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ABSTRACT

This paper describes the wind tunnel study conducted on
behalf of the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) to evaluate and quan-
tify the effect of architectural screens on rooftop concentration
levels due to effluent from short stacks. An equivalent stack
height (ESH) concept is introduced, which is used to develop
a stack height reduction (SHR) factor that may be used in
conjunction with existing stack design procedures found in the
1997 ASHRAE Handbook—Fundamentals to account for the
presence of architectural screens.

INTRODUCTION

This paper describes the wind tunnel study conducted on
behalf of the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) to evaluate and
quantify the effect of architectural screens on rooftop concen-
tration Jevels due to effluent from short stacks. Architectural
screens are often placed around rooftop equipment in order to
reduce noise or hide the equipment. Unfortunately, these
screens interact with wind flow patterns on the roof and can
adversely affect rooftop concentration levels. This, in turn,
can lead to high concentrations inside the building due to the
effluent entering the building through building air intakes.
Presently, there have been no known studies conducted to
systematically quantify the effect of screens on rooftop
concentrations. There are many studies dealing with the aero-
dynamics of porous windbreaks and shelter belts. A compre-
hensive review of these studies was presented in the World
Meteorological Organization Technical Note 59 (van Eimern
et al. 1964). There have also been numerous studies of flow
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through screens and perforated plates (Castro 1971; Perera
1981; Richardson 1987; Ranga Raju et al. 1988; Richardson
1995); however, only one study relating the effects of a solid
parapet to rooftop dilution has been found (Lowery and Jacko
1996).

The primary objective of the study was to evaluate and
quantify the effect of architectural screens on rooftop concen-
tration levels. Since there are no simple methods available in
the ASHRAE Handbook—Fundamentals (1997) for evaluat-
ing the effect of screens on exhaust concentration (or dilution),
asecondary objective of the study was to develop a method for
accounting for screens that can be included in a future
ASHRAE Handbook—Fundamentals chapter.

To meet the project objectives, a 1:50 scale model of a
typical industrial type building was constructed and posi-
tioned in an atmospheric boundary layer wind tunnel. Tracer
gases were then released from modeled exhausts and the
resulting concentrations were measured on the building roof,
on the side wall, and immediately downwind. Tests were
conducted for various stack heights, screen heights, screen
porosities, and screen positions relative to the stacks. The
results were analyzed in order to develop a generalized tech-
nique for quantifying the effect of screens on exhaust concen-
tration (or dilution).

EXPERIMENTAL METHODS

All testing was carried out in an atmospheric boundary
layer wind tunnel with the following characteristics: 74.5 ft
test section length; 12 ft test section width and 7 ft height; wind
speed ranges from 1 mph to 15 mph. Flow straighteners and
screens at the front end of the tunnel were used to create a
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Figure 1 Generic building—10 ft x 10 ft screen. _

homogeneous, low-turbulence entry flow. A 16 in. tall trip
along with 4 in. and 8 in. tall roughness elements were used to
develop and maintain the model atmospheric boundary layer
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Figure 1 illustrates the 1:50 scale model of a 100 ft long
by 50 ft wide by 50 ft tall typical laboratory-type building used
in all tests. The screen depxcxed in the figure, represents the
screen size and location; however, nexther‘ the s screen porosny
nor the 1 ft gap at the bottom of each screen are shown X serl
the screen distance from the stack ‘G ft n hgure 1) scr 18 the
screen height. Table 1 lists all des1gn parameters and their
range of variability during the course of the study. These
parameters were combined to form 581 tests. '

The receptor grid for gach wind dlrectlon mcluded Rt;he
receptors along the centerline of the stack parallel to the wind
direction. The receptors started at the leading edge of the
building, upwind of the stack, and ran the length of:the huildss
ing and the downwind wall, as seen in Figure 2. SlX receptors
wete included on the stack centerline downwind of the build-
ing. The grid was expanded to include receptors off fhe»stack
cénterline in the vicinity of the'stack, espemal’ly iniside the
screen. Receptors were also ‘included on the indide of the
upwind, downwind, and one side of the screen at'two or three
elevations, depending on screen height. . -0 0.

Tests Were run with 1o screén présént to détermine a'base-
line concentration at each receptor for every combination of
wind and exhaust condition evaluated with screens present.
These baseline tests were later used to select an equivalent
stack height (ESH), as discussed below. Obviously, more than
581 combinations of the parameters in Table 1 are p0551b1e,
however, some conﬁguratxons proved to be' “of Tittle interest.
For example, the horizontdl ‘stack orientation” allowed little
effluent to escape the confines of the.screen: Tests at 45, and
90° wind directions were used-to validate the 0°wind direction
results where most of the testing was copducted.
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TABLE 1
Design Parameters and Range of Variability
Parameter _Units Rarige
Wind Direction Degrees -G;:45; 90 yi”
Anemometer Wind Speed”|  mph 5.5;16.6
Building Wind Speed mph 6.6;19.8
Stack Height, Base Tests | = fi 1535 75.10; 12 15, 20

56789101112

Stack Height, Scre_en Tests| ft
o y i3; 14 15;20

Stack Flow Rate! .. cfm .|  519;5,111519, 675,
Stack Exit ‘Velocityi‘= fpm - 481; 1,958; 3,052
StackOrzehtanon ”:—\ Vertlcal Horlzontal Tl‘k
Screen Height™ g 5100150 s
Screen Distance o 5, 10,20

Screen Porosity A K“ 0; 35,’(50,“66 i

" These are actual values; target values were 5 mph and 15 mph.

* These are actual values; target values were 500 cfm, 5,000 cfm, and 20,000
cfm.

* These are actual values; target values were 500 fpm, 2,000 fpm, and 3,000
fpm.

** This height includes a 1 ft gap between the bottom of the screen and;the roof..

In order to document the wind characteristics approach-
ing the model, a profile of mean velocity and longitudinal
turbulence intensity was obtained upwind of the model test
area. An-analysis of the profile was conducted to détermine”
whether the shape ‘was charactéristic 'of that' éxpected ‘in the
atmospher’ ,verall the ve1001ty ;profile Tesults showed that
) and tur I ce ] pro, es. approachmg the model test area.
were charactenstlc of full—sc;gle, surfaces w1th roughness
lengths of, 28 cm. ThlSﬂSn cha;ractensuc qf a suburha,n rough— :
ness (Sny,der 1981) N TERPEN oL o :

.
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Figure 2 Generic building receptor numbers: plan view.

THEORETICAL CONSIDERATIONS

Wind Tunnel Simuiation of Airflow and Dispersion

An accurate simulation of the boundary-layer winds and
stack gas flow-is an-essential prerequisite to any wind-tunnel
study of diffusion around buildings. The similarity require-
ments can be obtained from dimensional arguments derived
from the equatlons govemmg fluid motion. A detailed discus-
sion of these requlrements is.given in the EPA fluid modelmg
guideline (Snyder 1981). The basis-scaling parameters-used
during thls(study are outlined below :
PlumeTraJectory Simulation Criteria.”

Match: velocrty ratio:

[T T

C R- (M)
=
¢ Match density ratio:
LT p
A== : \ 2
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A trip was used for these s1mulat10ns to -ensure,a fully
turbulent exhaust ﬂow upon ex1t1ng the stack

i
L]

Arrﬂow and Dlspersron Slmulatlon Cntena S1nce”

this study was desrgned to be genenc in nature; a rectangular
building was ‘placed in a uniform roughneSS conﬁguranon

The roughtiess was desighed to simulate a 'suburban énviron-"
ment with a surface roughness length of 0.28' m.:Reynolds

number independence was ensured: the building Reynolds
CH-99-7-2 (RP-805)

number (Re, = Ube/va ,the product of the wind speed, U, at
the building height, H,, times the bulldmg helght divided by
the viscosity of air, va) was greater than 11 006 A neutral
atmospherlc boundary layer was estabhshed

Using the above cntena and the source characteristics
listed in Table 2, the model test conditions were computed,
for three genenc stack configurations designated 500 cfm,
5;000 cfm, and 20,000 cfm, or low to high momentum type
exhausts v

PR

Numerlcai‘Dlluhon Estlmates

ASHRAE (1997).presents a. senes of equat1ons for estr-,\,
mating the ‘minimum dilutien (i.e.; maximum concentration) :
vs. distance from an exhaust stack. The equations are detailed .
1nlthe: ASHRAE Handbook (1997) and are summarized here.

The worst case dilution from an.uncapped, vertical, non-
buoyant exhaust jet from a raised .stack with plume rise
inversely proportional to wind speed (D,,;;) is predicted using:

;"("UU

crit, 0 . crtn 0

o crit crit
! D
by

)expth(ﬁ)JYT] 3)
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wher‘e

Dcmo = absolute lowest dllutlon (drmens;lonless) from a.
NI stack of neghglble helght N
Ucmo #.= wind speed:(mph) that produces absolute lowest
idilution from a stack.ofnegligible height, .

= wind speed (mph) producing thé’lowest dilution for-
elevated stacks,

U,

crit



TABLE 2
- Source:Parameters for, Stack-Being Evaluated

IP Units
. Typical Building |  Stack _ ) _Exit Exit _ Ambient Volume ™. |  Exit
: Dess::il;)ct:on Height Hexght S(;ici(lgis)e Diameter Temperature Temperature | Flow Rate Velocity
0 L) @ . L) D) P (cfm) (fpm)
500 cfm 50 60.0 0.0 1.17 70.0 70.0 519 481.3
5,000 cfm 50 60.0 0.0 1.82 70.0 70.0 5,111 1958.5
20,000 cfm .50 . |. 600 .| 00 2.86 70.0 70.0 19,675 3052.8
SI Units »
Source Typical Bmldmg Stack Stack Base . Exit Exit Ambient Volume EXI!Z
Description y I}elght Helght | (m, MSL) Dlameter Temperature | Temperature tiFlowqRate Velocity
(m) (m) ’ (m) K) &) (m/s) (mfs)
500 cfm 1524 18.3 0.0 0.36 2043 294.3 024|024
5,000 ¢fm 1524 183 | .00 056 | .2943 2943 - 241 | 99
20,000 cfm T15.24 183, | 00 | 08 | 2943 2043 929 155
Y = plume hexght to spread parameter (dimensionless) location of the ' maximum concentration is inside the screen at
for 10-minute averages. 0 ft string distance: Therefore, Criterion A from Table 3 must
. be met by any ESH inside the screen (=15 ft< S <+15 ft). The
Ly o 289(5)“ ) ESH selected inside the screen is the 1 ft stack. Criterion B must
e NS e ol be met at every string distance outside the screen. Since this is
where a 0° wind direction test, the roof extendsto S < +50 ft. The 3
. e ft stack is the ESH outside the screen. On the downwind wall,
hy = effective stack height (ft), the 10 ft stack is the tallest stack that meets Criterion B at every
S = string distance (ft). string distance; therefore, it is the ESH.

Y is limited to values Y < 2:0. It should be noted that in this

Aﬂ?AA~ PRy P P PS RS RN

study, the effective stack height is equal to the physical stack
height H,.

Equivalent Stack Height Concept

To quantify the effects of rooftop screens on exhaust
concentration (or dilution), an equivalent stack height (ESH)

Al

concept was developed. An ESH is the stack height that would

give similar concentrations if the screen were not present. To *
determine ESH values, wind tunnel tests were conduicted to -

obtain a database of concentrations with and without the effect
of screens. The data from each test with a screen present were

compared to the cases without a screen, and the one giving ~

similar concentrations defined the ESH. The criteria. for
selecting an ESH are presented in Table 3. An-ESH was
selected based on the location of the maximum concentration,
either inside or outside the screen. The criteria (A, B, and C)

were met as required by the location of the maximum concen-

tration.
Figure 3 illustrates the method further. The figure shows

the full-scale concentrations from several. tests -vs.. string .

distance (S), where O ft string distance is the base of the stack.
The wind and exhaust parameters are listed in the subtitle. The
screen and stack parameters are listed in the first line in the
legend. Stack hieights for tests with the same wind and-exhaust *
parameters are-also listed in the legend. It is'evident that the *

A stack height rcductlon factor (SHR) was a}so obtaxﬁed
for each test, where an SHR is defined as

ESH

5

SHR =

&)

where‘HS is the physical stack height in feet. The SHR factor
~is then used to reduce the actual stack height used in the Hand-
book (ASHRAE 1997) calculations.

RESULTS

.~ ‘Average concentrations were measured on and downwind
of the building for 581 different test-conditions. The model
concentrations were converted to full-scale normalized

- concentrations (C/m). Plots of full-scale concentration vs.
 stretched-string distance (S) for each test were then made, as
in Figure 3. These plots were used to select an ESH using the
cx‘iteria in Table 3, as discussed earlier.
- An analysis of the data showed the SHR factor could be
directly related to the screen porosity such that a conservative
estimate (i.e., one that would result in overestimating concen-
. trations).could be developed. Correlations between SHR and
other factors were sought (such as screen height, stack height,
and screen distance) but no consistent pattern emerged (Carter
1997). The average SHR factor vs. screen porosity is summa-

“i rized in Table 4. Figure 4 shows a plot-of the results in'Tablé
»4-along with the following linear best fit equation:

CH-99:7-2 (RP-805)



TABLE 3
Criteria for Equivalent Stack Height (ESH):Selection

Location of Maximum : .
. Description -
Concentration i
1 If the screen test maximum concentration is‘located inside the screen, Griterion A must be met by any one ESH con-
«! | centration inside the screen (not necessarily at the same string distance 4s the screen test maximum concentration).
Criterion B must be met by all ESH concentrations outside the screen.
2 If the screen test maximum concentration is located outside the screen;criterion A must be met by any ESH concen-
tration outside the screen (not necessarily at the same string distance as the screen test maximum concentration).
: Criterion B must be met by all ESH concentranons outside the screen.
‘ Criterion C'1i must be met by any ESH concentration inside the:screen (not necessarily at the same string dlstance as
v the maximum screen test.concentration). . e —
Criteria
A The maxirﬁuinf_ concentration ;‘of”'t_he ESH must meet or exceed the maximum concentration of the screer test. ’
B The ESH concentration must be greater than or equal to 80% of the screen test concentration. . _ SRS RS
C The ESH concentration inside the screen must be greater than or equal to 80% of the maximum screen test concen-

tration inside the screen.. o Gy 1

SHR = (0.0081 x Porosity) + 0.20

are specified. Second, the SHR is calculated using Equation 6.
Next, the height to spread parameter is modified as follows,

(6)

where porosity is in jpercent.;Use of the above equation -
produces the calculated SHR factors in Table 4.

Y =

28.9((——————51-15 )hs)z , @)

and is used in the Handbook (ASHRAE 1997) calculanons

CONCENTRATION vs STRING DISTANCE g
246; 5,111 cfm; Vert; 16.6 mph; O Deg

“Now, with a general equation for estimating the SHR'*
factor, the effect of an archltectural screen on rooftop dilution
cari'be estimated. First, the stack and screen desi gn parameters
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TABLE 4
Recommended” Stack Height Reduction (SHR) Factor as a Function of Screen Porosity

Wind Direction (°) Porosity C"“ce““atl‘l"e';fsasmmem Mean SHR Factor Calculated SHR' Factor

ALL 0% Rooftop? 0.23 0.20
Downwind Wall 0.23

ALL 35% Rooftop* 0.42 0.48
Downwind Wall 0.25 -

ALL 50% Rooftop* 0.59 0.60
Downwind Wall 0.42

ALL 66% Rooftop* 0.79 0.73
Downwind Wall 0.44

ALL 100% Rooftop* 1.00 1.00
Downwind Wall. o 1.00

* Recommendations based on 0° wind direction.

¥ SHR calculated using linear fit to rooftop SHR mean. SHR = (0.0081-Porosity) +0.20.

# Rooftop SHR = (inside screen + outside screen)/2.

SHR factors were developed on the side of the building
and are also presented in Table 4. A general equation or tech-
nique for estimating concentrations on the downwind wall was

not develoned and tegted ag nart of thic etudv but i an area of

v UTVLAUPSL QUG LSt pass U1 SR & aita Ll

suggested additional research. It is expected that a similar
method could be developed.

EVALUATION OF METHOD

The method discussed in Section4 was tested using the
concentration database developed in the wind tunnel. Firststhe
minimum dilutions were calculated using an SHR = 1.00 (no
stack height reduction) as, well as the SHR calculated using

Equation 6. Next, the computed values were compared with
the observations from the wind tunnel. Figure 5 is an example
plot of computed and observed dilution vs. stretched-string

rhchnpp for 9" tegt cages u_nﬂ‘! ﬂ-\p Fn"r\unng paramptprc (1 \

0% screen porosity, (2) 0° wind direction, (3) 10 ft stack
height, and (4) 519 cfm stack flow rate. This figure shows that
the computed values with SHR = 1.00 (no stack reduction) do
not agree well with observations. In fact, dilutions are over-
estimated by an order of magnitude when a screen is present!
The computed values with SHR = 0.20 (the SHR computed for’
0% porosity screens using' Equation 6) give a reasonable
prediction of measured dilution except at small distances, as
indicated by the hump in the curve for.0 ft < § < ~12 ft. This

1.00 —— o —
080 . CiL
0.70 ~ ;
, ..8 0.60 -
B ®© oy 10
Lo gi" oo I
i = }" (%040 T ‘
- :“' -------- S{oN
TRTRN
iy ; ’ 1 T !
. L . ok R BRI A S R e
o 10 20 o 30 50. 80, 90.. 100
) j witeer o PR o *Porosﬂy(ﬁ;) o .
Al B S RUREEINE B S o
TR e ‘ ‘® SHR Factors s Llnear F‘t e .
Eig;}e4 SHR as qﬁmctzqn of;creen poroszty‘wzth lmearrcurveﬁt 2 ERRSTL VIO SIRTVS T RERPP TSN e S LR VY
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F igure 5.: Dtlutmn vs. string distdnce with Y -<2.0; all tests with the following parameters: 0% screen poroszty, 0°wmd

direction, 10 ft stack hezght 519 ¢fm volume ﬂaw

hump is duc to-the-plume height to spread,parameter hmmng
vajue (Y. §.230), as previously- discussed. -

In.order to determine-a better limiting value-for ¥, addi-
tionial analysis was undertaken. Tests from the concentration
database were grouped by the same parameters indicated
above, including tests with no screen present. Maximum
values of Y were selected from these plots using the criterion
that the curve must be a lower bound to the measured dilution
at all stretched-string distances. Table 5 lists the selected
values of Y as a function of stack height, stack exit velocity,
and screen porosity for tests with a screen present. From this
analysis, it became evident that Y depends strongly on screen’
porosity. A limiting value of Y < 0.7 was selected for use with
all screen porosities. This value was selected in order to main-
tain conservatism in the predicted dilution results. Also, an in-
depth study of Y was beyond the scope of this study.

This modified method was tested using the wind tunnel
database. Dilution values for all combinations of exhaust,
stack, and wind parameters were computed vs. string distance
using the computed SHR factor and with SHR = 1 (i.e., no

screen). The limiting value of ¥ < 0.7 was used in all calcula-

tions. Observed and computed dilution vs. stretched strmg”
distance were then plotted for all relevant cases. E R

Figure 6 is a typical plot for the 0° direction cases. This . .
figure shows that the new method provides a good estlmate of

the lower bound for dilution when the SHR factor is utilized. '+

CH-99-7:2 (RP-805)

oo,
With SHR = 1 (the originalequation in the ASHRAE Hand-
book), the dilution estimates are not lower bounds and would
not provide.conservative estimates.. - Lo

This method does not extend to-predicting dilution on the
side walls of the building. However, a method similar to the
one presented here could be developed and tested for dilution
predictions on the downwind or. side walls. Without further
research, it is difficult to predict how the plume height to
spread parameter (Y) would be affected in these locations.

CONCLUSIONS

The primary objective of this study was to quantify the
effects of architectural screens on the dilution of effluent emit-
ted from rooftop stacks. A secondary objective was to suggest
a method whereby these effects can be accounted for in the
design process. Regarding the first objective, general knowl-
edge was obtained about the effect of screens on exhaust dilu-
tion, which is discussed in detail in Carter (1997).

With regard to the second objective (the main topic of this
paper), it was found that the effect of architectural screens on
rooftop dilution can be accounted for through the use of an

,“:'equlvalent stack helght (ESH) method. An evaluation of the
“results showed that a stack height reduction factor (SHR)

could. be specified as a function of screen porosity. Using a

* computed SHR and existing equations in the ASHRAE Hand-
" book (1997) to assess the effect of the screen on rooftop dilu-



TABLE5
Height to Spread Parameter (y) as a Function of Stack Helght and Exit Velocity: Tests with Screens

0°Wind Direction - 0% Porosity

Exit Stack Height (ft)

Velocity 5 ¢ 7" 8 9" 10 1" 12" 13 14" 15 20
481 fpm 0.8 1.0 0.9 0.9 0.9 0.7 1.0 1.0 i1 1.2 0.5 0.5
1,958 fpm 0.7 0.5 0.5
3,052 fpm 1.0 0.7 0.7

$°Wind Direction - 35% ruu;auy

Exit Stack Height (ft)
Velocity
481 fpm
1,958 fpm
3,052 fpm
$°Wind Direction - 50% Porosity
Exit Stack Height (ft)
Velocity 5 15 20
481 fpm 1.5 2.0 2.0
1,958 fpm 2.0 2.0 2.0
3052fpm | 20 20 | 20
0°Wind Direction - 66 % Porosnty » f
Exit o Stack Height (ft)
Velocity s |6 | 1] s | ¥ 10 | 22 | 13 | 1w | 15 [T

1,958 fpm
'3,052 fpm

* Two data sets only.
Shaded area indicates no data.

tion, the resulting concentration at roof-mounted air intakes
can be calculated. With this information, a laboratory designer
can estimate whether acceptable concentrations will occur at
the intake.

During the course of the work, several areas of additional
research have also been identified. The study has shown that
one of the parameters used in an existing method (ASHRAE
1997) for estimating rooftop dilution (i.e., ¥) needs to be re-
evaluated. This study found that a limiting value of 0.7 works
better than the 2.0 value presently in use for cases when a
screen is present. Another area of research is estimating the
dilution on building sidewalls when screens are present. While
these concentrations are not generally the highest, a method
similar to that developed for the building roof could also be
developed for the building side wall.
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