of 4 min.) was 
minimized to reduce perturbations of conditions in the near-surface atmosphere that can 
modify gas flux rate. One reading of ammonia concentration (Cx) was obtained during 
one concentration measurement cycle. A measurement cycle consisted of the analyzer 
sample pump running for 19 seconds, which flushed the tubing and sample chamber, then 
the sample pump stopped for 41 seconds during which time the analyzer measured the 
ammonia concentration (and other gases not reported here) in the sample chamber. One 
measurement cycle was completed every 60 seconds. The flux chamber monitoring 
system was wheeled to the sampling locations and with the flux chamber 90 cm above the 
floor; at least three background ambient gas concentration readings were obtained. The 
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last background reading (C0) was used in calculations to determine the flux rate at that 
location. The flux chamber was placed on the manured surface as soon as the sample 
pump stopped running from drawing the background Co sample. The chamber was left on 
the manured floor undisturbed for 4 minutes, taking a concentration measurement every 
60 seconds. This resulted in a total of 5 readings per measurement site.  The first (Co), 
third (C1) and fifth (C2) readings were used in the emission flux rate calculation (Eq. 1).  

For the steady state flux chamber, the ammonia flux rate from the manure covered by the 
chamber was calculated according to the model (Eq. 3) proposed by Hutchinson and 
Mosier (1981). 

 )(
A 
sf CiCo −=                                                                                                                (3) 

Where: f = gas flux rate from the manure covered by the chamber (g m-2 s-1); S = sweep 
air flow rate (m s-1); A = chamber basal area (m2); C0 = outgoing gas concentration, 
g/m3); Ci = incoming gas concentration (g/m3). 
 

Air velocity was recorded near the manure surface (averaged over deployment period 
using hot wire anemometer in holder [Kanomax A031]) at the measurement site along 
with manure surface temperature at beginning of deployment (infrared thermometer; 
Model 8869, AZ Instruments Corp., China, accuracy of ±2% or ±2 ºC). Two locations in 
the test room, center-right and center-center, were evaluated for study. 

RESULTS Data collected supported the hypothesis that the PSU recirculation flux 
chamber can produce more reliable ammonia flux data than the EPA flux chamber for 
this type of application. Table 1 summarizes the four sets of trials on manured surfaces 
conducted in the test room. Emissions were evaluated at five voltages in the PSU 
chamber and three internal sweep air flow rates in the EPA chamber. The lower sweep air 
flow rate (3.25 L min-1) was selected based on the EPA chamber manufacturer’s 
recommendation, but this estimated only about 20% (stdev 8%) of NH3 ER levels as 
determined by the room ammonia balance calculation. A sweep rate of 5.0 L min-1 is 

typically recommended for EPA flux units in the literature, (Eklund, 1992; Kienbusch, 
1986) but this only improved the agreement with room balance to about 30%. The 10 L 
min-1 EPA flux chamber sweep rate, the highest we were able to reasonably move air 
through the sweep air ring, produced improved results measuring 56% (stdev 10%) of 
whole room NH3 emission levels. This work suggests that the EPA chamber method, 
although universally recognized, is not as suitable for emission sources with high gas 
emissions (manure) than for lower emission sources (soil, etc.). 

We were unable to reach our target air velocity of 0.5 m s-1 near the floor of the test 
room. Air velocity averaged 0.15 to 0.29 m s-1 (Tab. 1) which is below any of the average 
internal air speeds (0.5 to 0.9 m s-1) measured in the PSU non-steady-state chamber over 
the range of 70 to 120 volt supply to the air recirculation fan (Fig 3). Our goal was to 
match airflow conditions within the test room to air flow within the PSU chamber. The 
PSU recirculation unit most accurately predicted NH3 emissions in our test room, 
measuring 102% (stdev 20%) of whole room NH3 emissions, at 70 volts to the 
recirculation fan. Otherwise, the PSU chamber overestimated ammonia flux in the test 
conditions presumably due to the excessive air flow over the enclosed manure surface 
versus that experienced by the manure in the test room. Our experience in naturally-
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ventilated dairy facilities suggests that air flow within freestall barns is typically above 
the levels we were able to achieve in the test room.  

Table 1. Summary of environment conditions and ammonia emission rates determined by 
two types of flux chambers in comparison to ammonia balance on test room (RH= 
relative humidity; ER= emission rate). Velocity measured 7.6 cm above floor. 

      

Ammonia Flux @ Voltage or Velocity Categories  
(g NH3 m-2 d-1) 

 
Date 

Temperature 
(oC) 

RH 
(%) Velocity (m/s)  Penn State non-steady-state EPA steady-state Compare 

 
Air Manure 

 
Avg.  Stdev 115V 110V 90V 70V 

3.25 
m/s 

5.0 
m/s 

10.0 
m/s 

Room 
ER % 

16-
Sep 

19.1 17 53 n/a n/a 4.02 
      

2.31 

174 

 

6.09 
      

264 

    
0.72 

  
31 

    
0.71 

  
31 

26-
Sep 

17.4 16 85 0.15 0.08 
 

12.4 
     

6.00 

207 

 

  
10.5 

    
175 

   
5.6 

   
93 

    
1.24 

  
21 

     
1.73 

 
29 

      
3.46 58 

11-
Oct 

19.5 15 45 0.29 0.13 
 

9.30 
     

6.74 

138 

 

 
9.87 

     
146 

   
6.05 

   
90 

   
6.04 

   
90 

      
3.52 52 

      
2.83 42 

    
1.02 

  
15 

    
0.81 

  
12 

12-
Nov 

8.7 7 52 0.25 0.10 
 

6.89 
     

4.05 

170 

 

 
12.19 

     
301 

   
5.58 

   
138 

   
4.06 

   
100 

    
0.73 

  
18 

    
0.44 

  
11 

      
2.85 70 

      
2.27 56 

 

The emission estimation error of about 10 to 30% obtained with the 70 V PSU 
recirculation chamber was comparable to those obtained by other authors who have 
reported validation results for the different methods for measuring ammonia emission 
rates. According to Richardson (1999), the uncertainties of the current methods for 
determination of the emission rates from livestock farming sources are estimated to be on 
the order of 30%. Often it is the ventilation air exchange rate that provides the most 
uncertainty since accurate instrumentation is available for measuring gas concentration. 
Location for measurement of the gas concentration can be problematic with large open 
sidewalls on naturally-ventilated buildings where openings can frequently change from 
being a fresh air inlet to exhaust depending on weather conditions and the environmental 
conditions within the building. Scholtens et al. (2004) used an external tracer ratio 
method and obtained a bias of -25% in a simulated slurry storage and +43% in an 
experimental building section. For an internal tracer ratio method using passive flux 
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sampling Scholtens et al. (2004) obtained an average recovery rate of 66%. Zhang et al. 
(2005) compared two methods to determine the ventilation rate from nine freestall dairy 
cattle buildings and finally selected the CO2 balance method over the tracer gas method, 
although both were considered uncertain.  
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Figure 5. Flux chamber performance represented relative to whole room ammonia 
balance expressed as percentage of whole room emission.  

The flux chamber method with recirculation presents practical advantages that make it 
suitable for rapid estimates of ammonia emission from naturally-ventilated buildings at a 
point in time. Disadvantages include the labor-intensive nature of collecting a 
representative number of sample emissions over a large or variable surface area and 
without being automated, it is not useful for continuous emission monitoring. The flux 
method is useful when comparing ammonia flux rates from different surfaces of one 
single building or among buildings undergoing gas reduction treatments.   

CONCLUSIONS A non-steady state, vented, flux chamber with internal air recirculation 
was developed and coupled with an infrared photoacoustic gas-monitor to rapidly 
determine ammonia emissions from manured surfaces. A primary improvement over 
previous flux chamber designs was the provision of a relatively uniform, horizontal air 
flow over the enclosed manure surface that was comparable to air velocity conditions 
measured outside the flux chamber. To validate this flux chamber system, a comparison 
of ammonia emission rates was performed between the flux chamber results and whole 
building emission rates calculated from the ammonia balance in a mechanically-
ventilated experimental test room with dairy cow manure on the floor.  The horizontal-
flow non-steady state chamber was able to predict emission rate within 20% of room 
emission rate when used on its lowest internal airflow rate under the conditions of this 
study; the chamber overestimated ammonia flux at faster internal air recirculation speeds. 
The air flow rates achieved in our test room were lower than those expected in dairy 
freestall barns so evaluations at faster air speeds would be very useful. Evaluation of the 
EPA-design steady-state flux chamber showed that it underestimates ammonia flux from 
manured surfaces presumably due to inadequate air movement. At internal sweep air flow 
rates double the recommended 5 m3 s-1, the EPA chamber had improved agreement with 
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ammonia emission as determined by the room balance, but still underestimated the 
ammonia flux by about half. Due to a need to sample emissions from several locations 
within a barn, the faster responding non-steady state flux chamber, at about 4-8 minutes 
per location, offers advantage over the steady state chamber, at about 30-45 minutes per 
location. The flux chamber method with internal air recirculation can be used to quickly 
estimate ammonia emissions from naturally-ventilated buildings, and is particularly 
useful for comparing ammonia flux rates from different surfaces within a single building. 
Accuracy of the flux chamber with the recirculation flow method is comparable to those 
reported in the literature for other available methods. 
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