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INTRODUCTION

One of the key uncertainties relative to future increases in atmospheric CO2 is the
extent to which growth in future emissions will be accommodated by increased uptake by
terrestrial vegetation, the so-called "fertilization" effect.l'2 Research on this issue is cur-
rently being pursued by many research groups around the world, using various experimental
protocols and devices. These range from leaf cuvettes to various types of enclosures and
glass-houses to various types of open-field gas enrichment or fumigation systems. As
research priorities move from crops to forests and natural ecosystems, these experimental

devices tend to become large and enrichment gas (i.e., CO2) requirements and costs become
a major factor in experimental design. This paper considers the relative efficiencies of gas

usage for different types of systems currently in use. One of these is the Free Air CO 2
Enrichment System (FACE) designed and developed at Brookhaven National Laboratory
(BNL). 3

In this paper, we develop some nondimensional groups of parameters for the purpose of
characterizing performance, i.e., enrichment gas usage. These nondimensional groups are

then used as figures of merit and basically allow the required flow rates of CO2 to be pre-
dicted based on the geometry of the device, wind speed, and the incremental gas con-
centration desired. The parameters chosen to comprise a useful nondimensional group must

not only have the correct dimensions, they must also represent an appropriate physical
relationship.

DESIGN PARAMETERS

In order to make comparisons ep a common basis, some experimental design

parameters must be specified. One of the most important is the degree of temporal and
spatial uniformity required in the enrichment gasconcentration fields. For example, tem-
poral uniformity in open-top chambers (OTCs) depends on the degree to which incursions
of atmospheric air are allowed to intrude from the top. As discussedbelow, the primary
control mechanismfor this problem is increasing the gasthrough-flow rate, which increases

the usageof enrichment gas. Experiments4 have shownthat the spatial concentration
variability within an OTC is in the range of 10-15%.

In contrast, open-field enrichment or fumigation systemsrely on atmosphericdis-
= persion to distribute the enrichment gas as uniformly as possibleacross the experimental

plots. The ability to maintain temporal uniformity dependson the control system and as-

sociatedsensors;spatial uniformity is more dependent on the geometry of the systemandthe details of the gas injection hardware. There is a fundamental conflict between the

i desired degree of spatial uniformity and the efficiency of gas usage; if the experimentalarea is "flooded' with gas at the proper concentration, a high degree of uniformity will be
,a achieved, but the gas diffusing into adjacent areas at lower concentrations will essentially

i be wasted.
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This concept is illustr'lted in Figures 1 and 2, which are based on steady-state
two-dimensional gaussian diffusion and uniform atmospheric conditions. We assume a

point source of CO2 well upwind of the test plot; atmospheric dispersion creates a spatial

distribution of CO 2 similar to the curves shown in Figure 1. Because of this distribution,
not ali of the test plot can be exposed to the same concentration level. For this example,

we assume that it is desired to enrich the "natural" CO2 level by 200 ppm, and we consider
various levels of error about this increment, in terms of spatial increments about the result-

ing total concentration (550 ppm), in either direction. In this simple hypothetical example,

a square plot is superimposed on the gaussian concentration field (Figure 1); as the
tolerance for error increases, a larger portion of the gaussian pattern becomes usable (i.e.,

less of the emitted CO 2 is "wasted') and the relative plot dimensions can be increased (i.e.,

the plot can be located closer to the CO2 source). This trade-off is given in Figure 2,
which shows that gas utilization initially rises sharply with allowable error, with a break

and leveling off for errors greater than about 10%. Since concentrations decrease with
downwind distance as weil, thi., criterion should be applied at the center of the plot, per-

pendicular to the wind, so that the total degree of spatial nonuniformity across the square

plot would be somewhat larger than shown in Figure 1.

Of course, this simple illustration does not comprise a practical open-field fumiga-
tion or enrichment system. For _'_20 m plot, for example, fumigated by a single gas release
point, the plot would have to be about 100 m downwind in order to allow sufficient cross-
wind dispersion. However, a wind direction shift of 6-10 ° wvuld cause the plume to miss

the target completely. The solution to this problem has been found by several investigatozs

to lie with multiple gas injection points and close coupling between injection and ex-
| perimontal plot.

i 'The gas flow rate required by an open-field enrichment system designed to maintain

constant concentrations will scale directly with the mean wind speed and the area of en-

richment. As discussedbelow, wind speedalso controls the flow rate required through an

OTC. In theory, one might wish to couple the chamber ventilation rate directly to cor-
respondingatmospheric conditions, soas to mimic the undisturbedevapotranspiration rates

i and thus reduce the degree of artificiality of the experiments. Such designs are not inpractical use, however in part because the "transparent" enclosures inevitably alter the

i radiation environment.
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Figure 1. Gaussian plume concentration profiles yielding a mean incremental enrichment
concentrationof 200 ppm, withspecifiedtolerancesaboutthetotalconcentrationof 550
ppm.

lOO

. v 60

f -0® ¢0

¢-

U 2O

| x
J 0 i _ i '

0.0 10,0 20,0 30,0 40.0

I allowable error in enrichea CO2 concentration (_)

| ,Figure 2. Relationship between allowable spatial variability in enrichment gas concentra-

" lion and the percentage of the plume mass flow that is utilized (two-dimensional case).
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PERFORMANCE OF OPEN-TOP CHAMBERS

Baldocchi et al.5 conducted systematic wind tunnel tests of OTCs and developed
some useful design criteria. They found that the opening of an OTC should be less than
the typical turbulence length scale, and that the exit velocity should exceed one standard
deviation of the vertical wind speed in order to prevent 84% of the outside air incursions
from entering. These formulae translate into an optimum exit diameter/height ratio of
about 0.24, and a minimum exit velocity of about 28% of the wi_d speed at canopy height.
Since the diameter criterion seems a bit small for practical field designs (for a crop of, say,

1 m canopy height), we assume that the more practical solution will be to increase the exit

velocity, ue. We take Ue/U - 0.33 as a practical guideline with the aim of achieving
uniformity within +/- 10%.

A non-dimensional group describing the performance of an OTC would be Xd2u/Q,
where X is the chamber concentration increment over ambient, d is the plot or chamber

diameter, u is the wind speed at canopy height, and Q is the fumigation (or enrichment)

gas flow rate. Since this flow rate is also given by the product of the exit velocity (ue) and

(de2), we find that the minimum flow to achieve this performance is given byarea

(U/Ue)(d/de)2. For a typical OTC design with a frustum top with about 50% area restric-

tion, the value of Xd2u/Q would be about 6 (4.7 for a circular cross section). This
parameter may be thought of as an efficiency measure, since it represents the chamber con-
centration achievable with a given flow rate of enrichment or fumigation gas.

PERFORMANCE OF OPEN-FIELD SYSTEMS

Although several different open-field system designs have been reported in the

literature, 6-8 gas usage has not been one of the performance parameters of interest. When

fumigating with a :race gas such as SO2 or ozone, the economics of supply are not likely to
be of concern. However, the system efficiency is also relevant to the degree of gas carry-

over into adjacent plots, a problem that has been mentioned by Runeckles et al. 7

Comparison with OTCs

We have measured the performance of BNL's FACE system in terms of the

parameter XAu/Q under various atmospheric conditions and configuratiom, where A is the

plant growing area under enrichment. Values of this parameter are highest (most efficient

use of CO 2) under low turbulence conditions, such as in the early morning and late after-
noon, but generally are inthe range 5-10 (Figure 3). On this basis, we would conclude that

the gas utilization performance of FACE is essentially equivalent to a well-designed OTC,
on the basis of equivalent plant growing areas. BNL's FACE system was designed to main-

tain temporal concentration variability within +/- 20% at the center of the plot; 3 tracer

tests and traverses have shown that the spatial variabilit7 also lies within this range. 9
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Figure 3. Typical measured values of the efficiency parameter XAu/Q for the BNL FACE
system.

Theoretical Consideration of the Vertical Dimension

Use of the horizontal plot area as a generalized design parameter does not account

for the vertical dimension of the system, which can be important for an optimized system
and varies durin_ the growing season of an ann_ml crop. An alternative efficiency
parameter would thus be Xdhu/Q, where d is the cross-wind plot dimension and h is the
canopy height.

Theoretical gaussian plume relationships can be used to estimate some figures of

merit for this parameter. For example, downwind of a single point source located at H=O
(ground level), the centerline concentration X is given by lO

X (x,y,z;H) - 2_ ay az u _ -2-

[ /z..),] ,,,exp .... + exp

2 az k _z
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assuming no losses at the ground (or in the canopy). Here x,y,z represent along-wind,

cross-wind, and vertical coordinates,_ and _z are the plume spreadingparametersin
horizontal and vertical directions, respectively, and H is the gas injection height. This
equation can be used to explore the geometric relationships inherent in steady-state gaussian
diffusion, using an upwind "virtual source"as a paradigm for the distributed multiple jet
injection systemsthat are actually employed in practical open-field enrichment systems.
We compute a normalized concentrationfield, Xu/Q, and then the non-dimensionalef -=

ficiency parametersXAu/Q and Xdhu/Q basedon assumedsystem geometries,for com-
parison with actual FACE performance measured in the field. We assume a circular array
of 24 m diameter and 2 m height.

There are three casesof interest with respect to the turbulence assumptions:

a. the base case, in which horizontal and vertical turbulence are assumedto be equal
(isotropic). Standard deviations are assumedto be linear with distance from the vir-
tual source.

b. enhancedvertical turbulence, for example, becauseof thermals due to solar in-
I solation (vertical dispersion is twice as fast as horizontal).

c. enhanced, nonlinear horizontal turbulence, in which the initial dispersion in-creasesfaster (horizontal standarddeviation is assumedto vary with the square root

I of distance).

In ali of these calculations, the upwind virtual source displacement distance is an arbitrary

parameter used for convenience. Figure 4 presents a crossplot of the results of these
parametric calculations, which can be used for qualitative purposes only. As was shown in

2 (which based two-dimensional profiles), the efficiency of utilization
Figure was on gas

increases with the allowable concentration error (the undershoot errors for these cases are

about twice as large as the overshoot errors). The maximum concentration occurs at the
centerline of the upwind edge of the array; the minimum occurs at the downwind outer
radius. When vertical turbulence is enhanced, the relative efficiency drops due to loss of

gas in the vertical (i.e., out the "top"). In contrast, enhanced horizontal turbulence (faster

initial mixing) improves the relative performance, since the gas is spread over the horizon-
tal extent of the array in a shorter distance and thus the relative upward losses are reduced.

7
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i Figure 4. Parametric calculations of theoretical gas usage efficiencies for a 24 m diameter

plot fumigated by a single gaussian plume at H=2 m, for various turbulence assumptions.

FACE Observations of Xdhu/Q

Data cotton grown at Maricopa, AZ during 1989 are used to provide field el-
from

ficiency data for comparison with the theoretical gaussian plume estimates given in Figure
4. The configuration used here consisted of four 23-m circular arrays of vertical injection

ports, with CO 2 injected at heights from 0.75 to 2.25 m above ground depending on canopy
height. For the purposes of this data presentation, CO2 usage was averaged over the four

arrays and hourly averages were used for wind speeds and CO 2 flow rates for each of the
four systems. The systems were controlled to provide a constant experimental CO2 value of
550 ppm; we assumed that the average background was 360 ppm, thus neglecting the ten-

dency towards substantially higher background CO 2 values during evening and early morn-
ing hours.

Figure 5 presents the 1989 FACE efficiency data. As predicted, efficiencies drop at
midday due to increased vertical turbulence. The sharply increased values at 6 AM in July,

August, and September are probably due to high background CO2 (released from the

,,
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vegetation). The efficiency changes during the growing season are minimal, and point to

an increase with time. Thus, anY effects imposed by the canopy appear to be beneficial,
probably because of enhanced horizontal turbulence.

0.6
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Figure 5. CO 2 usage of the BNL FACE system, measured at Maricopa, AZ in 1989.

The overall levels of the efficiency parameter Xdhu/Q are in the range 0,2 to 0.4,

which compare well with the theoretical values derived from the single gaussian plume
paradigm (Figure 4), at the upper range of (spatial) concentration error tolerance.

CONCLUSIONS

The costs of fumigation and enrichment gas can become a major factor in large-scale
ecological experiments of the type envisioned as part of future research on the effects of

global climate change; this factor has not been previously considered in detail. Large-scale
open-top chambers must maintain appreciable through-flow rates in order to prevent in-

cursions of ambient air from the top. Design criteria developed in wind tunnel tests5 lead

to a non-dimensional gas usage parameter XAu/Q for OTCs of about 5-6. Values for

XAu/Q for BNL's open-field FACE system are comparable, ranging from slightly lower
values during midday to higher values for morning and evening hours. When variability in

the vertical extent of gas enrichment (or fumigation) is taken into account, FACE perfor-

mance is about as expected from theoretical considerations derived from a gaussian plume

paradigm. Fumigation gas usage has not been reported for other open-field system designs.

9
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