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- ABSTRACT

A model describing atmospheric dispersion in the vicinity of buildings was developed for the
U.S. Nuclear Regulatory Commission (NRC) in the late 1980s. That model has recently undergone
additional peer review. The reviewers identified four areas of concern related to the model and its
application. This report describes revisions to the model in response to the reviewers’ concerns.
Model revision involved incorporation of explicit tréatment of enhanced dispersion at low wind speeds
in addition to explicit treatment of enhanced dispersion at high speeds resulting from building wakes.
Model parameters are evaluated from turbulence data. Experimental diffusion data from seven
reactor sites are used for model evaluation. Compared with models recommended in current NRC
guidance to licensees, the revised model is less biased and shows more predictive skill. The revised
model is also compared with two non-Gaussian models developed to estimate maximum
concentrations in building wakes. The revised model concentration predictions are nearly the same as
the predictions of the non-Gaussian models. On the basis of these comparisons of the revised model
concentration predictions with experimental data and the predictions of other models, the revised

model is found to be an appropriate model for estimating concentrations in the vicinity of buildings.
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SUMMARY

U.S. Nuclear Regulatory Commission (NRC) .guidance to licensees descﬁbes acceptable methods
for estimating atmospheric concentrations of radionuclides and toxic chemicals in the vicinity of
buildings for use in nuclear reactor control room habitability assessments. Earlier studies conducted
for the NRC established that the methods for estimating concentrations in building wakes in the NRC
guidance were extremely conservative and concentration predictions were not highly correlated with
the results of dispersion experiments. The earlier studies resulted in development of a wake
dispersion model that was less biased than the model suggested in NRC guidance and that predicted

concentrations that were better correlated with measured concentrations.

At NRC staff request, the Pacific Northwest Laboratory convened an independent peer review
panel to examine the new model. The panel met in May 1994. As a result of their review of the
model, they arrived at four recommendations. These recommendations were:

1) The turbulence increment generated by buildiﬁgs should be assumed to be pfoportibnal to the

wind speed in accordance with accepted theory and physical reasoning.

2) The effects of meander during low wind speed conditions should be treated explicitly in the
model, but the treatment should be separate from the treatment of building wakes.

3) An approach other than straight-line Gaussian models should be considered for determining
~ concentrations when releases are from a building and receptors are on or near the building.

4) Appropriate subsets of the available data should be used to evaluate the model after the
suggested changes have been made.

_ This report describes the changes made to the model in response to the panels’ first and second
recommendations and the compares the revised model with two non-Gaussian models developed to
estimate maximum concentrations in building wakes. Two sets of data, collected at seven reactor
sites, are used throughout the report to evaluate the revised model and facilitate comparisons among

models.

The revised model for calculating concentrations in the vicinity of buildings is a Gaussian model
that uses modified diffusion coefficients. The diffusion coefficients consist of three components. The
first component is a standard diffusion coefficient used in other NRC models. The second component
is a low speed correction to the standard diffusion coefficient. This correction, which accounts for

enhanced dispersion resulting from meander, is largest at low wind speeds and decreases as the wind




speed increases. The third component of the modified diffusion coefficient is a building-wake
correction. This correction is a function of bﬁilding area énd wind speed. It is small at low wind
speed and increases as the wind speed increases. Turbulence parametérs in the revised model have
been evaluated using experimental data. In addition, one parameter in each of the diffusion
coefﬁcients models has been a{djusted to minimize the difference between predicted and measured
concentrations. The optimum values for these parameters are within the expected ranges, which

indicates a general robustness of the model.

This report includes comparisons of concentrations predicted by the revised model with the
predictions of models included in the current NRC guidance and with predictions of two non-Gaussian
models developed to estimate maximum concentrations in building wakes. The predictions of the
revised model are better than those of the models in current regulatory guidance. Specifically, the
concentrations predicted by revised model are less biased than those predicted by the current model
for the low wind speed conditions that are most significant in control room habitability assessments.
Further, the revised model concentration predictjons are similar to the predictions of the maximum
concentration models for receptor locations near the release point. This similarity demonstrates that
the revised model may be used for control room habitability assessments, even though the
concentration distributions may not be Gaussian in the vicinity of buildings. The revised model also
is considered to be appropriate for dispersion calculations in the near field for use in evaluating the

consequences of design basis accidents.
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INTRODUCTION

~ Control room habitability assessments and the evaluation of the consequences of design basis
accidents involve estimating dispersion of effluents released from building vents and roof-level stacks.
U. S. Nuclear Regulatory Commission (NRC) guidance to staff and licensees describes several '
acceptable methods for estimating dispersion in building wakes, for example, Regulatory Guide 1.145
(NRC 1982), and the Murphy-Campe procedure (Murphy and Campe 1974) referenced in Standard
Review Plan 6.4 (NUREG-0800) (NRC 1987). These methods attempt to estimate the hourly-average
concentration at the center of the plume downwind of the release point using equations based on the

straight-line Gaussian model.
According to the Gaussian model, the concentration at center of a plume is

¥Q = —1 @

T O, o, U

where  x = the concentration [Bq/m3, (Ci/m3)]
Q = the release rate [Bq/s, (Ci/sec)]
o, the horizontal and vertical diffusion coefficients, respectively (m)

Ty
- u wind speed (m/s).

Diffusion coefficients represent the effects of turbulence and are generally estimated on the basis of
atmospheric stability and distance using empirical relationships derived from experimental data.
Building-wake diffusion models have the same form but represent the effects of the wake by using

modified diffusion coefficients. These models are typically written as

. ,
. = 2
xQ n)lyZ‘..zU @

where Z‘y and X, are diffusion coefficients, corrected for building wake effects.
Plume centerline concentrations predicted by the various NRC building wake models were
compared with experimental data under NRC JCN B2970, "Atmospheric Diffusion for Control Room
Habitability Assessments.” The results of this work, published in NUREG/CR-5055 Armospheric
Diffusion for Control Room Habitability Assessments (Ramsdell 1988), show that the models do not
predict the variations in concentrations that are related to changes in building area and atmospheric

conditions very well. The results also show that the models significantly overpredict concentrations at

low wind speeds.




1990 MODEL

An updated building-wake model (Ramsdell 1990) redefined Ey and £,. The new definition of
Ey is '

_ 3)
2 2
Z, = (o, + Aa,l,)"2

where oy describes the diffusion in the absence of a building wake, and Aay
diffusion in building wakes. This increased diffusion in wakes is estimated by

b describes the increased

2
Adl, = EVAZ—""‘AU -+ Eyexp(=2%] : @

u, VA /A

where 1, = a dimensionless constant with a value of about 1 that is equal to the average
‘ Lagrangian autocorrelation of the normal turbulence

Aoy, = the increase in the horizontal component of turbulence caused by the
building (m/s)

A = the cross-sectional area of the building (m2)

ux = a turbulence scaling velocity in the atmosphere that is related to wind speed,
atmospheric stability, and surface roughness (m/s)

o« = .a constant of proportionality related to the wind profile

x = the distance from the release point (m).

The expression in brackets on the right side of Equation (4) controls the expansion of the plume
as X increases. It is equal to zero when x is equal to 0. For x less than 0.2aIAV2, the expression
increases approximately as x, and when x is greater than Sa/A the expression has its maximum
value of 1.0. The coefficient « is a function of atmospheric stability and surface roughness. For
near neutral atmospheric‘stability, the value of « is about 0.09. Similar expressions with explicit

dependence on atmospheric stability were derived for L.

Two notable assumptions related to Ey and I, were made in development of the 1990 model.
The first of these was that any of the standard sets of diffusion coefficient algorithms could be used to
estimate diffusion in the absence of the wakes (normal diffusion). The second, and more critical,

- assumption was that Aay and Ao, were independent of wind speed. With these assumptions and the
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parameterizations for normal diffusion coefficients found in most NRC computer codes, the 1990
model predicts centerline concentrations in wakes better than the models described in current

regulatory guidance.

Commenting on the 1990 model, Briggs et al. (1992) point out that the increase in turbulence
associated with building wakes should be a function of wind speed. They also point out that the
improved predictions of the updated model at low wind speeds are more likely to be related to better

treatment of meander than to treatment of building wakes.

PEER REVIEW

A panel was convened in May 1994 to conduct an additional peer review of the 1990 wake
model. Appendix A lists the reviewers. The primary recommendations of this panel were:
1) The turbulence increment generated by buildings should be assumed to be proportional to the
wind speed in accordance with accepted theory and physical reasoning.

2) The effects of meander duiing low wind speed conditions should be treated explicitly in the
model, but the treatment should be separate from the treatment of building wakes.

3) An approach other than straight-line Gaussian models should be considered for determining -
concentrations when releases are from a building and receptors are on or near the building.

4) Appropriate subsets of the available data should be used to evaluate the model after the
suggested changes have been made.

This report describes the'disposition of the recommendations of the peer review panel. In
addition to this introduction, the report consists of two sections that directly address the peer review
panel recommendations. These sections describe the model revisions, compare the concentrations
predicted by the revised model with measured concentrations, and compare the concentrations

predicted by the revised rhodel with concentrations predicted by alternative models.

The first section discusses revisions to the model to separate the effects of low and high wind
speed phenomena on diffusion, and the second section discusses alternative models for situations in
which receptors are on or adjacent to the structure from which the release occurs. Both sections
discuss model performance and compare model prediétions with observed data. The discussion and
model comparisons in the second section are directly applicable to diffusion estimates related to

control room habitability assessments. A draft of this report was sent to the review panel members



and several other individuals for comment.” Reviewers, comments and responses to those comments

are listed in Appendix B.

EXPERIMENTAL DATA

Two data sets are used in evaluating model performance. These sets consist of data collected in
field experiments at seven different reactors.  Three of the seven reactors— the Materials Test
Reactor—-Engineering Test Reactor (Islitzer 1965), the Experimental Breeder Reactor-II (Dickson et
al. 1969), and the Experimental Organically Cooled Reactor (EOCR) (Start et al. 1980) are at the

.Idaho National Engineering Laboratory. The remaining reactors are the Duane Arnold Energy Center
in Jowa (Thuillier and Mancuso 1980, Thuillier 1982), Diablo Canyon Power Plant (Thuillier 1992)
and Rancho Seco Nuclear Power Station (Start et al. 1978) in California, and the Three Mile Island
Nuclear Power Station (GPUSC 1972) in Pennsylvania. |

The first data set, referred to as the ground-level data set, consists of concentration measurements
made at regular intervals on sampling arcs from 50 to 1200 meters from ground-level release points.
In some cases the actual release point was offset from the center of the sampling arc. As a resuit, the

range of distances of the data points in the ground-level data set is 8 to 1200 meters.

The maximum concentration on each arc was selected as the best approximation of concentration
at the center of the plume as it crossed the arc. There is no assurance that this value is the maximum
concentration in the plume. However, in most cases, the maximum concentration on the arc should

be within a factor of two the maximum concentration in the plume.

The ground-level data set is described in earlier publications (Ramsdell 1988, 1990). The data
have been used as reported except that stability classes have been modified in a few cases where the
stability class determined by the NRC AT method (NRC 1972) was inconsistent with other reported
data, for example wind speed or season and time of day. These modifications typically involved
changing extremely unstable or extremely stable stability classes to more nearly neutral stability

classes. Neutral stability was assumed for all experiments in which the wind speéd exceeded 6 m/s.

Meteorological conditions during the releases ranged from extremely stable (stability class G) to
extremely unstable (stability class A), and wind speeds ranged from less than 1 m/s to greater than 10
m/s. Of the 379 data points in the set, 253 represent measurements made with wind speeds less than

4 m/s, 208 data points represent measurements made during stable atmospheric conditions, and 138



data points represent measurements in low wind speed, stable atmospheric conditions. This emphasis
on low wind speed, stable conditions is appropriate because concentrations predicted for these
conditions typically provide the limiting case in evaluation of consequences of accidental releases in

control room habitability assessments.

The second data set, referred to as the building surface data set, consists of 265 concentration
measurements made at locations on and adjacent to buildings at Rancho Seco, the Duane Arnold
Energy Center, and the EOCR. Data from both ground-level and elevated release points are included
in the data set. Meteorological conditions represented cover the full range of stabilities and wind
speeds from less than 1 m/s to almost 10 m/s. More than half of the data points represent
measurements in low wind speed, stable conditions. All of the measurements were made less than

100 meters from the release point.

The samplers were not arranged in patterns that would ensure a reasonable likelihood that the
concentration at the center of the plume was captured at each distance. As a result, these data are not
appropriate for use in developing a model to predict centerline concentrations. However, centerline
concentrations predicted by a model should tend to form an upper bound for the measured

concentrations. Therefore, these data can be used to evaluate model performance.







REVISED MODEL

The first two recommendations of the peer review group have been addressed by revising the
1990 building wake model. The revisions add a diffusion increment directly related to wind speed

and modify the existing increment to be more directly related to low wind speed conditions.

Revision of the model starts by redefinition of diffusion coefficients, Ey and L,. The new

definition of Ey is

2, = (0, + Ao,® + Ag ) ©)

where %30 represents diffusion from a point source under normal conditions, Ao'y1 represents an
increment to diffusion associated with low wind speed phenomena, and Ag. ) represents an increment

to diffusion associated with high wind speeds. A similar expression defines Z,.

To maintain contihuity with existing regulatory guidance, the relationships used to define the
diffusion coefficients in the NRC PAVAN (Bander 1982) and XOQDOQ (Sagendorf et al. 1982)

codes are assumed to be applicable for ¢ , and ¢,,. The relationships were developed initially by

0 zo
Martin and Tikvart (1968) and Tadmor a}rlld Gur (1969) as approximations to the Pasquill-Gifford
diffusion coefficient curves. Gifford (1976) describes the Pasquill-Gifford curves and other diffusion
coefficient parameterizations. The relationships of Martin and Tikvart and Tadmor and Gur have
been extended to include stability class G following the guidance in the February 1983 reissue of

Revision 1 of NRC Regulatory Guide 1.145.

GENERAL FORM FOR DIFFUSION INCREMENTS

Derivation of expressions for Ag, 1, Ao, and the corresponding increments to vertical diffusion

I 2
generally follows the derivation of ch diffugion increments in the original wake model. The
derivation starts by assuming that some phenomenon or combination of phenoinéna causes an increase
in turbulence above the turbulence implicitly assumed in the normal diffusion coefficients. At low
wind speeds, meander and possibly uneven heating of building surfaces may be responsible for
increased diffusion. At high wind speeds, the mechanical turbulence associated with wakes is
respons1ble for increased dlffusxon In addition, the effect of each turbulence increment on diffusion

is assumed to decrease exponentially as a function of time relative to an appropriate time scale.
With these assumptions, a horizontal diffusion coefficient increment is defined by

7




Ao} = 2[[A Zexp(-4T, )R (1)dvdt | ©)

where Ao, is the increase in the lateral component of the turbulence, t is the time since release, Ty,
is the time scale of the turbulence increment, and R,(7) is the Lagrangian autocorrelation function for
the background turbulence. If R(7) is assumed to have a constant value, ry,, near the release point,

the double integral in Equation (6) has the solﬁtion

t t

T

)

Ao? = 21,A0 2T, [1-(1+_——)exp(-—)]

Av Av

The integral in Equation (6) can also be solved if the Lagrangian autocorrelation for background
turbulence is assumed to decay exponentially. The result, given in the paper describing the 1990
model (Ramsdell 1990), is more complicated than Equation (7). This additional complexity did not
improve the predictive ability of the 1990 model. Therefore, the assumption of a constant value for
1, is considered to be appropriate. Note that the value of 1, and the value of r, in the equation for

 the vertical turbulence, will be determined using the ground-release data set.

It is important to note that the assumptions leading to Equations (6) and (7) involve two different
time scales. There is a time scale associated with the turbulence increment that is denoted T 5,,. This
time scale is shown explicitly in the model equations. The second time scale is associated with the
background tu.rbulence. This time scale is not shown explicitly in the equations, but it is implicit in

the Lagrangian autocorrelation function.

The first part of the expression on the right side of Equation (7), 2rVAaV2T sz’ determines the
maximum increment to the diffusion coefficient. The second part of the expression, which is in
~ brackets, determines the fraction of the maximum increment that is applied as the time (or distance)
increases. This term is zero at the release point and asymptotically approaches one as the distance
increases. Two consequences of this behavior are 1) that the model does not predict instantaneous

diffusion at the release point, and 2) that X, approaches o

y y
apply arbitrary limits to the model to avoid unrealistic asymptotic behavior either near the source or

o at large distances. It is not necessary to

at large distances.



LOW-SPEED INCREMENT

2 and

The relationship in Equation (7) is general and may be used to define Ao 2 Aayzz, Ao, 1%,

| yl>
Aazzz provided the appropriate turbulence increments and time scales are used in each case.

Therefore, the low-speed diffusion increments are

t 8
Aoylz = 2]:'VA0v12TAvlz[1 B (1 + : )CXP(_T )] ( )
Avl Avl
and
Ao? = 21,40, 2T, *[1 - (1 + ‘ Jexp(- ! )] ©)
Awl TAwl

where the subscript 1 denotes low wind speed. These increments are corrections to the normal

diffusion coefficient parameterizations and are not related to building wakes.

The difﬁsion data available listed above, except Diablo Canyon, include measurements of the
standard deviation of the wind direction, oy. These wind measurements, along with wind data
reported by Sagendorf and Dickson (1974) and Ogawa and Oikawa (1982) were used to examine the
low-speed lateral turbulence increment. For each experiment the measured g4 was converted to gy 1.
A corresponding value of ”v* implicit in the NRC diffusion parameterization was computed using ay
- at 100 m for the stability class of the experiment. The lateral turbulence increment, Ao, for each

experiment was then computed as

Ao, = (o, - 0, H® (10)

v

In a few cases the difference on the right side of Equation (10) was negative. These differences were
set to zero. With this adjustment, the average Aog,1 was 0.835 m/s. Using a similar approach and
data presentéd by Islitzer (1965), Dickson et al (1969), and Ogawa and Oikawa (1982), an average of
0.239 m/s was calculated for Aoy, ;. Neither Ag,; nor A“Wl varies significantly as a function of

atmospheric stability or wind speed.

Assuming that meander is the primary factor responsible for the low-speed diffusion increment, a
time scale of 1000 s has been selected for the horizontal turbulence increment. This time scale is
somewhat larger than the time scale of 300 s suggested by Draxler (1976) for surface sources.

However, the model is not sensitive to this time scale. Time scales of 300 s and 500 s give results




that, while not quite as good as those obtained with a time scale of 1000 s, are probably not
significantly different from those obtained with a 1000-s time scale.

The time scale s¢lected for the vertical diffusion increment is 100 s. This time scale is slightly
longer than the inverse of the Brunt-Vaisala frequency for the temperature lapse rate separating
stability classes D and E as defined in Regulatory Guide 1.23 (NRC 1972). This is also the time

scale estimated by Draxler for diffusion from surface releases.

Figures 1 and 2 show the variation of the low-speed diffusion increments with distance and wind
speed, respectively. Autocorrelation values determined in a later section have been a assumed for
these calculations. Figure 1 shows that the low speed diffusion increments reach limiting values as
the distance from the release point increases. Figure 2 shows that these increments decrease with

increasing wind speed.

Changing values for the correlation coefficients or turbulence increments moves the curves in
these figures vertically. In contrast, changing the time scale does not change the position of the
curves. It changes the distance at which maximum diffusion increments occur (Figure 1) and the

maximum diffusion increment at low wind speeds (Figure 2). The lateral diffusion increment shown

_1E+03 ’ —
Wind Speed = 1 m/s Lateral Diffusion
E ,
2 1E+02
5 Ve
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S ‘
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[ /
Q
3 IE+01 v
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@A 1E+00 /
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IE_O'I P, . n e
LE+00 1E+01 1E+02 1E+03 1E+04

Distance (m)

Figute 1. Variation of Low Speed Diffusion Coefficient Increments as Functions of Distance
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Figure 2. Variation of Low Speed Diffusion Coefficient Increments as Functions of Wind Speed

- in Figure 2 is bounded as the wind speed approaches zero. The upper bound is clearly too large;
however, it is not reasonable to allow the wind speed to approach zero in standard plume models. A
model derived by Frenkiel (1953) is. more appropriate for extremely low wind speeds. For a

discussion of ‘this model see Kao (1984).

HIGH-SPEED INCREMENT

Turbulence data published by Islitzer (1965), Dickson et al. (1969), and Ogawa and Oikawa
(1982) were used to develop parameterizations for turbulence increments during high wind speeds.

Using these data, high-speed lateral turbulence increments, Ag,, were computed as
Ao, = (0,2-0, )" . (11)

where the u and d subscripts represent upwind and downwind measurements, respectively. In several
instances, the subtraction resulted in negative differences. These differences were considered to be

unreal and were set to zero. The same procedure was used to calculate Agy for each experiment.




The resulting turbulence increments are plotted against the square of the upwind wind speed in
Figures 3 and 4. As suggested by the peer review panel, these increments are functions of wind
speed. The constants of proportionality between the turbulence increments and the square of the
upwihd wind speed are 0.02 and 0.01 for Ao, and Ag,,, respectively. These coefficients are
dimensional with units of seconds per meter. The correlation cqefﬁcient for the relationship shown in

Figure 3 is 0.73, and for the relationship shown in Figure 4, it is 0.81.

The characteristics of turbulence near structures, including variances and scales change as the
distance from the structure increases. Consequently, no single time scale is appropriate for use in
wakes. Tennekes and Lumley (1972) describe the difficulty in estimating scales in decaying wake
turbulence. Nevertheless, an avetage time scale will be assumed for decay of both the lateral and

vertical turbulence increments in the wake. This time scale is estimated as .

T, - “{IK | (12)

where « is a proportionality constant, A is the cross-sectional area of the structure generating the

25
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increased turbulence, and U is the release height wind speed upwind of the building; A
proportionality constant of about 10 gives good results. The model results are not particularly

sensitive to the exact value chosen for this time scale.

Figures 5 and 6 show the variation in the high speed diffusion coefficient increments downwind
of a building with a cross-sectional area of 1600 mZ. Again, the autocorrelation coefficients

estimated in the next section have been assumed.
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AUTOCORRELATIONS

The model definition is complete except for specification of average values for the Lagrangian
autocorrelations, r, and ry,. The diffusion data in the ground-level data set were used to determine

values for these parameters. The values were determined by minimizing the function

Xi Xi
P= }JWi[log(—(S)pml - log(a)xm,]2 (13)

where (Xi/Q)pred is the normalized concentration predicted by the model, (x;/Q)peqg i the
normalized concentration measured in the ground-level data set for the same conditions, and Wj is a
weighting function. The weighting function was set to 1.0 when the model overpredicted the
measured concentration and to 2.0 when the model underpredicted it. These weights were selected to

ensure that, on the average, the model is conservative.

The optimum values of r,, and ry, selected by the minimization 'procedure were 0.655 and 0.584,
respectively. When these values are incorporated in the model, the geometric. mean ratio of predicted

to observed concentrations is 1.42 with a median of 1.51.

COMPLETE MODEL
Specification of the autocorrelations completes the model revision. The equations for Aaylz,
Aazlz, Aoy22, and Aozzz are:
Ac.2 = (2)(0.655)(0.835)2(1000)*[1 - (1 + — _t
o, = (@) X( )*( ‘)[ ( 1000)eXP( 1000)] (14)
= 9.13x10°[1 - (1 X X
10711 - A+ 5000 P 10000
Ao 2 = (2)(0.584)(0.239)2(100)[1 - (1 + ——)exp(-——
a = @)X X( )*(100)“[1 - ( 100) Pp( 100)] (15)
= 6.67x10°[1 - (1 + —~ -_X
x10°[1 - ( 100U)CXIJ'( IOOU)]
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Ao ? = (2)0.655)0.02022 1904 11 (1« Ut yexp-—Yy
e U2 10/A 10/A (16)

= 5.24x102U2A[1 - (1 + —*—)exp(— )]
10/A

10/A

and

Ao ? = (2)0.584)0.01U22 1004 1 (g . Ut yern( Yy
2 u? 10/A *®

10/A (17)

1.17x102U2A[1 - (1 + —2—)exp(—)]

10/A 10/A
respectively. Note that the numerical values for Agy,y, Aoy, Iy, and ry, are directly related to the
diffusion coefficient parameterizations used in NRC dispersion models. The numerical values for

these parameters are different for other diffusion coefficient parameterizations.

Figure 7 compares the predicted and measured concentrations for the revised model. Slightly
more than 50% _of the model predictions are within a factor of four of the measured values, and

almost 85% are within a factor of ten of the measured values.
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MODEL EVALUATION

Early evaluation of the current NRC-wake models indicated that the models significantly
overpredict concentrations during light winds (Ramsdell 1988). This tendency is shown in Figures 8
and 9. NRC guidance related to the use of these models states that the models should be used to A
determine x/Q values that are excéeded no more than five percent of the time. Typically these
highest values are associated with wind speeds of about 1 m/s. Figures 8 and 9 show that the current
models almost always overpredict concentrations by an order of magnitude when the wind speed ié 1
m/s or less and that on the average they predict concentrations that are about two orders of magnitude
too high. The diffusion experiments used for model evaluation may not have résulted in measurement
of maximum concentrations in plumes. However, the bias that would be associated with-the. failure to
measure maximum concentrations would be of the order of a factor of two. It would certainly not be
one or two orders of magnitude. Therefore it is reasonable to conclude that the biases seen in these

models are the result of the errors in the models rather than uncertainty in the data.

The revised model includes corrections to the diffusion coefficients specifically addressed to

improving model performance at low wind speeds. Figure 10 shows the variation of ratio between
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predicted and observed concentrations for the revised model as a function of wind speed. Compared
with the current NRC models, the revised model has less tendency to overpredict concentrations at
low wind speed. However, it does appear that there is still a slight tendency toward overprediction
for wind speeds less than 3 m/s. The improvement in model performance is further illustrated in the .
cumulative frequency distributions shown in Figure 11. The median ratios between concentrations
predicted by current NRC models and the maximum observed concentrations are greater than three.
In addition, concentrations predicted by the current models are within an order of magnitude of the
observed concentrations only about 60% of the time. Figure 11 clearly shows that the improvement
in model performance is gained by reducing model overpredictions without significantly inéreasing

underpredictions. Summary statistics comparing the models are presented in Table 1.
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Figure 11. Cumulative Frequency Distributions of Predicted to Observed Concentration Ratios for
the Murphy-Campe, Regulatory Guide 1.145, and Revised Models
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Table 1. Summary of Model Comparison Statistics

. Regulatory
- Revised Model Murphy-Campe Guide 1.145
4 Statistic _ Model Model

Median ratio of predicted to 1.510 2.935 4.451
measured concentrations
‘Geometric mean ratio 1.417 3.263 4.546
Geometric standard deviation of ratios 0.757 1.075 . 0.944
Minimum ratio 0.010 0.034 0.095
Maximum ratio 166. 4100. 2050.
Predicted concentrations within a 27.4% 16.6% 15.6%
factor of 2 of the measured values
Predicted concentrations within a 53.8% 33.2% 39.8%
factor of 4 of the measured values
Predicted concentrations within a 84.2% 59.1% 61.7%
factor of 10 of the measured values
Variability accounted for by model 49.3% 30.6% 33.8%
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ALTERNATIVE MODELS

The third recommendation of the peer review group was to look at alternatives to the Gaussian
plume model for estimating concentrations in the vicinity of buildings. Two minimum dilution
models were identified as potential alternatives to the Gaussian plume model. Minimum dilution
models attempt to provide a lower bound to dilution. When minimum dilution models are used to
estimate the concentration, they should estimate an upper bound on the concentration. This is in
contrast with typical diffusion models which attempt to estimate the average concentration at a

position in the plume.

The first alternative model (Wilson and Chui 1994) predicts maximum concentrations as a
function of wind speed, building area, and downwind distance, and the second model (W ilson and
Lamb 1994) predicts maximum concentrations as a function of wind speed, wind direction
fluctuations, and stretched-string distance. Stretched-string distance is the minimum distance between
the release point and receptor without passing through the structure. Both models have a correction

term for initial dilution for releases through stacks and vents.

WILSON-CHUI MODEL

The Wilson-Chui model was developed and tested using wind tunnel data to estimate minimum
dilution in plumes released from building vents and short stacks. The model development does not
make or depend on a Gaussian assumption. When reformulated to estimate concentrations assuming

equal effluent and ambient air densities, the Wilson-Chui model is

WQpax = (18)

1
(/F,D, + DD)?

where F is the vent flow in cubic meters per second, D, is an initial dilution, and DD is the
downwind dilution. Initial dilution, which is a function of the ratio between the exhaust exit velocity

in meters per second and the wind speed, is
w
D, =10 + 7'0(70)2 (19

where W is the exhaust velocity. The downwind dilution is given by
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where s is the "stretched-string” distance in meters between the release point and receptor. The

DD = 0.25,/0A (—)°™
/A

(20)

“stretched string” distance is defined as the minimum distance between the two points that accounts

for the presence of solid structures.

Maximum concentrations were predicted for each of the 265 concentrations in the building

surface data using the Wilson-Chui model to evaluate model performance in the vicinity of full scale

structures. The results of the calculations are compared with the observed concentrations in Figure

12. The Wilson-Chui model consistently overpredicts the observed concentrations, as expected. No

observed concentrations were higher than the model predictions. Therefore, it is reasonable to

conclude that the model provides an upper bound to maximum concentrations in the atmosphere as

well as in the wind tunnel.
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WILSON-LAMB MODEL

The Wilson-Lamb model was developed using field data rather than wind tunnel data. The form
of the Wilson-Lamb model when reformulated to calculate maximum concentrations is identical to the
form of the Wilson-Chui model, i.e., Equation (18). The differences between the models comes in
specification of the initial and downwind dilution. In the Wilson-Lamb model initial dilution is
defined by |

W
D, =10 + 13.0(«1-12) . 21

This relationship is taken from Briggs (1975). The downwind dilution is given by
DD = s/BU — 22)

where 8 is a dimensionless parameter related to oy, the standard deviation of the wind direction

fluctuations (in radians), by

B =0.039 « 0170, . @

The constants in this equation were estimated from data collected in the experiments. If gy is not
available, Wilson and Lamb suggest using the ensemble mean value, 3 = 0.089. Note that in the

Wilson-Lamb model the maximum concentration is not a function of building area.

Maximum concentrations predicted by the Wilson-Lamb model are compared with the measured
concentrations in the building surface data set in Figure 13. More than 90% of the concentration
predictions in this data set were made using measured values of gy to estimate 3. The relationship
Between the Wilson-Lamb model predictions and the measured concentrations is similar to that
between the Wilson-Chui model predictions and the measured concentrations. The model generally

overpredicts the concentrations and provides a reasonable estimate of the maximum concentrations.

COMPARISON OF THE REVISED MODEL WITH THE ALTERNATIVES

Figures 12 and 13 establish that the two minimum dilution models provide reasonable estimates of
maximum concentrations on and adjacent to buildings in the vicinity of a release point. Neither
model is a Gaussian plume model. Figure 14 compares concentrations predicted by the revised model

with the set of concentrations used to evaluate the minimum dilution models. The pattern of revised
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model predictions is not much different than the pattern for either of the other models. The revised
model underpredicts six concentrations, in comparison with no underpredictions by the Wilson-Chui
model and one underprediction by the Wilson-Lamb model. However, the revised model should
underpredict more frequently than the minimum dilution models because the revised model is

designed to predict the average maximum value in a plume rather than the absolute maximum.

Figure 15 compares the predictions of the three models directly. The revised model is most
likely to uﬁderpredict concentrations. Yet, only about 2.3% of the concentrations are underpredicted
by the revised model, and only 1.5% are underpredicted by more than a factor of two. With the
exception of two concentrations underpredicted by more than a factor of four, cumulative frequency

distributions for the revised model and the two alternative models are similar.
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Figure 15. Comparison of Cumulative Frequency Distributions for the Ratios of Predicted to
Observed Concentrations for the Wilson-Chui, Wilson-Lamb, and Revised Models
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NEAR-FIELD CONCENTRATION ESTIMATES

The fourth recommendation of the peer group was to evaluate the rev'ised model with an
appropriate subset of the experimental data. Figures 14 and 15 provide a strong indication that the
revised model is useful for estimating concentrations on and adjacent to building surfaces, even
though the Gaussian model may not be strictly appropriate for this purpose. As a final check,
concentrations in the building surface data were combined with concentrations measured near the
release point in the ground-level release data set. The resulting data, consisting of 402 concentration
measurements, were compared with model predictions as a f_unction of distance from the release

point.

Figures 16, 17, and 18 show ratios of the predicted to observed concentrations for the Wilson-
Chui, Wilson-Lamb, and revised model, respectively, as functions of normalized distance. In the
case of the ground-level release data, shown by the near-field markers in these figures, the normalized
distance is the dowﬁwind distance divided by the square root of the building area. In the case of the
building-surface data set, the normalized distance is the stretched-string distance divided by the square
root of the building area. The ratios shown in the figures indicate that all three models are

conservative near the release point because they tend to overestimate concentrations.
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The final comparison between models is a direct comparison of the cumulative frequency
distributions in Figure 19. The distributions of ratios from the Wilson-Lamb and revised model are
almost identical. This indicates that these two models would give similar results if used in control
room habitability assessments. The Wilson-Chui model overpredicts more of the concentrations than
either of the other two models. One difference in models that might be responsible for the larger
number of overpredictions by the Wilson-Chui model is that the Wilson-Chui model does not have a
means of accounting for increased dispersion at low wind speeds due to meander. Both the Wilson-

Lamb model and the revised model account for enhanced dispersion at low wind speeds.
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CONCLUSIONS

Evaluation of building-wake dispersion models beginning in the mid 1980s has shown that models
currently recommended in NRC guidance to licensees tend to significantly overpredict concentrations
during low wind speed conditions. As a result, NRC staff felt that the procedures used in evaluation
of control room habitability and the consequences of design basis accidents were overly conservative.
A new model developed in 1990 for use in predicting concentrations near buildings did not
overpredict concentrations at low wind speeds. The 1990 model has recently undergone additional
peer review. This report describes the disposition of the primary recommendations of the peer review
panel. Those recommendations were

1) The turbulence increment generated by buildings should be assumed to be proportional to the
wind speed in accordance with accepted theory and physical reasoning.

2) The effects of meander during low wind speed conditions should be treated explicitly in the
model, but the treatment should be separate from the treatment of building wakes.

3) An approach other than straight-line Gaussian models should be considered for determining
concentrations when releases are from a building and receptors are on or near the building.

4) Appropriate subsets of the available data should be used to evaluate the mod;:l after the
suggested changes have been made. '

In response to the recommendations, the 1990 model was revised to explicitly treat enhanced
atmospheric dispersion in the vicinity of buildings as a combination of the effects of low aﬁd high
wind speed phenomena. The low wind speed component of the enhanced dispersion in the revised
model decreases with increasing wind speed. In contrast, the high wind speed component increases
with increasing wind speed. Turbulence data have been used to estimate model parameters related to
the increase of turbulence responsible for enhanced dispersion at low and high wind spéeds.
Ditfusion data collected in experiments at seven reactors indicate that the revised model is a
significant improvement over the building-wake models recommended in existing NRC guidance to

licensees.

Two alternative, non-Gaussian models developed to estimate minimum dilution (maximum
concentrations) in plumes from building stacks and vents were identified and tested using a second set
of data from experiments at three of the reactors. These models appear to prediét an upper bound for

concentrations in the immediate vicinity of the release point. Concentrations predicted by the revised
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model for the same data also tend to be higher than the measured values. The differences between
the predictions of the minimum dilution models and those of the revised model fall within the range
of differences that is to be expected given the intended bias of the minimum dilution models. Further
comparison of the revised model with the minimum dilution model indicates that all of the models
tend to be conservative near the release point and become less conservative as the distance from the
release point increases. Cumulative frequency distribution of the ratios of predicted to observed
concentrations for the revised model is nearly identical to the distribution for the Wilson-Lamb

minimum dilution model.

The revised model incorporates the changes recommended by the peer review panel and
concentration predictidns near release points that are comparable to the concentrations predicted by
minimum dilution models. Therefore, the revised model is considered to be appropriate for use in
estimating concentrations for control room habitability assessments. The revised model is also

considered to be appropriate for use in estimating concentrations in the near field for use in evaluating

the consequences of design basis accidents.
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APPENDIX B

Reviewer Section Comment Resolution

J. F. Sagendorf Letter attached.

NOAA, Air Resources

Laboratory

R. P Hosker 1990 Model related to Eq. (4), k is not the best Replaced the k with r,, and r, to indicate

NOAA, Atmospheric

choice of symbols

that the constants are average Lagrangian

Transport and Diffusion correlations coefficients for v and w,
Division respectively.
General Form for | Different k than in Eq. (4)? Same See above.
Diffusion as comment relative to use of k as
Increments above.
Low Wind Speed Not clear that choice of time scale Added discussion to text. Model is not
Increment of 1000 s is appropriate. Elaborate. sensitive to changes in time scales.

Can’t decide if low wind speed, Changed assumption to use the 100 s

vertical turbulence increment of zero | time scale for neutral and unstable

for neutral and unstable conditions conditions. This is probably an

is realistic. Argue for it. underestimate for unstable conditions.

High Wind Speed related to Fig. 1. How much does If the point is dropped, the correlation

Increment correlation improve if the data point increases from 0.73 10 0.79. However,
from Dickson, et al., showing an there is no basis in the data set that could
increase of about 2.5 in sigma v for be used to support deleting the point.

a wind speed of about 6 m/s is

dropped? Any rationale to discard

it?

Why assume Ag,) = Ady,? The assumption has been dropped. Ag,
and Agy,; have been estimated from
turbulence measurements.

Is the weighting function chosen to Yes. A statement to this effect is

favor conservatism? included in the text.

A. H. Huber No response to draft report.
U.S. Eavironmental

Protection Agency,

AREAL

W. B. Petersen No response to draft report.
U. S. Environmental

Protection Agency

AMRB

I. Spickler No response to draft report.

U.S. Department of
Energy

F. A. Gifford
109 Gorgas Lane
Oak Ridge, TN

Letter attached.




! Reviewer

David J. Wilson
Department of
Mechanical Engineering,
University of Alberta

Section

Introduction

¢ | Comment

Discuss averaging times.

Resolution

Discussion of averaging times for
concentration and turbulence
measurements has been added to the text
in several locations.

General Form for

Clearly indicate that T is time scale

Text has been revised to clarify the

Diffusion for decay of turbulence generated by | difference in time scales. Thé only time
Increments building, and that there are 2 time scale treated explicitly in the model is the
scales that are independent (the Lagrangian time scale for decay of the
other is associated with loss of turbulence excess.
correlation of normal turbulence.
Show plot of the expression in Eq Figures have been added showing the
D. variation of the low and high wind speed
diffusion increments with wind speed and
" distance.
" High Wind Speed Eqgs (8) and (9) should include a The equations defining the Lagrangian
Incremenit constant of proportionality. time scale for decay of the high wind
speed turbulence increments have been
revised to include a constant of
proportionality, which is given an
approximate value of 10.
Discuss uncertainty in predicting Added brief discussion of problem of
Lagrangian time scales. estimating time scales.
Why are time scales related to u« These time scales have been redefined to
and L? depend only on the buiiding dimensions
and the wind speed.
Compiete Model Fig. 3 et al., state the range of Averaging times for data stated in the

averaging times over which the
turbulence and concentration
measurements were made and
discuss scatter due to combining
data with different averaging times.

text along with the effect of averaging
times on concentrations and turbulence.

Model Evaluation

Fig. 4 et seq., state that the
measured concentrations were the
maximum concentrations observed
on arrays of fixed receptors and
may not been measured at the plume
centerline. Therefore the tend to
underestimate the true
concentrations by factors of 2 to §.
This bias is not sufficient to account
for the overpredictions of
concentrations at low wind speeds
shown by the existing models.

Added discussion to this effect to the text
relative to both diffusion data subsets.

Letter attached
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September 23, 1994

J. V. Ramsdell, Jr

Battelle

Pacific Northwest Laboratories
Battelle Boulevard

P.O. Box 999

Richland, Washington 99352

Dear Mr. Ramsde.ll:

I read the letter report "Dispersion Estimates in the Vicinity of Buildings" describing the revisions
to the building wake diffusion model. The model appears to greatly reduce the overprediction
associated with regulatory modeling of diffusion near buildings without increasing the risk of
underpredicting concentrations. I have no problems with accepting this as a reasonable approach
to the problem. T also feel that the Wilson-Chui and Wilson-Lamb models might be very useful in
establishing an upper bound to the possible concentrations near buildings.

Sincerely,

Research Meteorologist
NOAA
Air Resources Laboratories.

H 4
75 Years Stimulating America’s Progress » 1913-1988 » “N ;‘
. qr""lq.v o ‘-"”\
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F. A. Gifford
109 Gorgas Lane
Oak Ridge, TN 37830
(615) 482-1819

August 27, 1994

J. V. Ramsdell

Battelle PNW Labs.

PO Box 999

Richland, Washington 99352

Dear Van,

I read your report on revised dispersion estimates in
the vicinity of buildings and can only say that the revision
Yyou propose seem reascnable enough to me. Certainly the
improved agreement with all the existing data is a strong
point in its favor. It seems to meet the various criticisms
that were made of the original model. I've felt that more
consideration of this problem was needed since the
simpleminded suggestion I made (over 30 years ago) was
adopted into the regulatory models, and am delighted that
you are working on the problem.

Sincerely,

Frned

Frank Gifford.
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University of Alberta Department of Mechanical Engineering
aaa Edmonton
R\uYA .
Canada T6G 2G8 4-9 Mechanical Engineering Building

" Telephone (403) 492-3598 Fax (403) 492-2200

October 3, 1994

Dr. J.V. Ramsdell
Earth and Environmental Science Center
Battelle Pacific Northwest Labs

P.O. Box 999

Richland, Washington 99352

U.S:A.

Dear Dr. Ramsdell:

SUBJECT: Comments on "Dispersion Estimates in the Vicinity of Buildings"

In your letter of August 23, you asked me for Written comments on your proposed model -
for dispersion near buildings. I did not subject the model to any rigorous review, but recorded
my general impressions, summarized in point form below:

I agree with your general approach that uses a windspeed-independent increment
to the crosswind and vertical turbulence velocity variances. This idea is consistent
with several sets of observations showing that the vertical and crosswind velocity
components approach a non-zero limit as windspeed goes to zero. This is the
major feature of your model that reduces the large overpredictions (at low
windspeed) shown in Figure 4 to much smaller values shown in Figure 6.

Your model for the decaying turbulence in building wakes needs more explanation
and elaboration. You should refer directly to Ramsdell (1990), and also give
some physical explanation for your choice of equation (6) and plot the functional
form of equation (7) on a figure. It should be made clear to the reader that T is
the Lagrangian timescale of crosswind turbulence generated by the building. You
should multiply the right hand side of equations (8) and (9) by a constant of
proportionality, and then give a brief discussion of the large uncertainty that exists
in predicting Lagrangian timescales. '

I find it difficult ito understand how the Lagrangian timescale of building-

generated turbulence should be characterized by atmospheric values of friction
velocity u_ and Monin-Obukhov length L. Explain and justify.

B.S.




You make the implicit assumption that atmospheric turbulence and building-
generated turbulence variances add as random uncorrelated variables. If these
turbulence fields are uncorrelated, how can the atmospheric values be used to
characterize building turbulence in equations (8) and (9)?

You should state the range of averaging times over which the turbulence and
concentration values were measured in the various experiments that contributed
to each of the figures. Close to a small source, averaging time can have a
significant effect on mean concentration. How much of the scatter in the data can
be attributed to combining experiments for varying averaging times? (I expect
this will be a small effect but you should address it!)

You should state that the measured values of concentration were the maximum
concentrations observed at an array of fixed receptors for a given downwind
distance. Because the plume centerline may not have fallen directly on one of the
receptors, the measured concentrations will tend to underestimate the actual plume
centerline concentrations predicted by models. I would guess that this could cause
the measured concentrations to underpredict the true centerline concentration by
factors of two to five. However, the existing models (including mine) overpredict
concentration at low windspeeds by factors of 10 to 1000, suggesting that the
measurement uncertainties are not the cause of existing model overpredictions.
You need to make this point.

1 hope these comments are helpful, and I take some comfort from the observation that the
Wilson-Lamb model produces predicted-to-observed concentration ratios close to your revised
model over 90% of the observed conditions. In summary, I support your use of a zero-
windspeed turbulence increment, but am rather uncomfortable with the functional forms used for
building-generated Lagrangian timescale T.

DIW:ga

Sincerely, >

David J. Wilson
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