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ABSTRACT 

Position C.2.b of Regulatory Guide 1.111 describes an approach to modeling 
the diffusion of effluents from roof top vents and short stacks using an ele
vated plume model under some conditions and using a ground-level source 
building wake model under other conditions. The approach is sometimes called 
a Split-H model. This report: presents the results of an evaluation of the 
technical basis for and utility of the concept behind the Split-H model, out
lines the development of an upgraded Split-H model using existing plume rise 
and building wake models, compares ground-level, annual average concentra
tions estimated using the upgraded model with those estimated using the Regu
latory Guide Split-H model and a ground-level building wake model, and 
discusses alternatives to the Regulatory Guide position that the NRC may wish 
to consider. Concentration comparisons are made using model results for 
meteorological data from 18 nuclear power plant sites. 

Differences between annual average, ground-level concentration estimates made 
using the upgraded Split-H model and those made with the other two models for 
the same meteorological conditions are a function of the distance from the 
source and stack parameters including exit velocity and diameter. They are 
greatest near the source. For example, at a distance of 400 m and a stack 
flow rate of 31.4 m3/s, the average ratio between the upgraded model and the 
corresponding ground-level release model concentrations ranges from about 0.6 
for a stack exit vertical velocity of 5 m/s to about 0.2 for an exit velocity 
of 20 m/s. When compared with concentrations estimated using the Regulatory 
Guide Split-H model, upgraded Split-H model concentration estimates at 400 m 
range from about a factor of 5 larger for low vertical velocity releases to 
about a factor of 3 larger for high vertical velocity releases. Individual 
differences of an order of magnitude or more were found in both comparisons. 

On a climatological basis, the reduction of ground-level concentrations that 
results from the use of the upgraded Split-H model in place of the ground
level release model is described by an exponential function of the ratio 
between the average wind speed in a sector and the vertical velocity of the 
release. The decay parameter in the relationship is a function of the dis
tance from the source and the flow rate in the stack. It ranges from about 
-0.1 for long ranges (6400 m) and low flow rates (15.7 m3/s) to about -0.8 
for short ranges (400 m) and high flow rates (125.7 m3/s). 
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INTRODUCTION 

In October 1975, the results of a series of diffusion tests at the Millstone 
Nuclear Power Station were published by the Atomic Industrial Forum (Johnson 
et al. 1975). The report contains a recommendation that diffusion from roof 
top vents and stacks be treated with what was called a 11 Split-H11 model. In 
the Split-H model, releases are treated as elevated under certain conditions, 
as ground level within the building wake under other conditions, and as a 
combination of elevated and ground level under an intermediate set of condi
tions. The Nuclear Regulatory Commission adopted a Split-H type approach as 
a step toward more realism in modeling dispersion of routine releases from 
nuclear power plants in 1977. This approach, contained in Position C.2.b of 
the Regulatory Guide 1.111, is a model of the form recommended by Johnson et 
al. but having different coefficients. Subsequently, Thuillier and Mancuso 
(1980) published the results of a 1978 set of diffusion tests conducted at 
the Duane Arnold Energy Center. Application of the Millstone Split-H model 
at Duane Arnold did not give good estimates of the ground level concentra
tions when tracers were released from roof top vent stacks. The NRC staff is 
reconsidering its regulatory position because of the results of the Duane 
Arnold experiments. 

This report provides the staff with information for use in reevaluation of 
the Split-H concept and the specific model contained in Position C.2.b of 
Regulatory Guide 1.111. The scope of the investigation upon which the report 
is based was limited to a literature search and an evaluation of the informa
tion contained in the literature. It did not include a reanalysis of the 
data described in the literature or the collection of new data sets. 

Five specific goals were defined within the overall objective. These goals 
are: 

1. to examine the basic validity of the Split-H concept for evaluating 
releases from nuclear reactor building vents 

2. to evaluate the utility of the Split-H concept as applied to modeling 
diffusion of routine and abnormal vent releases 

3. to develop an upgraded Split-H model and the criteria needed for its 
application, if appropriate 

4. to compare the Split-H model in Position C.2.b of Regulatory Guide 1.111 
with the upgraded model 

5. to recommend changes to Position C.2.b and research related to Split-H 
models and the criteria used in applying them to evaluation of releases 
from nuclear power plants. 
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It is clear from the list that the goals are limited to an evaluation of the 
Split-H concept and models, and do not include an evaluation of the basic 
diffusion models used for elevated or ground level sources. Further, the 
concept and models are evaluated only for application to vertical releases 
from vents and stacks at or above roof top levels. 

THE SPLIT-H CONCEPT 

Culkowski (1967) describes three different modes for the interaction between 
plumes released near the roofs of buildings and the building wakes. When the 
wind is strong, plumes become entrained in the near wakes of buildings, com
ing to the ground immediately and mixing through a relatively large volume on 
the lee side of the buildings. When the wind is light, plumes rise well 
above buildings and disperse as if released from isolated tall stacks. At 
intermediate wind speeds, plumes are deflected toward the ground by the flow 
over buildings. Under these conditions material in plumes reaches the ground 
sooner than it would have had it been released from an isolated stack of the 
same height, but little, if any, of the material enters the near wake just to 
the lee of the buildings. Plumes frequently shift from one mode to another. 
Split-H models are an attempt to incorporate the effects of this dynamic 
plume behavior in estimates of average ground level concentrations. 

EXPERIMENTAL BASIS FOR THE SPLIT-H CONCEPT 

Early experimental work related to the Split-H concept includes the wind tun
nel and field studies of Davies and Moore (1964) and Martin (1965), and the 
field studies of Munn and Cole (1967). These studies identified the ratio 
between the vertical velocity of the vent exhaust and the horizontal wind 
speed as an important factor controlling the modes of plume interaction with 
building wakes. Critical wind speeds for various modes of interaction were 
defined on a site-by-site basis. The wind tunnel studies of Meroney, Cermak 
and Chaudhry (1968) demonstrated that the frequency with which the mode of 
interaction changed was also a function of wind speed. 

Lawson (1967) used the data of Munn and Cole (1967) to develop a mathemati
cal model describing the differences in expected ground-level concentrations 
in plumes released near building tops as a function of wind speed. Rodliffe 
and Fraser (1971) analyzed 41Ar data collected in the vicinity of the Hinkley 
Point "A" Nuclear Power Station in Great Britain, and developed a model that 
explicitly included the Split-H concept. In their model, the plume was 
assumed to be elevated if the wind speed were below a critical value, and at 
ground level if the wind speed were above it. The basic model, using only 
mean speeds was compared with a model in which the state of the plume was 
determined from the instantaneous wind speed, assuming a mean and a Gaussian 
distribution for wind speed fluctuations. The latter of these models is, in 
essence, closely related to the Split-H model recommended by Johnson et al. 
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(1975) and the one given in Regulatory Guide 1.111. Rodliffe and Fraser 
explicitly identify a responsible physical mechanism and the assumptions 
involved in differentiating between elevated and ground-level plumes, whereas 
Johnson et al. and Regulatory Guide 1.111 Position C.2.b simply give empiri
cal methods for incorporating the variation of the plume between interaction 
modes. 

The analysis of Rodliffe and Fraser goes beyond the identification of a sin
gle critical wind speed. It shows that the transition takes place over a 
range of speeds and that the range is a function of wind direction. Smoke 
tests conducted at the Peach Bottom Power Atomic Station (Philadelphia Elec
tric 1974) also show that the wind direction can have a significant effect 
on the wind speeds at which plumes change from elevated to ground level. The 
observed effects of wind direction are evidence that the downwash of plumes 
from vents and short stacks is a function of building geometry as well as the 
ratio between the vertical velocity of the stack effluent and the horizontal 
wind speed. Further evidence along these lines is apparent when the differ
ences in critical wind speeds from location to location are considered. 

The Split-H concept is, then obviously, a method of describing a relationship 
between plume rise and a building wake. In the present case, plume rise is 
considered to be a function only of the momentum of the vent or stack efflu
ent and the state of the atmosphere. Plume rise due to a difference in den
sity between the effluent and the atmosphere is assumed to be negligible. The 
rise required for a plume to behave as a release from an isolated stack is a 
function of the vertical extent of the effects of a building on airflow. It 
is reasonable, therefore, to conclude the introduction to the Split-H concept 
with brief discussions of momentum-dominated plume rise and building wakes. 

MOMENTUM PLUME RISE 

Momentum-dominated plumes are called jets in the fluid mechanics literature. 
Mathematical descriptions of horizontal jets are found in texts such as Hinze 
(1957), Bird, Stewart and Lightfoot (1960), Schlichting (1968), and Batchelor 
(1970). They do not discuss vertical jets. The early literature on the rise 
of vertical jets is summarized by Briggs (1969 and 1975). 

Figure 1 illustrates the important features of a vertical jet. The jet enters 
the atmosphere with momentum proportional to the square of the product of the 
effluent velocity and the inside radius of the vent or stack. The velocity 
shear between the motion of the jet and the atmosphere causes ambient air to 
be entrained into the jet. This results in an increase in mass of the jet as 
it rises and a corresponding increase in its cross-sectional area. The ver
tical motion of the plume slows as mass is added and as a result of the work 
required to lift the plume. Meanwhile, the momentum of the entrained air and 
force applied by the horizontal wind quickly give the plume a horizontal com
ponent of momentum equal to that of the free air. When the jet has assumed 
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FIGURE 1. Basic Features of a Vertical Jet 

the horizontal motion of the free air it is referred to as being in the bent
over stage. During initial rise, entrainment is the dominant factor in radial 
spread of the jet; in the bent-over stage, diffusion is the dominant factor. 

Estimation of the rise of a jet from the equations of motion, the conserva
tion of energy and the conservation of mass is beset with the closure problem 
encountered in many areas of fluid dynamics. There are more unknowns than 
there are independent equations. As a result, it is necessary to make an 
assumption if the equations are to be solved numerically, or to approach the 
problem in a different manner. Two alternative methods of estimating plume 
rise have been used extensively. The first of these methods is through 
empirical equations derived from data, and the second is through the use of 
models derived using dimensi onal analysis with constants determined from 
data. The Holland plume rise formula (U.S. Weather Bureau 1953) is an exam
ple of the empirical approach, while the formulae of Briggs (1969) and Scorer 
(1958 and 1959) are examples of the results of the dimensional analysis 
approach. 
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BUILDING WAKES 

Hosker (1981) presents an extensive review of the literature on building 
wakes. In general, it contains the results of wind tunnel studies. Compari
sons between the relatively few field studies of building wakes and similar 
wind tunnel studies do not yield consistent results. Frequently details of 
the wake structure found in wind tunnel simulations are not found in the 
full-scale studies . The reasons for the discrepancy have not been estab
lished. The features found in the wind tunnel may not exist in the atmos
phere due to conditions that are not modeled in the wind tunnel, or the mea
surements in the full-scale studies may not be sufficiently detailed to iden
tify the features. In any event, it is necessary to rely on wind tunnel 
results for a basic definition of the structure of building wakes. 

Hanna, Briggs and Hosker (1982) and Hosker (1981) present descriptions of 
the wake in the vicinity of a two-dimensional building that are based on the 
wind tunnel studies of Wilson (1979a and b) . The essential features of the 
descriptions are shown in Figure 2. 

ROOF WAKE BOUNDARY 

... , .. .,_ ___ L ------~ .. ~~ 

FIGURE 2. Building Wake Features 



limited to an area of the roof, or it may extend to ground level in the lee 
of the building. Within the cavity there tends to exist a closed circula
tion, the lower portion of which flows upstream relative to the free stream · 
flow. Although the circulation in the cavity tends to be closed, there is 
some exchange of air between the cavity and the high turbulence zone. The 
airflow in the high turbulence zone is generally downward and away from the 
building. Material released in this zone will mix to the surface rapidly. 
Finally in the roof wake zone the flow is generally characteristic of condi
tions upwind of the building with respect to turbulence, but it is deflected 
toward the ground in the lee of the building. The downward deflection of the 
flow in the roof wake is less pronounced than in the high turbulence zone. 

Wilson (1979a and b) defines the upper boundaries of the zones in terms of a 
building scale length estimated from the building height and crosswind dimen
sion and the distance from the upwind building face. The zone boundaries 
start along the edge between the upwind building face and the roof, and they 
are approximately coincident from that point to the point where the cavity 
reaches its maximum vertical extent. Wilson gives a relationship that may be 
used to determine if the recirculation zone extends beyond the roof to the 
leeward side of the building. 

Three-dimensional description of building wakes is possible, but complicated. 
Halitsky (1968} and Hosker (1981} show three-dimensional representations of 
building wake structure. The concepts illustrated in Figure 2 are sufficient 
for present purposes. 

In summary, the Split-H concept treats plumes emanating from low stacks and 
roof vents as either elevated releases as if from an isolated stack or as 
ground level releases. The criteria for determining the specific condition 
involve estimating plume rise plume s~read and the height of the effects 
of buildings at or near the release point. 'Making these estimates requires 
consideration of building dimensions, location of the release point on the 
building, size of the stack or vent, the effluent vertical velocity, the wind 
speed, and atmospheric stability. 

UTILITY OF THE SPLIT-H CONCEPT 

The focus of the report now turns to evaluation of the application of the 
Split-H concept to releases from nuclear facilities. The utility of the 
concept for evaluating routine and abnormal releases uses is examined follow
ing a formal introduction to the Regulatory Guide 1.111 implementation of the 
concept. 
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REGULATORY GUIDE 1.111 SPLIT-H MODEL 

According to the Split-H concept, the observed average concentration, normal
ized for release rate and wind speed, is a linear combination of the normal
ized concentrations for elevated and ground level plumes 

(xu) = Mff!J-) + (1 _ M)(*) 
err obs \ entr el ev 

(1) 

where M represents the fraction of the time that the plume is entrained. In 
Regulatory Guide 1.111 Position C.2.b, M is determined using the ratio of the 
effluent vertical velocity W0 to the wind speed 0 according to: 

1 W1/IT < 1.0 

2.58 - 1.58 ( W
0
/IT) 1.0 ~ W

0
/IT < 1.5 

M = (2) 
0.3 - 0.06 (W

0
/TI) 1.5 ~ W/TI < 5 

0 w ;TI > 5 • 
0 -

The normalized concentration's are computed using sector average models. The 
sector average model for ground-level concentrations from elevated releases 
is 

(3) 

where X is the ground level concentration, Q' is the release rate, x is the 
downwind distance, ~z(x) is the vertical diffusion coefficient, and he is the 
effective release height. The constant 2.032 includes a factor of (2/w)l/2 
and the factor to convert 22.5° to radians. For releases of material 
entrained in building wakes, the sector average diffusion model is 

f' 
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(~) entr = (4) 

where ez(x) is an augmented vertical diffusion coefficient. It is evaluated 
as the smaller of 

( 
2 + :A)1/2 uz (x) .. 

ez(x) = or ( 5) 

13 ~z(x) 

where A is an area representative of the upwind face of the building and c is 
an empirical constant usually given the value 0.5. The square of the build
ing height may be used as the representative area. More detailed discussions 
of the sector average diffusion models may be found in Meteorology and Atomic 
Energy--1968 (Slade 1968) and in Regulatory Guide 1.111. 

Figures 3 and 4 show the decrease in normalized concentrations for fully ele
vated and entrained plumes, and for plumes where M has the values of 0.5 and 
0.1. For purposes of illustration, the diffusion coefficients corresponding 
to Pasquill-Gifford Stability classes F and C have been assumed for Figures 3 
and 4, respectively. The effective release height for the elevated plume was 
assumed to be 60 m, and the effective building area for the wake model was 
assumed to be 3600 m2. 

These two figures clearly illustrate that the significance of the Split-H 
concept is greatest close to the source and during stable atmospheric condi
tions. As the atmosphere becomes less stable and/or the distance from the 
source increases, the effect of averaging concentrations from elevated and 
ground level plumes decreases. For F stability the maximum range of concen
trations using the Split-H model covers less than a factor of 2 at 10 km. 
During the neutral to slightly unstable conditions represented by Class C, 
the range is reduced to less than a factor of 2 within 0.8 km of the source. 
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EMERGENCY RESPONSE APPLICATIONS 

Real time emergency response applications of diffusion models may be consid
red in three time frames. When an abnormal condition is discovered, an ini
tial response is required within 15 minutes of the discovery. Over a period 
of an hour or two following the discovery, the response capability will 
increase as emergency response facilities are activated, and improved esti
mates of the potential consequences of the abnormal conditions will be made. 
This is the intermediate response phase. If the abnormal condition persists, 
it may be necessary to consider controlled releases to maintain stability of 
the facility. 

Classification of the emergency in the initial response phase is based upon 
reactor condition and may be based upon assumed meteorological conditions. 
The refinements in estimated concentrations that might be possible using a 
Split-H model are not appropriate at this time, because the concept is more 
applicable in estimating long-term average concentrations than it is to 
estimating concentrations from short-term releases. 

During the intermediate response phase of an emergency, all available meteor
ological data and diffusion models can be used to estimate the consequences 
of any actual or potential releases. Thus, there is an opportunity to uti
lize a Split-H model, if one is available. The benefits to be realized from 
a Split-H model in this application would be highly site and situation 
dependent. 

In the intermediate response phase of an emergency, the use of Split-H models 
is not related to initial decisions or actions. Rather, it is related to 
refinements in the decisions and actions as the emergency unfolds. A pro
perly tested Split-H model might be used to evaluate the level of conservat
ism of initial diffusion estimates. On the basis of an analysis of this 
type, it might be realistic to modify the emergency classification, particu
larly for Class 1 through Class 8 accidents. Another potentially useful 
application of a Split-H model in the intermediate response phase, is as a 
tool to be used in deploying monitoring teams. In this application, the 
model would estimate the plume, elevated or entrained, that contained the 
largest fraction of the released material. Estimation of concentrations 
would be a secondary use of the model. 

APPLICATION TO ROUTINE RELEASES 

In considering the application of the Split-H concept to the evaluation of 
the consequences of routine releases from nuclear facilities, it is important 
to note that the major contributions to the fence line and population expos
ures may come from releases during low wind speed, stable atmospheric condi
tions. These are precisely the conditions under which a Split-H model would 
give the greatest reduction in concentrations. At a hypothetical fence line 
distance of 1.0 km, if a long-term average value of 0.5 is assumed forM, the 
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reduction in normalized exposure would be a factor of 2. However, F stabil
ity tends to be associated with low winds, 0.5 may be too large for an aver
age M. 

Johnson et al. {1975} used the meteorological data from one year at Millstone 
to evaluate the effect of the Split-H model that they proposed on the annual 
average normalized concentration. The reduction in concentration was about a 
factor of 7. When the individual directions were analyzed, the reduction 
factor at 500 m ranged between 5 and 20 because of the local correlations 
between wind direction, wind speed and stability. 

In summary, Split-H models modify concentration estimates most significantly 
close to the release point and during stable atmospheric conditions. Their 
utility is likely to be greatest in evaluation of the consequences of routine 
atmospheric releases and during the later phases of an emergency. 

GENERALITY OF THE SPLIT-H CONCEPT 

The Split-H concept has its basis in the observed behavior of plumes from 
vents and short stacks; the fundamental validity of the concept is well 
establish~d. However, during routine use of the concept in the licensing and 
regulation of nuclear facilities, it is necessary to demonstrate that the 
conditions under which the concept can be applied are identifiable. 

One method of establishing the required generality might be to develop a 
Split-H model, starting from fundamental physical relationships such as the 
equations of motion and conservation of mass. However, as pointed out 
earlier, this involves modeling vertical plume rise and building wakes; 
neither is tractable mathematically without extensive simplification and 
assumptions. 

A second approach is to attempt to establish generality through physical 
modeling in wind tunnels and flumes. This approach has yet to yield conclu
sive results. Reproducible results are obtained in modeling air flow and 
diffusion in simple cases in wind tunnels and flumes, but there is an insuf
ficient number of corresponding full scale measurements to confirm that flow 
and diffusion in the real atmosphere behave as they do in the physical 
models. In the case of flow and diffusion around building complexes, com
parisons between physical modeling and full scale studies get mixed results. 
In some cases at least qualitative agreement exists between results of the 
two types of studies. In other cases the results are disappointingly 
disparate. 

Hosker {1981} discusses the results of physical modeling studies in detail 
and compares them with results from field studies when possible. It appears 
that ensemble averaging of the results from a series of field tests improves 
the comparison with results of physical modeling. This finding could have 
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been anticipated because models are best suited to the description of mean 
behavior. The many factors not incorporated in models lead to the differ
ences between individual field experiments. 

A third approach to establishing the generality of the Split-H concept is to 
develop a model and test the model at a wide variety of nuclear facilities. 
The distribution of effluent between elevated and entrained plumes, as sug
gested by Rodliffe and Fraser (1971) and Johnson et al. (1975) is one part of 
such a model. This part is represented by Equation (1). It is relatively 
easy to accept the generality of this representati~n. 

A second and more important part of the model cons1sts ot tne set of cri
teria used to determine the distribution. The definitions of M under various 
conditions shown in Equation (2) are representative of this portion of the 
model. Rodliffe and Fraser (1971), Philadelphia Electric (1974) and Johnson 
et al. (1975) give sets of empirically derived criteria for the facility 
where the experiments were conducted. None of the criteria are represented 
as being general. It is not surprising, then, that Thuillier and Mancuso 
(1980) found that the Millstone criteria were not appropriate for the Duane 
Arnold Energy Center. Hosker (1981) briefly discusses the likelihood of 
developing generally applicable models for treating diffusion in the vicinity 
of building complexes. His conclusions are rather pessimistic. However, 
he may have been concerned with a higher de~ree of detail than might be 
necessary for this application. It may be necessary to trade a degree of 
conservatism in order to achieve an acceptable level of generality. The next 
section discusses potential components of an upgraded Split-H model. 

AN UPGRADED SPLIT-H MODEL 

The discussion in this section outlines a Split-H model that is more general 
than the models offered by Johnson et al. (1975) and contained in Regulatory 
Guide 1.111, Position C.2.b. The model is for estimation of long-term aver
age concentrations. The accuracy of the model, and therefore its acceptabil
ity, must be established by comparison of model results with actual data col
lected at nuclear facilities. 

The model development is presented in two stages. In the initial stage, the 
full model is described in terms of variables such as plume height, plume 
radius and building wake dimensions. In the second stage, existing models of 
plume rise and spread and building wake dimensions are used to fill in the 
details of the Split-H model. These models incorporate the effects of many 
of the relevant atmospheric conditions and building dimensions. 
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MODEL COMPONENTS 

Figure 5 combines the essential features of Figures 1 and 2 to illustrate the 
physical problem being treated. The building is characterized by a height 
Hb, a crosswind dimension Wb, and an along-wind dimension, Lb. With the wind 
blowing with a speed U from left to right, the building generates a wake that 
is partially characterized by the upper boundaries Zt of the highly turbulent 
layer and Zr of the roof wake, respectively. Effluent is released from a 
vent or short stack at or slightly above the roof. The plume rises due to 
its own initial vertical momentum. As the plume rises it is bent over. The 
behavior of the plume downwind of the building depends on the relationship 
between the final plume height and the height of the wake boundaries. 

The relationship between the plume and the building wake is shown in more 
detail in Figure 6. To facilitate the mathematical development of the model, 
Cartesian coordinates have been included. The origin of the coordinate sys
tem is fixed to the upwind edge of the roof with the abscissa directed down
wind. The release occurs through a vent with radius Rv at position (xv, 
Hv)· 

UPGRADED SPLIT-H MODEL EQUATIONS 

The model consists of Equation (1) and a new set of criteria for determining 
the distribution of material between the elevated and entrained plumes. 
Rather arbitrarily, the downwind edge of the building is chosen as the refer
ence point for evaluation of the criteria used to determine M. At this loca
tion the plume has a height Hp and a radius Rp· Hp is the sum of Hv and 
plume rise due to momentum, Hr. (The effect of plume buoyancy can be 
included, if appropriate.) Assuming that the plume is fully bent over by the 
time it reaches the reference point, the bottom of the plume H' is Hp - Rp, 
and Zt and Zr have the values z1 and z2, respectively. Plume types are then: 

Plume T~Ee Condition 

Elevated H' > Z2 
Mixed Mode Z1 < H' < Z2 
Entrained H' < Zl 

For short duration releases (of the order of a few hours or less) the corres
ponding M definitions are suggested: 
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FIGURE 5. Vertical Jet in the Presence of a Building Wake 

z 

0 

0 

FIGURE 6. Characteristic Dimensions Used in the Upgraded Split-H Model 

15 



0 

(6) 

1 

Following the reasoning of Rodliffe and Fraser {1971), for evaluation of rou
tine releases the suggested definitions of M are: 

0 

M = 

1 

The two sets of criteria are not likely to give significantly different 
results when applied to rel eases extending over longer periods. 

(7) 

The height of the bottom edge of the plume used in the criteria above is : 

(8) 

In this relationship, Hv shown in Figure 6 is a site-specific design feature 
independent of atmospheric conditions. The other two terms are determined 
from a combination of facility design features, facility operational condi
tions and atmospheric conditions. 

There is an extensive body of literature related to estimation of plume rise. 
The most commonly encountered empirical equations for momentum rise take the 
form: 

(9) 
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where the parameters a and b take on relatively wide ranges of values. Con
sidering only the values recommended by Smith (1968), Briggs (1969), Csanady 
(1973) and Hanzevack (1982), and the values cited by Briggs (1975), the 
values of a range from 1 to 4. The same sources give values of b ranging 
from 0.78 to 1.4. The consensus of the more recent work is that a should be 
about 3 and that b should be about 1, although Hanzevack (1982) recommends 
using b = 1.4. In this formulation, plume rise is independent of atmospheric 
stability. 

When atmospheric stability is an important factor in limiting momentum rise, 
the plume rise equations developed from similarity theory that are recom
mended by Briggs (1969) can be used in place of Equation (9). For calm , sta
ble periods, plume rise is given by 

(10) 

where g is the gravitational acceleration, T is the ambient temperature and 
ae;az is the potential temperature gradient. During stable, windy periods, 
plume rise is given by 

H = r 
(11) 

In either case, a theoretical limit to the equilibrium rise of vertical jets 
is 

(12) 

according to Hanna, Briggs and Hosker (1982). This limit is apparently sup
ported by laboratory and field experiments. For unstable atmospheric condi
tions, use of the neutral stability equation given in Equation (9) should be 
conservative. 

Briggs (1975) contains an extensive discussion of the assumptions used by 
numeri ca 1 mode 1 ers of p 1 ume rise to c 1 ose their sets of equations. Most .fre
quently these assumptions involve the rate of lateral growth of the plume due 
to entrainment. For vertical jets near the point of release, the consensus 

17 



is that the growth of the plume is initially due to turbulence within and 
generated by the plume. As a result, a well-established closure assumption 
is that the radius of the plume increases in direct proportion to the plume 
rise. The accepted value (Hanna, Briggs and Hosker 1982) of the constant of 
proportionality is 0.16. On this basis, the plume radius to be used in com
puting H' is: 

(13) 

Equation (13) is strictly applicable only for the vertical portion of the 
plume, but it is also a good approximation for the bent over plume near the 
release point. Combining Equations (8), (9) and (13), and substituting for a 
and b gives the following equation f@r momentum plume rise under neutral 
atmospheric conditions: 

(14) 

The corresponding expressions for stdble conditions are only slightly more 
complex. 

The remaining task in the development of a general Split-H model is to esti
mate the two heights z1 and z2. The pertinent information in the literature 
is summarized by Hosker (1981) and Hanna, Briggs and Hosker (1982). Generally 
it results from wind tunnel modeling studies and is unsupported by ade-
quate full scale studies. As a result, the following discussion should be 
considered to be tentative. Certainly the use of the following building wake 
model represents an extrapolation well beyond experimental limits. 

Wilson (1979a and b) originated the general wake description shown in Fig
ure 2. In addition, he developed a set of equations for the three wake 
boundaries shown. These equations are expressed in terms of a scale dimen
sion for the building. If P is the smaller of the building height or width 
and Q is the larger, the scale dimension Ls is: 

(15) 

The maximum height of the recirculation cavity on the roof is 0.22 Ls· It 
occurs at a distance of Ls/2 from the upwind edge of the roof. If Lb is 
greater than 0.9 Ls, the recirculation cavity boundary reattaches to the 
roof. Otherwise, the cavity extends to the ground in the lee of the 
building. 
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Between the upwind edge of the roof and Ls/2, the three wake boundaries are 
essentially coincident. In this region the growth of the boundaries is des
cribed by: 

{16) 

This equation also describes the growth of the top of the roof wake layer for 
x greater than Ls/2. Downwind of x = Ls/2, the top of the high turbulence 
layer is given approximately by: 

zt = 0.27 Ls - 0.1x • {17) 

In the case of a long building, zt should not be allowed to become less than 
zero. 

Equations {15) through {17) were developed for flow across a rectangular 
building with a face perpendicular to the wind. Wind tunnel tests of Koga 
and Way (1979) provide a strong indication that building wake structure is 
rather sensitive to building orientation with respect to the wind. Hosker 
(1981) cautions against extrapolation of results from one building shape 
to another. Therefore, the equations should be used with a good deal of 
reservation. 

As field data become available and are analyzed, a different definition of 
the building scale dimension may give better results than the one given by 
Wilson. Sagendorf et al. (1980) achieved good results in reduction of the 
scatter of building wake diffusion data when the square root of the minimum 
cross-sectional area of the building was used as a scale dimension. An 
attempt to scale with the building height did not prove successful. For 
those cases in which the wind approaches a building at an oblique angle, the 
square root of frontal area of the building, projected on a plane perpendic
ular to the wind vector may be an appropriate scaling dimension. 

The general Split-H model is now complete, at least in preliminary form. The 
greatest degree of generality in the model is found in the basic model frame
work. The model details related to plume rise are based on a combination of 
theoretical results, wind tunnel studies and field observations. To com
plete the model development, a building wake description based on wind tunnel 
studies has been added. That description is the least general portion of the 
model. 

In the remainder of the report, the Upgraded Split-H Model specifically 
refers to the following: The criteria for determining the release mode are 
given in Equation (6). The height of the bottom edge of the plume is given 
by Equation (8). Equation {9), with a= 3 and b = 1, is used for plume rise 
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in neutral conditions. During stable conditions plume rise is given by Equa
tions (10) and (11) subject to the constraints that it must not be greater 
than plume rise for neutral conditions with the same wind speed or the maxi
mum plume rise given by Equation (12). The ambient temperature of 15°C is 
assumed in the stable plume rise computations. In computing the plume rad
ius, a constant value of 30m is used for Hr; 30 m corresponds to the dis
tance from the assumed release point to the downwind edge of the building. 
The extent of the building wake is determined from Equations (15) through 
(17). The Rodliffe and Fraser model uses the criteria in Equation (7) in 
place of those in Equation (6). The remainder of the equations in the 
Radliff and Fraser model are the same as those in the upgraded model. 

COMPARISON OF SPLIT-H MODELS 

The basic Split-H concept involves consideration of plume rise and building 
wakes. The upgraded model developed in the last section combines existing 
plume rise and building wake models. It treats a number of structural fea
tures of buildings explicitly. These features include the overall building 
dimensions, the height of the release point above the roof of the building 
and the inside dimension of the vent. Effects of wind direction, although 
important, are not treated explicitly by the model. 

Once the basic dimensions of a facility are established, the distribution of 
the effluent between an elevated plume and a plume entrained in the wake of 
the building is determined by the ratio of the effluent vertical velocity to 
the wind speed. This is clearly evident from Equations (6), {7), {14), {16) 
and (17). Under these conditions, a set of critical ratios of W0 /U can be 
established to replace the criteria in Equations (6) and (7). The critical 
ratios are site specific because they are determined from building dimen
sions. They are also functions of atmospheric stability. 

Position C.2.b of Regulatory Guide 1.111 uses the W0 /U ratio as the sole 
factor in distribution of vent effluents between elevated and entrained 
plumes in estimating annual average ground-level concentrations. Generic 
values are provided for critical ratios. The essential difference between the 
two Split-H models is not in the importance of the ratio between effux veloc
ity and wind speed, rather it is in the treatment of other factors. The 
upgraded model explicitly treats several of these factors that are not 
treated by the Regulatory Guide model. 

COMPARISON SCENARIO 

To explore the significance of the differences between the upgraded and Regu
latory Guide 1.111 Split-H models, estimates of the annual average concentra
tion were made for 20 wind direction sectors for 18 different nuclear power 
plant sites. A common reactor building complex geometry was assumed. It 
consisted of a cubical building 60 m on a side and a release point at the 
center of the roof. The wind was assumed to be perpendicular to a building 
face for each sector. The terrain in the vicinity of the reactor was assumed 
to be flat. 
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The reactor building variables for the comparisons were vent diameter and 
effluent vertical velocity. Diameters between 1 and 4 m were combined with 
vertical velocities of 5, 10 and 20 m/s to give effluent flows ranging from 
15.7 to 125.7 m3/s. 

Annual average, normalized concentrations were estimated for each combination 
of vent diameters and vertical velocities for the 20 sectors at 18 different 
nuclear power plant sites using 4 models. The models used were: 1) the 
ground-level, wake-entrained plume model, 2) the upgraded Split-H model with 
the Equation (6) entrainment criteria, 3) the upgraded Split-H model with the 
Equation {7) entrainment criteria, and 4) the Regulatory Guide 1.111 Split-H 
model. The equations used for the elevated and ground-level, wake-entrained 
plumes were derived from Equations {3) and {4) for use with climatological 
data, i.e. 

( 2 ) (X!Q ')el ev 2 I 
f .. he 

= 2.032 lJ exp - 2 ( 18) 
xu. <r . (x) 2<rzj (x) i j lZJ 

and 

(x;Q')entr = 2.032 I I 
f .. 

lJ (19) 
i j xUif3zj (x) 

where fij !s the joint frequency of occurrence of wind speed class i, repre
sented by Ui, and stability class j, represented by <Tzj(X) and f3zj(x). 

The joint frequency of occurrence fij is given in climatological tables submit
ted to the NRC by applicants and licensees. However, for the present purpose, 
the usual wind speed classes in the submissions to the NRC are too coarse. In 
place of the tabled data, fij was computed from: 

fij = P (speed class i I Uj) F (stability class j) (20) 

where P (speed class i I Uj) is the_conditional probability of occurrence of 
speed class i given the mean speed Uj for stability class j, and F (stability 
class j) is the frequency of occurrence of stability class j. The frequency 
of occurrence and mean wind speed for each stability class were obtained from 
the tabled data. 
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To estimate P (speed class i I Uj), wind speeds were assumed to have a Ray
leigh distribution (see Papoulis (1965) for a discussion of the Rayleigh dis
tribution). With this assumption, the probability of the wind speed being in 
the range between two limits, say a and b, is a function only of the mean wind 
speed. This probability is given by: 

P(a < b\U) = ex{ :;~)- exp (- :;~ ) • (21) 

The wind speed classes used in the comparison computations were 0.5 m/s in 
width and ranged from 0 to 20 m/s. The wind speeds above 20 m/s were treated 
as a single class with a mean speed of 20.5 m/s. Use of the Rayleigh distri
bution for wind speeds is relatively common. 

Table 1 lists the locations and wind direction sectors that provided the 
meteorological data set used in the comparison computations. It also gives 
the mean speed for and frequency of occurrence of each stability class for the 
sector. The speeds are in meters per second, and the frequencies of occur
rence are in percent. No adjustments have been made to the wind speeds to 
attempt to account for differences between the measurement height and the 
effective release heights used in the computations. The last column in the 
table gives the weighted average wind speed for the sector. 

TABLE 1. Meteorological Data Set Used in Model Comparisons. Wind speeds 
are in meters/second and frequencies are in percent. 

Weighted 
Wind Stabil it~ Class Average 

Site Direction A B c D E F G S!:!eed 
Big Rock w spd 5.29 11.62 2.23 7.97 6.27 5.87 4.62 6. 77 

freq 0.03 0.01 0.01 3.23 5.81 0.67 0.16 

Brown • s SE spd 2.14 1.82 1.69 2.00 1.93 1.49 1.13 1.84 
Ferry freq 2.09 1.00 0.56 3.90 5.96 2.52 1.03 

Cooper N spd 6. 72 7. 36 7.48 7.18 6.00 4.40 0.30 6.74 
freq 2.74 0.73 0.98 3.81 1.25 0.42 3.78 

Dresden E spd 5.29 4.79 4.48 4.69 3.61 2.53 1.67 4.05 
freq 0.57 0.18 0.18 1. 79 2.49 1.36 0.11 
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TABLE 1. ( cont). 

Weighted 
Wind Stabiliti: Class Average 

Site Direction A B c 0 E F G S~eed 
G1nna sw Sj)"d 3.20 3.73 3:7T 3.23 2.88 2.31 2.09 2.79 

freq 0.52 0.13 0.19 1. 73 5.10 1.82 1.23 

Hatch sw spd 3.34 3.29 3.40 3.08 2.36 2.05 1.92 2.75 
freq 1. 72 0.41 0.33 2.34 2.42 0.78 0.89 

Humboldt N spd 8.08 5.86 2.81 2.34 5.82 
Bay freq 0.76 17.31 0.69 0.09 

Nine Mile s spd 5.48 2.82 5.12 3.07 3.66 
Point freq 0.20 2.40 3.30 5.30 

Oyster WNW spd 4.19 4.49 4.70 4.50 2.79 2.05 1.65 3.12 
Creek freq 0.92 0.32 0.51 2.24 4.07 1.39 1.67 

Point ssw spd 3.06 1.99 4.31 6.39 5.94 4.29 3.57 5.73 
Beach freq 0.06 0.09 0.36 4.66 5.56 1.13 0.73 

Quad s spd 4.17 4.38 4.16 4.34 4.23 3.28 1.92 4.11 
Cities freq 2.12 0.31 0.35 2.20 5.64 1.11 0.21 

San Onofre WNW spd 3.93 3.22 3.22 3.90 3.16 2.51 1.95 3.65 
freq 6.76 0.40 0.50 1.67 1.01 0.28 0.27 

San Onofre NE spd 3.08 2.34 2.55 2.64 2.75 2.79 3.99 3.51 
freq 0.09 0.08 0.11 0.87 1.71 2.37 8.18 

Shoreham N spd 3.94 4.16 3.87 5.68 5.41 3.89 1.90 5.12 
freq 1.34 0.40 0.26 1.61 1.59 0.33 0.10 

Shoreham ssw spd 6.21 5.68 5.86 6.09 5.59 5.18 4.61 5. 77 
freq 1.89 0.80 0.45 3.65 3.74 0.89 0.73 

Surrey ssw spd 3.69 3.37 3.69 3.56 3.62 1.67 1.01 2.99 
freq 0.68 0.19 0.22 2.30 5.61 1.35 1.87 

Three Mile NW spd 3. 58 4. 70 4.59 5.80 3.72 1.50 1.15 4.52 
Island freq 2.27 0.32 0.43 5. 77 3.29 0.48 0.17 

Trojan s spd 3.17 4.03 3.90 4.24 3.85 2.12 1.67 3.78 
freq 0.31 0.16 0.36 6.75 10.10 1.94 0.18 
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TABLE 1. (cont). 

Weighted 
Wind Stabilitl Class Average 

Site Direction A B c D E F G Speed 

Watts Bar ssw spd 4.05 3.80 3.35 3.18 3. 29 1.65 0.83 3.16 
freq 0.70 1.06 0.66 5.25 6.38 0.91 0.39 

Zion sw spd 5.54 4.52 4.95 4.79 4.26 3.07 1. 73 4.26 
freq 1.85 0.23 0.35 1.64 3.44 1.40 o. 72 

COMPARISONS BETWEEN THE UPGRADED AND REGULATORY GUIDE MODELS 

The essential difference between the upgraded and Regulatory Guide 1.111 
Split-H models is in the set of criteria used to determine whether a plume is 
elevated or not. In the Regulatory Guide model, the criteria are based only 
on the ratio between the effluent vertical velocity and wind speed. Figure 7 
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FIGURE 7. Comparison of Wake Entrainment Fractions for Upgraded and 
Regulatory Guide 1.111 Split-H Models 
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shows the variation of the fraction of the plume entrained in the building 
wake for both models for the specific case of cubical reactor with a 2-m dia
meter vent and a 31.4 m3 flow. In the figure, since the vertical velocity is 
constant, the wind speed increases from right to left. The differences in the 
effects of the criteria are clear. Plumes are entrained at much lower wind 
speeds with the upgraded model criteria. 

Sector annual average normalized concentration estimates from the Regulatory 
Guide Split-H model are compared with those from the upgraded model using 
Equation (6) entrainment criteria in Figures 8 through 12. A vent diameter of 
2m is assumed in each of the figures. The difference between the figures is 
the distance from the release. This distance varies from 400 m in Figure 8 to 
6,400 m in Figure 12. Each of the figures compares concentration estimates 
for effluent vertical velocities of 5, 10 and 20 m/s. 

The figures show that increasing vertical velocity decreases the concentra
tions, as would be expected. They also show that the vertical velocity 
affects the difference between the models. At close-in distances, the great
est differences are found for a vertical velocity of 10 m/s. For a 5 m/s 
vertical velocity, the differences tend to be smaller because there are few 
elevated plumes using either set of entrainment criteria, while for a 20 m/s 
vertical velocity, there are relatively few entrained plumes. 

As the distance from the source increases, the differences between the esti
mates from the models decrease. At 400 m, the concentration estimates 
from the upgraded model are frequently a factor of 5 to 10 greater than those 
from the Regulatory Guide model for vertical velocities of 5 and 10 m/s. At a 
distance of 1,600 m, the differences are mostly a factor of 2 to 5 for the 
same vertical velocities, and at 6,400 m, they are generally less than a fac
tor of 2. This result was anticipated in the discussion of Figures 3 and 4. 

Assuming that the meteorological data selected for the comparison studies 
represent a reasonable cross section of the relationships between wind speed 
and stability at reactor sites, the comparisons can be averaged over all sites 
to give typical values for the ratio of concentration estimates between dif
ferent models. 

Table 2 gives the range and geometric mean of ratios between the upgraded 
Split-H model and the Regulatory Guide model for an effluent vertical velocity 
of 10 m/s as a function of stack diameter and downwind distance. Both the 
range of ratios and the geometric mean ratio decrease as the vent diameter and 
downwind distance increase. This is an indication that low flow rates, as 
determined from vertical velocity and diameter, contribute to discrepancies 
between the two Split-H models. 

When the annual average concentrations estimated using upgraded Split-H models 
with the entrainment criteria in Equations (6) and (7) were compared, the 
differences were small. The average ratio between the concentrations for the 
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TABLE 2. Maximum, Geometric Mean and Minimum Ratios of Annual Average 
Concentrations (Upgraded/Regulatory Guide) for an Effluent 
Vertical Velocity of 10 m/s 

Distance Stack Diameter {m} 
{m} 1.41 2.00 2.82 4.00 

max 38.02 11.44 6.01 2.64 
400 g.m. 8.54 5.43 2.77 0.98 

min 3.36 2.67 1.65 0.36 

max 18.98 9.18 5.89 2.61 
800 g.m. 6.79 4.69 2.47 1.01 

min 2.96 2.38 1.50 0.59 

max 9.85 8.12 5.46 2.48 
1600 g.m. 4.65 3.49 2.08 1.00 

min 2.40 2.14 1.32 0.67 

max 6.62 5.80 4.22 2.15 
3200 g.m. 2.62 2.13 1.53 1.04 

min 1.78 1.56 1.12 0.90 

max 4.54 4.10 3.15 1.81 
6400 g.m. 1.89 1.62 1.29 1.04 

min 1.39 1.26 1.05 0.97 

two sets of criteria was 0.98, with the simple criteria in Equation (7) giv
ing slightly smaller values. It is unlikely that the differences in annual 
average concentrations estimated with these criteria are statistically 
significant. 

UPGRADED SPLIT-H MODEL RESULTS 

To examine the effect of the upgraded Split-H model on the annual average con
centration, a X/Q' reduction factor was computed. The reduction factor, R, is 
the ratio between the annual average concentration estimated using the 
upgraded Split-H model and the concentration estimated using the ground-level, 
building wake plume model. 

When the reduction factors for the upgraded Split-H model are grouped by 
vent flow rate, they show an exponential decrease as a function of the ratio 
between the effluent vertical velocity and the sector annual average wind 
speed. This decrease is illustrated in Figures 13 and 14 for flows of 15.7 
and 31.4 m3;s. It is interesting to note that the reduction factors for 
vertical velocities of 5, 10 and 20 m/s fall along the same curve, as long as 
the flow rate remains constant. This feature was found for low flow rates and 
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close in distances. At high flows (125 m3/s) and large distances {6400 m), 
the data for the three vertical velocities tended to fall along separate 
curves. In those cases, the reduction factors for the higher vertical veloc
ities decreased less rapidly. 

An exponential curve was fit to the data for each flow rate using linear least 
squares regression with the constraint that the curve pass through 1.0 when 
the ratio between the vertical velocity and mean wind speed equals 0. With 
this constraint, the reduction factor can be expressed as 

R = exp (b ~0 ) (22) 

where R is the reduction factor and b is a decay parameter. Table 3 gives 
the decay parameter values as a function of vent flow rate and distance from 
the source. Large negative values of b are associated with reduction factors 
that decrease rapidly with increasing ratios between vertical velocity and 
wind speed. 

TABLE 3. Decay Parameter Values for the 
X/Q'Reduction Factor 

Distance Flow (m3/s} 
(m} 15.7 31.4 62.8 125.7 

400 -0.190 -0.318 -0.580 -0.832 
1600 -0.183 -0.318 -0.503 - 0.653 
6400 -0.110 -0.180 -0.258 -0.321 

Using the exponential relationship in Equation 21 to represent the X/Q'reduc
tion factor for the upgraded Split-H model, it is possible to compare the 
upgraded and Regulatory Guide Split-H models in more detail than was done in 
Figures 8 through 12. Figure 15 shows an example of the more detailed com
parison. The X/Q' reduction factors are plotted as a function of the ratio 
between the vertical velocity and the climatological average wind speed for 
the sector (last column in Table 1). For vertical velocities of 5 and 10 m/s, 
the two sets of reduction factors diverge as the wind speed decreases. Since 
the vertical velocity is constant in each case, the divergence indicates that 
the differences between the models are greatest at low wind speed sites and 
least at high wind speed sites. For high vertical velocities, the differences 
between the two models tend to be about constant with increasing ratio 
between vertical velocity and average wind speed. 
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CONCLUSIONS AND RECOMMENDATIONS 

Several aspects of the Split-H concept have been evaluated. The basic con
cept of dividing the effluent released from roof vents and short stacks 
between an elevated plume and a building wake entrained plume is useful 
in nuclear facility licensing and regulation. Specific areas where applica
tion of the conceot mav be aoorooriate include the evaluation of routine 
releases and in the latter stages of response to an emergency. The concept 
has a strong qualitative basis in observations of plume behavior, but the 
theoretical and quantitative observational bases for the development of 
Split-H models are limited. 

To identify factors to be considered when implementing the Split-H concept in 
a mathematical model, a tentative upgraded Split-H model was developed from 
existing plume rise and building wake models. Physical factors included in 
the upgraded model are building dimensions, vent inside dimensions, and vent 
height above the roof. Dynamic variables included in the model are effluent 
vertical velocity, wind speed, and atmospheric stability. For a given facil
ity, if the wind direction and atmospheric stability are constant, plume 
behavior is determined by the ratio of the effluent vertical velocity to the 
wind speed . Generality of the Split-H model is maintained by explicit treat
ment of building and vent dimensions. 

Comparison of the Split-H model contained in Position C.2.b of Regulatory 
Guide 1.111 with the upgraded model indicates that the Regulatory Guide model 
may overestimate the reduction in the ground-level average concentrations 
due to roof vent plumes being elevated a portion of the time. The over
estimate is most likely to be significant near the source for low flow rate 
releases. This conclusion is supported by experimental data from the Duane 
Arnold Energy Center. A corollary to this conclusion is that alternatives to 
Position C.2 .b should be considered . 

Four possible alternative regulatory positions are: 

1. to fully support the Split-H concept by developing and endorsing an 
upgraded Split-H model 

2. to explicitly endorse the Split-H concept, but treat appli cation of the 
concept on a site-by-site basis, requiring on-site measurements to 
develop site specific criteria 

3. to delete explicit endorsement of the concept, but remain receptive to 
its application on a site-by-site basis 

4. to delete explicit endorsement of the concept and reject any attempt to 
apply the concept. 
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Of these possibilities, the first and last represent the extreme positions. 
As a minimum, the first would require extensive re-analysis of existing data, 
and it is likely that it would require additional data collection. The last 
possibility represents a significant retreat from the current regulatory 
position and is probably unwarranted because of the qualitative but strong 
observational basis for the concept. 

The second and third alternative positions are retreats from the current 
position, but leave room for flexibility by the Nuclear Regulatory Commission 
staff. The third alternative is essentially a return to an earlier regula
tory position. 

Finally, the second alternative represents an intermediate stance between the 
current position and alternative three. If the second alternive is adopted, 
the endorsement of the Split-H concept should be accompanied by a thorough 
discussion of the data to be required from an applicant before implementation 
of a Split-H model is approved. 

Modification of the current regulatory position appears to be appropriate 
after considering: the utility of and bases for the concept, the possible 
implementation of the concept in a generally applicable Split-H model and the 
current regulatory position. Of the remaining alternatives, the first would 
be, by far, the most expensive. Therefore, adoption of the second or third 
alternative is recommended. The second alternative is preferred because it 
may provide additional incentive for the nuclear industry to collect the data 
that could support the development and application of a general Split-H model. 

Until the Split-H approach in Position C.2.b is modified, the data in 
Tables 2 and 3 can be used to obtain a "feel" for the potential magnitudes of 
under estimates of the annual average concentration possible with the Regula
tory Guide approach. 
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