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Abstract. Enclosure-based methods (i.e., flux chambers) have been widely used in 
agricultural, ecological, geophysical, and engineering studies to estimate gas exchanges at 
the soil-atmosphere and the water-atmosphere interfaces. In this study, the flux chambers 
are analyzed using diffusion theory and mass balance principle. Mathematical models are 
developed to simulate the general behavior of both closed and dynamic chambers. 
Simulation for the closed chamber behavior shows that the flux from the enclosed soil 

matrix into the chamber decreases with time after chamber placement. This indicates that 
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even though the concentration data obtained from the chamber headspace shows a 
relatively linear increase with respect to time. It is recommended that nonlinear models be 
considered whenever possible for calculating flux for closed chambers. Simulations of 
dynamic chambers show that (1) these chambers can reach a steady state rapidly after 
placement and (2) the proper measurement of flux depends on both chamber operational 
conditions and soil permeability to air. A dynamic chamber may underestimate the actual 
flux when operating on low permeable soils. On soils with high air permeability a dynamic 
chamber may give an underestimate of the actual flux when operating at low airflow rate 
but an overestimate when the airflow rate is high. Theoretically, both closed and dynamic 
chambers may produce accurate flux estimates if they operate under ideal conditions and 
appropriated models are used in flux calculations. In practice, however, a dynamic 
chamber should be more desirable. 

1. Introduction 

Enclosure-based methods have been used extensively in sci- 
entific research and engineering practice to estimate gas ex- 
changes at the soil-atmosphere and the water-atmosphere in- 
terfaces. These methods were first applied and are 
continuously applied now in agricultural and ecological fields 
to measure emissions of gases, such as CO2, N20, NOx, CH 4, 
and some nonmethane organic compounds, from soil to the 
atmosphere [Kanemasu et al., 1974; Denmead, 1979; Matthias et 
al., 1980; Cicerone and Shetter, 1981; Holzapfel-Pschom and 
Seiler, 1986; Moore and Roulet, 1991; Rochette et al., 1992; 
Valente et al., 1995; Fukui and Dosk•, 1996]. In the last decade 
or so, these methods have found wide application not only in 
the traditional agricultural, ecological, and geophysical studies 
but also in environmental investigations and engineering prac- 
tice to measure emissions of volatile organic compounds 
(VOCs), such as volatile pesticides [e.g., Clendening, 1988; Yagi 
et al., 1993; Yates et al., 1996], spilled volatile solvents and 
volatile constituents from waste disposal sites [e.g., Sanders et 
al., 1985; Dupont and Reinman, 1986; Balfour et al., 1987; 
Woodrow and Seiber, 1991], and even gaseous metal or metal- 
loid compounds, such as Se compounds [Frankenberger and 
Karlson, 1994]. 
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In general, the enclosure-based methods include closed flux 
chambers (also called static, or passive chambers), and dy- 
namic flux chambers (also called flow-through or active cham- 
bers). The closed chambers are usually used in the field to 
conduct intermittent measurements of the target gas emission. 
Their placement time is usually short, typically from several 
minutes to several tens of minutes, as compared to the entire 
period of emission scenario of interest. The dynamic chambers, 
on the other hand, are usually operating in the field to monitor 
the target gas emission continuously over an extended time 
period. However, the gas samples taken from a dynamic cham- 
ber represent the strength of emission from the covered soil in 
a short period of time, from seconds to hours, depending on 
the sampling protocol used. The sampling time frame is also 
very short if compared to the entire emission period of interest, 
which is usually from days to weeks, or even to months. 

Reviews of both closed and dynamic chambers are available 
[e.g., Rolston, 1986; Wesely et al., 1989; Denmead and Raupach, 
1993]. Experiences gained from numerous applications of both 
flux chambers have shown that both methods have their own 

advantages and disadvantages. For closed chambers, one ob- 
vious advantage is their simplicity in fabrication and operation. 
The major disadvantage of using a closed chamber is that the 
enclosed microenvironment above the soil surface becomes 

different from that outside the chamber after the chamber 

placement. Since the interior of the closed chamber is isolated, 
the concentration of the target gas in the chamber headspace 
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Shallow Closed Chamber 

I Ca(t ) 

Figure 1. Schematic of shallow closed (passive) flux chamber 
and soil matrix. 

increases with time due to the mass input at the enclosed soil 
surface. In general, the concentration increase is nonlinear, 
and some nonlinear models can be used to calculate the flux 

[e.g., Hutchinson and Mosier, 1981; de Mello and Hines, 1994]. 
Oftentimes, the concentration data show a relatively linear 
relation with respect to time, and a simple linear model has 
been used to calculate the flux. However, application of the 
linear model has been reported to lead to underestimate of the 
actual flux [Rolston, 1986; Wesely et al., 1989]. 

For dynamic chambers, a commonly acknowledged advan- 
tage is the possibility of maintaining conditions within the 
chamber nearly the same as those in the surrounding field. In 
addition, the problem of a significant concentration buildup of 
the target gas within the chamber headspace can be avoided, 
since an airstream (usually clean air) is continuously flowing 
through these chambers [Rolston, 1986; Yates et al., 1996]. 
When a dynamic chamber operates at a constant airflow rate, 
a simple steady-state model derived from the mass balance 
concept can be used to calculate the flux [Denmead, 1979; 
Rolston, 1986; Gao et al., 1997]. For the dynamic chambers, 
introducing an airstream through the chamber may create a 
pressure deficit within the chamber headspace, which is often 
cited to induce an additional convective mass flow of the target 
gas from the covered soil matrix into the chamber headspace. 
Thus the steady-state flux measured by the dynamic chamber 
may be an overestimate of the diffusion-driven flux [Kanemasu 
et al., 1974; Rolston, 1986; Mosier, 1989]. 

In this study we analyze both closed and dynamic flux cham- 
bers using the diffusion theory and the mass balance principle. 
For the dynamic chambers, our analysis and simulation are 
obtained by defining a special chamber structure. Our purpose 
is to develop relatively simple physical and mathematical mod- 
els to simulate general behavior of both closed and dynamic 
chambers and to locate physical (or structural) and operational 
factors that affect accurate flux measurements. Through these 
simulations, we can obtain a better understanding of the cham- 
bers behavior, the associated problems, and how to improve 
chamber operation to obtain unbiased or less biased flux mea- 
surements. 

2. Theoretical Analysis 
2.1. Analysis of Shallow Closed Chamber 

The common shallow closed chambers have a vertical di- 

mension (i.e., thickness or height) smaller or not significantly 
greater than their horizontal dimensions (i.e., width and 
length, or diameter for circular chambers). A schematic dia- 
gram of a shallow closed chamber placed at soil surface is 

shown in Figure 1. The chamber volume is V (L3), and the 
covered soil surface area is A (L2). To simplify our analysis, we 
make the following assumptions: 

1. Chamber placement time is relatively short, usually from 
several minutes to several tens of minutes. In comparison, the 
entire emission period of interest is significantly longer, usually 
from days to weeks, or even months. 

2. Before placement the concentration of the target gas in 
the chamber is zero. In practice, an exact initial zero concen- 
tration may be difficult to obtain, and using an ambient initial 
concentration may be more practical. During the short place- 
ment time, there is no sink or degradation process for the 
target gas within the chamber. 

3. During the chamber placement time, the strength of the 
gas source at a depth of Z (L) below the soil surface is rela- 
tively constant. Similar assumptions of a constant source have 
been used previously by a few investigators in their theoretical 
studies [Jury et al., 1982; Healy et al., 1996]. 

4. The flux of the target gas at the enclosed soil surface, 
Ja(t) (M L -2 T-•), is uniform at the enclosed soil surface and 
caused by diffusion which is driven by the concentration gra- 
dient across the soil-air interface. This diffusion-driven flux can 

be given as 

Jg(t) = h[C[(t) - ca(t)] 

where C•)(t) (M L -3) is the target gas concentration at the 
soil-atmosphere interface on the soil side, C"(t) (M L -3) is the 
spatially averaged concentration of target gas in the chamber 
headspace, and h (L T -•) is the transport coefficient of the 
target gas through the soil-air interface. This coefficient rep- 
resents the degree of ease in which the target gas can diffuse 
through the interface, which depends on both the resistant 
nature of the interface and the diffusivity of the target gas. 

The mass change of the target gas within the chamber head- 
space is due to the emission of the target gas from the covered 
soil matrix into the chamber headspace 

dM(t) = V dCa(t) = •4Jg(t) dt (2) 

where A (L 2) is the enclosed soil surface area. Introducing (1) 
into (2) gives a first-order nonhomogeneous differential equa- 
tion for C" (t) 

dCa(t) h h 
d• + V•-•- ca(t) = 1/-• C[(t) (3) 

where the ratio of V/A will be the chamber height H (L), if the 
chamber has a uniform cross-section area equal to the en- 
closed soil surface area. Equation (3) has an initial condition of 

ca(o): 0, t = 0 (4) 

With this condition, (1) becomes 

Ja(O) = Jo = hC[(O) 

which is the flux at the very beginning of the chamber place- 
ment. We define this flux to be the initial flux to be measured 

by the chamber under the given conditions. 
The solution of (3) depends on the form of the nonhomo- 

geneous term C•)(t). For simplicity and simulation purpose we 
further assume that C•)(t) = C•) is a constant during the 
relatively short chamber placement period. In practice, this 
situation exists when there is an apparent transport barrier at 
the soil-atmosphere interface, such as a tarp over a fumigated 
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agricultural field [Yates et al., 1996]. For this situation the term 
h is mainly determined by the transport of the target gas 
through the interfacial barrier. Within the time frame of cham- 
ber placement, a tarped fumigated field can be treated as an 
example of this special situation. With the assumption of a 
constant C•i(t) : C•'•, we can solve (3) and (4) for C"(t) and 
obtain 

C"(t) - Ct• 1 - exp -V•-t (6) 

which can be then used in (1) to solve for J.q(t) 

J,(t) - Jo exp -V•- t (7) 
where Jo is the flux at t - 0, as defined in (5). From (6) and 
(7) it can be seen that C"(t) increases with time, and Jg(t) 
decreases with time. When the chamber placement time is 
extended, or mathematically when t --. 2, we can have 

C"(t) : C;, t • • (8) 

Inlet 

Side 

Soil 

Matrix 

L = length 

-.> > 

Chamber 
Outlet 

Side 

(a) Top View 

Dynamic Chamber 
H = height 

Q, Ci n I • P0 A ca(t) "• Q' Cout 

Jq(t) = O, t --. • (9) 

2.2. Analysis of Dynamic Chamber 

A schematic diagram of a dynamic (or flow through) cham- 
ber placed at soil surface is shown in Figure 2, where we define 
a square or rectangular chamber to simplify our analysis. The 
height of the chamber is H (L), the width is W (L), and the 
length is L (L). The enclosed soil surface area is.4 (L2). An 
important feature of this chamber structure is that the air- 
stream sweeps over the entire covered soil surface with a uni- 
form velocity (Vo, L T l) at a given flow rate (Q, L 3 T- 
from the inlet side to the opposite outlet side (Figure 2a) [Gao 
et al., 1997]. 

For our dynamic chamber we apply the same assumptions as 
for the closed chambcr. In addition, wc assume that the direc- 
tion of airstream is parallel to the enclosed soil surface (Figure 
2), so the velocity of the airstream Fo (L T-l) can be estimated 
using the airflow rate (Q, L 3 T l) and the chamber dimensions 
(H and W) 

Q 
Vo = WH ( 1 O) 

An often cited problem of dynamic chambers is that the 
flowing air through the chamber may create a pressure deficit 
in the chamber, which will cause an advective mass transport of 
the target gas out from the covered soil matrix into the cham- 
ber headspace [Kanemasu et al., 1974; Rolston, 1986; Mosier, 
1989; Wesel3, et al., 1989]. We first analyze a simple case without 
considering the effect of pressure deficit. Later, we will discuss 
a more general situation where the effect of pressure deficit is 
included. 

2.2.1. Without effect of pressure deficit. The mass change 
of the target gas within the chamber headspace is due to the 
mass input and output, which can be expressed as 

dM = V dC"(t) = AJg(t) dt + QCm(t) dt- QCout(t) dt 

where Cin(t) and Cout(t) (M L -3) are the target gas concen- 
trations in the chamber incoming air and outgoing air, respec- 
tively, and other terms are defined previously. Assuming 
Co•(t) = C"(t) and Cid(t) = 0 for simplicity, we can obtain 

(b) Cross-Section View 

Figure 2. Schematic of dynamic (flow through) flux chamber 
and soil matrix. 

V dC"(t) Q C" J,(t) : A dt + •- (t) (12) 

Combining (1) and (12) and noting V/A - H for our dy- 
namic chamber, a first-order nonhomogeneous differential 
equation for C"(t) can be obtained 

dC"(t) Q/A + h h 
C"(t) - Ci,(t) (13) dt + H • 

which has an initial condition of 

c"(o): 0, t: 0 

The solution of (13) and (14) with the assumption of C•(t) = 
C• = constant is 

C"(t) Q/A +h 1- exp - H t (15) 
Further, substituting (15) into (1) leads to an expression for 

the flux at the enclosed soil surface 

_ h + Jg(t) = Jo{1 Q/A h [1-exp( Q/A h t) l } (16) + H 

When the dynamic chamber system reaches a steady state 
(i.e., t --. *:), (16) becomes 

J9(t • m) = Jsteady: J0 1 - Q/A + h (17) 
Since the term (1 - h/(Q/A + h)) is less than 1, (17) 
indicates that the steady state flux (Jstcady) is smaller than the 
initial flux (Jo) at t = 0 under the given conditions. 

At steady state, or when t --. •:, the target gas concentration 
within the chamber headspace becomes a constant, which is 

h 

Ca([ ---> oo) - Csteady •- C; Of.4 q_ h (18) 
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Since h/(Q/A + h) < 1, the steady-state concentration 
(Csteady) is less than C•. 

Combining (17) and (18) and noting Jo = hC• and Gout = 
Csteady at the steady state, we have 

Q 
Jsteady -' A Gout (19) 

which is a model commonly used to calculate steady-state 
fluxes for dynamic chambers when Gin is assumed to be zero or 
negligible [Denmead, 1979; Rolston, 1986; de Mello and Hines, 
1994; Gao et al., 1997]. A more general form of (19) is 

Q 
Jsteady = A (Gout- Gin ) (20) 

In practice, C in can be easily controlled, so it is either zero (or 
insignificant compared to C out) or constant. Under such con- 
ditions it is not difficult to show that (20) can be also derived 
from the above analysis. 

When the airstream stops (i.e., Q = 0), the dynamic cham- 
ber becomes a passive closed chamber discussed in the previ- 
ous section. This can be shown by the fact that when Q = 0, 
equations (15), (16), (18), and (17) become (6), (7), (8), and 
(9), respectively, for the shallow closed chamber. 

2.2.2. With effect of pressure deficit created by flowing air. 
When a pressure deficit is present within the chamber head- 
space, a volume air flux fsair (L T -1) will be induced from the 
covered soil matrix into the chamber. The target gas flux at the 
covered soil surface Jg(t) has two components, i.e., a diffusive 
flux (Jdiffusive, M L -2 T -•) driven by the concentration gradi- 
ent, and a convective flux (J .... ective, M L -2 T -j) along with 
fsair, which can be written as 

Jg(t) = Jdiffusive q- J ...... tive = h[C•(t) - ca(t)] + fsairC•)(t) 

(21) 

where all the terms are defined previously. Similarly, a first- 
order nonhomogeneous differential equation for C"(t) can be 
obtained 

dCa(t) Q/A -3-h h q-fsair 
C"(t) = -- C•(t) (22) dt + H H 

Using C"(0) = 0, C•)(t) = C•, and assuming a constant 
fsair, we can obtain a solution for (22) 

C"(t) =Q/A +h 1-exp H t 

Q/A +h 1-exp --- H t (23) 

By introducing (23) into (21) the flux at the enclosed soil 
surface can be expressed as 

Jg(t) = J0{ 1 - h [ ( Q/A +h 1-exp --- 

q- fsairC•){ 1 - fsairC•) [ Q/A +h 1-exp 
(24) 

The first half on the right-hand side of (24), which is iden- 
tical to (16), is the diffusion-driven flux. The second half of 

(24) represents the convective mass flow due to the effect of 
pressure deficit caused by the airstream in the chamber on the 
target gas flux. In the transient stage, both parts are functions 
of time (t) and the airflow rate (Q). When the chamber system 
reaches a steady state, or mathematically when t -• oo, the 
concentration and flux become, respectively, 

h Jsair 

ca(t • oo)--Csteady = Q/A + h C• + Q/A + h C• (25) 
Ja(t -• m) = Jsteady 

= Jo 1 - Q/A + h + fsairC•) I - Q/A + h 
The first part of (26) represents the flux of the target gas 

without the effect of the pressure deficit, while the second part 
of (26) reflects the effect of the pressure deficit. At steady 
state, both parts are functions of the airflow rate (Q). Again, 
if we combine (25) and (26) to solve for Jsteady, assuming 
fsair A • Q, we can obtain the steady-state flux model (19) or 
(20). 

When the airflow is stopped (i.e., Q = 0), equations (23), 
(24), (25), and (26) will reduce to (6), (7), (8), and (9), respec- 
tively. Under this condition the dynamic chamber becomes a 
shallow closed chamber. 

3. Simulation Results and Discussion 

3.1. Behavior of Closed Chamber 

To evaluate the general behavior of shallow closed cham- 
bers, we use (6) and (7) to show how the parameters (ILIA and 
h) affect the concentration and flux as a function of time after 
chamber placement. A range of I//A from 10 to 40 cm is used 
in our simulation. This range covers the majority of the shallow 
closed chambers reported in the literature. 

The transport coefficient (h) depends on the diffusivity of 
the target gas through the soil-atmosphere interface and the 
resistance nature of the interface. This coefficient can be ex- 

pressed as 

hocD a or h = ,kD a (27) 

where D • (L 2 T -•) is the diffusion coefficient of the target gas 
in the still air, and ,k (L -j) is a case-dependent constant re- 
flecting the interfacial resistance. Jury et al. [1983] assumed a 
stagnant air layer at the soil surface and used a simple formula 
for estimating h 

D a 

h = d (28) 

where d (L) is the thickness of the stagnant air layer. For 
simplicity and simulation purposes we assume that the thick- 
ness of the stagnant air layer above the enclosed soil surface 
will be equal to the height of the chamber, and the transport 
coefficient (h) is a function of the chamber height (H). It 
should be pointed out that the assumption of stagnant air in 
the closed chamber is valid only for shallow chambers without 
mixing. When mixing is provided inside the chamber, this as- 
sumption becomes invalid. However, our experiences have 
shown that as long as a closed chamber is shallow as defined 
previously, constant mixing should be avoided to eliminate 
unexpected adverse effects such as leaking and differentiation 
of flux at the enclosed soil surface. We select a range of D a 
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from 0.05 to 0.25 cm 2 s -•. This range covers most of the 
volatile organic compounds and trace gases of environmental 
concern [Schwarzenbach et al., 1993]. 

Plotting C"(t)/C• and J.q(t)/J o as a function of time (t) 
using (6) and (7) shows the general behavior of shallow closed 
chambers with different V/A ratios or heights (H) when mea- 
suring flux of a typical VOC with a D" of 0.10 cm 2 s-•, which 
is similar to benzene (D" = 0.09 cm 2 s • at 20øC) (Figure 3). 
From Figure 3a it can be seen that the flux from the covered 
soil surface into the chamber headspace decreases with time. 
The smaller the V/A ratio or height (H) of the chamber, the 
more rapidly the flux decreases. When the chamber I//A ratio 
.... •__ l__:_l_. flux dpp•uacttc• an approximate o• t•c rimgut inc•Cd•c•, the n .......... •.• 
linear decrease, as shown by curves 3 and 4 in Figure 3a. Figure 
3b shows that the target gas concentration in the chamber 
headspace increases with time but at different rates with dif- 
ferent chamber V/A ratios or heights. When the chamber I//A 
ratio or the height increases, the target gas concentration in the 
chamber will show an approximate linear increase over time 
(curves 3 and 4 in Figure 3b). This linear increase is misleading 
because it seems to be resulted from a constant flux from the 

soil matrix into the chamber. However, this approximate linear 
increase in concentration is in fact associated with a decreasing 
flux, not a constant flux, as shown in Figure 3a. 

The linear increase of the target gas concentration in the 
closed chambers has been experimentally observed in numer- 
ous investigations [e.g., Mattbias et al., 1980; Nakayama, 1990]. 
The observation has lead to the application of a linear model 
to calculate a "constant" or "average" flux. However, various 
chamber users, including those who observed the linear con- 
centration increase in their experiments, have reported that 
the fluxes calculated by the linear model are underestimates of 
the actual fluxes [e.g., Mattbias et al., 198,0; Rolston, 1986]. The 
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Figure 3. Behavior of shallow closed chamber with different 
V/A ratio (H). For curves 1, 2, 3, and 4 in the figure the I//A 
ratios are 10, 20, 30, and 40 cm, respectively. 
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20 cm when measuring gases with different D •. For curves 1, 2, 
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s • respectively. 

simulation results discussed above can help explain a cause of 
this. Since the flux at the covered soil surface decreases with 

time after the chamber is placed, a •constant" or "average" flux 
calculated using the linear model is an underestimate of the 
actual flux present just before the chamber placement. 

The behavior of a shallow closed chamber when measuring 
fluxes of different gases is shown in Figure 4. The chamber I//A 
ratio (or H) used is 20 cm. From Figure 4a it can be seen that 
the fluxes into the chamber also decrease with time. The fluxes 

of gases with higher diffusivities, such as soil trace gases like 
methane (D" = 0.22 cm 2 s •), decrease with time at faster 
rates than gases with lower diffusivities, such as VOCs (e.g., 
toluene, D" = 0.08 cm: s •). The comparison indicates that 
more mass of a trace gas will diffuse through the soil-air in- 
terface per unit time than that of a VOC under the same 
conditions. Thus a faster increase of the relative concentration 

(C"/C•) will occur in the chamber headspace when measuring 
a soil trace gas, as shown in Figure 4b. This will lead to a faster 
decrease of concentration gradient across the interface, which 
in turn leads to a faster decrease of the flux. Again, an approx- 
imate linear increase of the target gas concentration within the 
chamber headspace may be observed (e.g., curves 1 and 2 in 
Figure 4b). Such a linear increase, however, does not reflect a 
constant flux at the enclosed soil surface, as discussed above. 

Equation (6) indicates that the relative concentration 
(C"/Ci•) will approach a value of 1 when the chamber place- 
ment time is extended long enough. This can be shown by the 
curves in Figures 3b and 4b if we extend the chamber place- 
ment time. On the other hand, the flux of the target gas at the 
enclosed soil surface will approach zero as the relative concen- 
tration approaches 1. A relative concentration of 1 implies that 
the concentration gradient across the soil-air interface be- 



26,132 GAO AND YATES: SIMULATION OF ENCLOSURE-BASED METHODS 

1.0 

0.8 

0.6 

0.4 

Q = 1000 L/min 
0.98 

1 O0 L/min 0.84 

75 L/min 0.79 
50 I_/min 0.72 

25 L/min 0.57 

0.2 

0.0 

10 L/min 
0.34 

(a) 

1.0 - 

0.8 

09O 

r,D 0.6 

(D 0.4 

0.2 

0.0 

(b) 

10 L/min 

0.66 

25 L/min 0.43 

50 L/min 0.28 
75 L/min 0.21 
100 L/min 0.16 

1000 L/min 0.02 
' I ' 

2 3 5 6 7 9 10 

TIME, min 

Figure 5. Effect of airflow rate (Q) on the transient stage 
behavior of a dynamic chamber with dimensions of W = 40 cm, 
L= 40cm, andH = 10cm. 

comes zero, thus creating no (or zero) diffusive flux at the 
covered soil surface. Both Figures 3 and 4 suggest that the 
placement time of a closed chamber should be kept short, as 
long as the sensitivity of the analytical methods allows. 

3.2. Behavior of Dynamic Chamber and Discussion 

In the following simulation we first neglect the effect of 
pressure deficit created by the flowing air. We then include the 
effect of pressure deficit and compare how a dynamic chamber 
behaves under two scenarios. 

3.2.1. Without effect of pressure deficit created by flowing 
air. We use (15) and (16) to simulate behavior of the dy- 
namic chamber in the transient stage and (17) and (18) for the 
steady state. From (16) and (15) it can be seen that in the 
transient stage the flux of the target gas from the covered soil 
matrix decreases, while the concentration of the target gas in 
the chamber increases, with time after chamber placement. 
This indicates that the behavior of a dynamic chamber depends 
on the following physical factors: airflow rate (Q), interfacial 
transport coefficient (h) or diffusivity (Da), and chamber di- 
mension (A). Within a dynamic chamber we cannot assume 
that the stagnant air layer above the soil surface is equal to the 
chamber height since an airstream is continuously blowing over 
the enclosed soil surface. For simulation purpose we adopt a 
thickness of 0.5 cm for the stagnant air layer. This thickness has 
been used by various investigators to conduct successful sim- 
ulation studies [Jury et al., 1983; Simunek and van Genuchten, 
1994]. In practice, the thickness of the stagnant air layer may 
change at different airflow rates. In a later paper, we will 
discuss in detail the effects of airstream in dynamic chamber on 
the stagnant air layer [Gao and Yates, 1998, this issue]. The 

effect of each physical factor on the chamber behavior is dis- 
cussed below. 

3.2.1.1. Airflow rate: Figure 5 is plotted using (15) and 
(16) and shows how the airflow rate affects the behavior of a 
dynamic chamber in the transient stage. Chamber dimensions 
used are 40 cm (length) by 40 cm (width) by 10 cm (height or 
thickness). A D a value of 0.10 cm 2 s -• is used to represent a 
typical VOC. For each case in Figure 5a the chamber system 
undergoes a short transient stage and reaches a steady state 
quickly after placement. At higher airflow rates (Q) the cham- 
ber system reaches the steady state more quickly. The short 
transition period implies that the commonly used chamber 
equilibration time of 15-30 min [e.g., Denmead, 1979; Rolston, 
1986; l/alente et al., 1995] is reasonable. Figure 5 shows also 
that the relative flux [Ja(t)/Jo] is always less than 1 even at a 
very high airflow rate (e.g., 1000 L min-•). This indicates that 
when not considering the effect of pressure deficit, a dynamic 
chamber underestimates the initial flux prior to the chamber 
placement (i.e., Jo at t = 0). 

Figure 5b shows ,the relative concentration in the chamber 
headspace (C a (t)/C•) as a function of time. The concentra- 
tion curves at various airflow rates show that the target gas 
concentration within a dynamic chamber will reach a constant 
value after a short transition period. When a dynamic chamber 
reaches the steady state, a constant concentration gradient is 
present at the enclosed soil surface under the given conditions. 
This concentration gradient is smaller than that outside the 
chamber, thus driving a diffusive flux smaller than the actual 
flux outside the chamber or just before the chamber place- 
ment. 

3.2.1.2. Gas diffusivity: Simulation in Figure 6 shows the 
behavior of a dynamic chamber when measuring fluxes of gases 
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Figure 6. Effect of gas diffusivity (D a) on the transient stage 
behavior of a dynamic chamber with dimensions of W = 40 cm, 
L= 40cm, andH = 10cm. 
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with different diffusivities. A chamber with a length of 40 cm, 
a width of 40 cm, and a height of 10 cm is used, and the airflow 
rate is set at 50 L min -1. All five curves in Figures 6a and 6b 
show a relatively short transient stage. At steady sate under the 
same given conditions the relative flux of a gas with higher 
diffusivity is smaller than that of a gas with lower diffusivity. 
This is again due to the more rapid diffusive mass input into 
the chamber, leading to a higher steady-state concentration in 
the chamber headspace. As a result, the concentration gradient 
between the soil gas phase and the chamber headspace become 
smaller, thus driving a smaller diffusive flux. 

3.2.1.3. Chamber dimension: The behavior of dynamic 
chamber as affected by chamber dimensions is plotted in Fig- 
ure 7. The airflow rate is set at 50 L min-•, and a D" value of 
0.10 cm 2 s-• is used for a typical VOC. Figure 7 shows that at 
the same airflow rate, a smaller chamber will reach steady sate 
more rapidly than a larger chamber. After reaching the steady 
state at the same flow rate, the flux associated with a smaller 
chamber is closer to the initial flux (i.e., Jo). 

3.2.1.4. Steady state: In practice, flux measurements by 
dynamic chambers are performed almost exclusively at the 
steady state. Figure 8 shows the steady-state behavior of a 
dynamic chamber when measuring two different gases, one 
with a D" of 0.10 cm 2 s -• (curves 1) and another with a D" of 
0.20 cm 2 s-] (curve 2). From Figure 8 it can be seen that the 
steady-state flux underestimates the actual flux when the effect 
of pressure is not included, since the ratio of Jsteady/J 0 is always 
less than 1. When the airflow rate (Q) is low, the degree of 
underestimate is severe. When Q increases, the underestimate 
becomes less severe. Second, the underestimate for a gas with 
a greater diffusivity (e.g., a trace gas) is more severe than that 
for a gas with a smaller diffusivity (e.g., a VOC) under the 
same conditions. The difference, however, becomes less no- 
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Figure 8. Steady-state behavior of a dynamic chamber when 
measuring two gases. Chamber dimensions: W = 40 cm, L = 
40 cm, H = 10 cm. Curve 1: a VOC, D a = 0.10 cm 2 s-4. Curve 
2: a trace gas, D a = 0.20 cm 2 s -1. 

ticeable as the airflow rate increases. Third, the steady-state 
flux approaches a relatively stable value that is close to the 
actual flux after the flow rate increases over a certain value. 

This indicates that increasing the airflow rate will produce a 
measured flux value that is closer to Jo. 

Figure 9 shows the steady-state behavior of two dynamic 
chambers when measuring a typical volatile organic gas (D" = 
0.10 cm 2 s-•). Comparison of curve 1 and curve 2 in Figure 9 
shows that a smaller chamber can obtain a steady-state flux 
closer to Jo than a larger chamber at the same airflow rate. The 
difference becomes less noticeable as the airflow rate in- 

creases. The comparison implies that a smaller chamber may 
be more desirable than a larger one, unless the airflow rate for 
the larger chamber is increased accordingly. 

3.2.2. With effect of pressure deficit. From (24) and (26) 
it can be seen that the effect of pressure deficit on the flux at 
the enclosed soil surface depends onf•,•ir, and the magnitude of 
the effect of pressure deficit can be represented by the term 
f•,•ir/h. For the simulation purpose we use Bernoulli's equation 
[Fennard and Street, 1975; Giancoli, 1984] to estimate the pres- 
sure difference between the airstream in the chamber and a 

stagnant zone at a depth of Z below the covered soil surface, 
which gives 

1 

APz = Pz- Po = (29) 
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Figure 7. Effect of chamber dimension on the transient stage 
behavior of dynamic chamber when measuring a volatile gas 
with a D • - 0.10 cm 2 s -• at a airflow rate Q - 50 L min -•. 

0.6 

0.4. 
0.9 

0.0 

Figure 9. 

Jsteady/Jo 

C....._steady/C• 

0 20 40 60 80 100 120 140 160 180 200 

Q, L/min 

Steady-state behavior of two dynamic chambers 
when measuring a volatile gas with a D •: 0.10 cm 2 s-] at an 
airflow rate of Q = 50 L min-4. Curve 1' a smaller chamber, 
W = 20 cm, L = 20 cm, H - 5 cm. Curve 2: a larger chamber, 
W- 40cm, L- 40cm, H- 10cm. 



26,134 GAO AND YATES: SIMULATION OF ENCLOSURE-BASED METHODS 

1.0E+1 

1.0E+O 

1.0E-1 

1.0E-2 

1.0E-3 

1.0E-4 

1.0E-5 

1.0E-6 

1.0E-7 

• Q = 100 L/m 

\xx•,..•••l. k - - - Q = 50 L/m•n sa=5X10-3cm 2 

0-7cm2 

, i , i , I , i , 

0 20 40 60 80 100 

Figure 10. Effect of pressure deficit (fsair/h) as a function of 
effective soil depth (Z). Chamber dimensions: W = 40 cm, 
L = 40 cm, H = 10 cm. Airflow rate: Q = 50 L min -• 

where Pz (Pa) and Po (Pa) are the pressures at the depth z = 
Z (L) and the enclosed soil surface (z = z o = 0), respectively, 
9a (M L -3) is the density of the airstream, V o (L T-l) is the 
velocity of the airstream over the covered soil surface. For a 
dynamic chamber defined in Figure 2, F o can be estimated 
using Eq. (10), which gives 

p,tQ2 
Aaz = 2W:H: (30) 

where Q is the airflow rate and W and H are the chamber 
width and height, respectively. 

If we assume AP z is linear from Z to the soil surface (z = 
Zo = 0), the convective volume air fiuxf,•r can be formulated 
using an equation analogous to Darcy's equation [Corey, 1986] 

k,, APz k,,paQ 2 
f' .... : •,• (z,,- z• = 2•,aW2H:Z (3•) 

where k,, (L 2) is the permeability of the enclosed soil matrix, 
and/x,, (ML-• T-1) is the viscosity of the soil air. Thus we have 

f, .... k,,paQ 2 
•- = 2h tx,aW:H:Z (32) 

To assess the effect of f, ai•/h, we select a dynamic chamber 
with W = 40 cm, L - 40 cm, and H = 10 cm. We adopt a p, 
of 1.3 mg cm -3 for the density of the airstream and a/xxa of 
0.18 mg cm-• s-• for soil air viscosity. We select three perme- 
abilities to represent three different media: kxa = 3.0 x 10-7 
cm: for low permeability soils (e.g., silt and loam), k x, = 
3.0 x 10-s cm: for moderate permeability soils (e.g., sands), 
and kx, - 3.0 x 10- 3 cm 2 for highly permeable media such 
as gravels and mulches. The property values selected here are 
obtained or estimated from the data reported by Kimball and 
Lemon [1971], Clapp and Hornberger [1978], and Massmann 
[1989]. Again, we use (28) to estimate the interfacial transport 
coefficient (h). We use a D • value of 0.10 cm: s -• for a typical 
VOC and a d of 0.5 cm to obtain an h value of 0.2 cm s- • 

Figure 10 is plotted using (32) to showfsair/h as a function of 
soil depth (Z) for the three media specified above. A constant 
airflow rate of 100 L min-• is employed. This value is in the 
higher range of airflow rates reported in the literature. Figure 
10 shows that the fsair/h ratio is very small for the less perme- 

able media under the given conditions. For the permeable 
medium (ksa = 3.0 X 10 -3 cm2),fsair/h is significant when Z is 
small. However, fsair/h becomes less significant as the soil 
depth increases. For example, fsair/h is less than 0.1 (or 10%) 
when the soil depth is 10 cm or greater. In practice, this 
condition (i.e., Z _> 10 cm) can be approximated by applying 
a chamber collar inserted to a depth of 10 cm or deeper, as 
indicated in Figure 2b. 

Figure 11 shows the ratio offsair/h as a function of chamber 
airflow rate (Q). A reference (or effective) soil depth of 10 cm 
and the same chamber dimensions are used. It can be seen that 

the ratio offsair/h is insignificant for the less permeable media 
even at a very high airflow rate (e.g., 500 L min-•). The fsair/h 
ratio is significant for the permeable medium when the cham- 
ber is operating at high airflow rates. For example, the values 
of this ratio are approximately 0.5 and 3.5 when the airflow 
rates are 200 and 500 L min -•, respectively. However, the 
fsair/h ratio becomes again insignificant when the airflow rate 
decreases to below 100 L min -• (curve 1 in Figure 11). 

We can further estimate the effect of the pressure deficit 
caused by flowing air on the steady-state behavior of dynamic 
chambers. Figure 12 is plotted using (25) and (26) to simulate 
the steady-state behavior of a dynamic chamber when measur- 
ing fluxes of a typical VOC at soil surface. The curves in Figure 
12 show Jsteady/Jo and Csteady/C•) as functions of chamber air- 
flow rate (Q) when the chamber is operating on the three 
media specified previously. The chamber dimensions stay the 
same (i.e., W - 40 cm, L = 40 cm, H - 10 cm), and an 
effective soil depth (Z) of 10 cm is used. Other property values 
are the same as described after (32). The curves of the relative 
flux in Figure 12 show clearly that whether the dynamic cham- 
ber overestimates or underestimates the actual flux depends on 
the chamber airflow rate (Q) and the soil type as well. For low 
permeability soils, such as silty, loamy, and clayey soils, the 
dynamic chamber is likely to underestimate the actual flux 
even at very high airflow rates (Figure 12a). For media with 
high air permeability, such as very coarse sands, gravels, and 
coarse-textured mulches encountered in agricultural and forest 
soils, a much lower airflow rate may lead to overestimate of the 
flux, as shown in Figure 12c. 

3.2.3. Relative significance of effect of pressure deficit. 
Since a dynamic chamber can reach a steady state in a rela- 
tively short period of time (Figures 5, 6, and 7) and flux mea- 
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surements are almost always made at the steady state, we are 
most interested in the behavior of dynamic chamber at steady 
state. If we compare the results of our simulations with and 
without taking into account the effect of pressure deficit 
caused by the flowing air, some meaningful points can be 
drawn for practical chamber operation. 

First, when operating on soils with relatively low permeabil- 
ity such as clayey, loamy, and silty soils, a dynamic chamber is 
likely to underestimate the actual flux as long as the chamber 
airflow rate is maintained relatively low (Figures 8, 9, and 12). 
In field applications, airflow rates of several hundred liters per 
minute may not be practically feasible or desirable. Flow rates 
of less than 100 L min -• are most often reported in the liter- 
ature. Under such conditions, whether or not to include the 
effect of pressure deficit created by flowing air may not make 
significant difference. 

Second, when a dynamic chamber is used on highly perme- 
able media (such as coarse sands, gravels, and coarse-textured 
mulches), consideration of the effect of pressure deficit may 
become important, as shown in Figure 12c. For example, when 
a dynamic chamber is operating on a highly permeable soil 
with an airflow rate of 200 L min-•, a measured VOC flux 
would be considered to underestimate the true flux by approx- 
imately 10% if the effect of pressure deficit were not included 
(curve 1 in Figure 8). This flux, however, may be actually an 
overestimate by about 10% due to the effect of pressure deficit 
caused by the flowing air (Figure 12c). It should be noted that 
for high permeability soils the effect of pressure deficit can be 
ignored as well when the chamber is operating at a very low 
airflow rate. 

Third, at very low airflow rates, a dynamic chambcr may 
always underestimate the real flux, regardless of the type of 
medium. All steady-state curves in Figure 12 show that the 
underestimate of the real flux at steady state may be severe at 
very low airflow rates (Q). The gas flux from the covered soil 
matrix into the chamber is likely to be governed mainly by 
diffusion, and the mass flow induced by the pressure deficit 
may become insignificant and negligible. It can be seen also 
that under such conditions the chamber behavior is very sen- 
sitive to the airflow rate (Q) in terms of the flux measured at 
steady state. A flow rate difference of several liters per minute 
may lead to a difference of several percent or even greater in 
the flux being measured. This suggests that operations of a 
dynamic chamber at very low airflow rates is to be avoided in 
field applications. 

3.2.4. Pressure difference caused by other factors. It 
should be pointed out that the cause of the pressure deficit 
discussed so far in this paper is limited solely to the flowing air 
through the chamber, so the Bernoulli's equation can be used 
to estimate this pressure deficit. In practice, the airstream 
through a dynamic chamber is driven either by a vacuum at the 
outlet side or by an air blower at the inlet side, although the 
latter is used much less often. Kanemasu et al. [1974] reported 
that sucking air at the outlet and blowing air at the inlet 
created opposite pressure differences within their chamber, 
although the airflow rate was the same under the two scenar- 
ios. In our recent laboratory study, we have observed that a 
vacuum from the outlet side of the chamber can create a 

pressure deficit greater than that estimated by Bernoulli's 
equation [Gao and Yates, this issue]. We will discuss this vac- 
uum-induced pressure deficit in detail in a later paper. 
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Figure 12. Steady-state behavior of a dynamic chamber on 
three media when the effect of pressure deficit caused by 
flowing air is included. Effective soil depth: Z = 10 cm. 
Chamber dimensions: W = 40 cm, L = 40 cm, and H = 10 cm. 

4. Concluding Remarks 
Our simulation of the behavior of shallow passive (or closed) 

flux chambers suggests that the chamber F/A ratio or height H 
should be large enough to minimize the problem of relatively 
rapid decrease of the flux at the enclosed soil surface. With a 
large F/A ratio or H, a well-mixed condition in the chamber 
may not be guaranteed. Thus installation of a mixing device 
(such as a small low-speed fan) may become necessary. When 
using a shallow closed chamber with a relatively large F//t 
ratio or/4, the concentration data obtained in the chamber 
headspace may show a linear increase with time during a rel- 
atively short placement period. This linear behavior, however, 
is an artifact of the timescale of the observation. It may mislead 
one to assume that a simple linear model may be adequate for 
determining the flux. Since the flux calculated by the linear 
model will underestimate the actual flux, nonlinear flux models 
[e.g., de Mello and Hines, 1994] should be considered. The 
chamber placement time may need to extend to obtain non- 
linear concentration data for using those nonlinear models. 

Dynamic chambers have been generally considered to result 
in overestimates of the actual flux. However, simulations in this 
study show that these chambers may lead to overestimates, as 
well as underestimates of the actual flux. 
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When operating on low permeability soils, such as loamy and 
clayey soils, a dynamic chamber is likely to underestimate the 
actual flux when using (19) or (20) to calculate the steady-state 
flux, except when the chamber airflow rate is very high. How- 
ever, an extremely high flow rate may not be feasible in prac- 
tical applications. When operating on highly permeable soils, 
such as coarse sands, gravels, and mulches, a dynamic chamber 
may overestimate the real flux, depending on the actual airflow 
rate through the chamber and the air permeability of the soil 
matrix involved. 

When the effect of pressure deficit caused by the flowing air 
is considered, the analysis and simulation results for the dy- 
namic chambers presented in this study are valid only for the 
chamber defined in Figure 2. The special design of this cham- 
ber allows a simple airflow pattern within the chamber [Gao et 
al., 1997]. This simple pattern makes it possible to evaluate the 
chamber behavior as a function of airflow rate (Q), or Q/A 
ratio, and the flowing air velocity (l/o). When the effect of 
pressure deficit caused by the airstream is not considered to be 
a significant factor, the simulation results in this study may be 
used as reference information for dynamic chambers with 
other design structures. 
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