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BESIRACT

Work carrisd out by Mattingly, Peters, Harrje and
Heisler at Princetcn University's Center for Environmental
Studies in early 1¢75 indicated that there exists signifi-
cant possikility fcr reduction of winter home heating energy
consumption through reduction cf air infiltration into the
hcme by using sheltering devices such as fences, neighboring
buildings, and tress.

In this study, a wind tunnel air infiltration model
developed ty Mattirgly and Peters is used to explore more
extensively the effects of trees in a windbreak on a model
home. It was desired to detersine the optimum planting ar-
rangement for windbreak ccnifercus trees to yield the maxi-
mumr reduction of wind-induced air infiltraticn in the home.

Results of tests determining the effect on wind-in-
duced air infiltration of the variation of various windbreak
layout parameters are presentza4d. The concept of turbulence
generation as the mechanism of tree wind sheltering is in-
troduced.

It is concluded that windktreaks are an economically
viable methcd cf reducing home energy consumption. A method
for predicting roretary savings due to the planting of a
windbreak is outlined, and an example of its use is given.,
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1. INTROCUCTION _

Studies of winter home heating energy consumption at
the Twin Rivers Plarned Unit Levelopment 1lccated in West
Windsor, N. J. have indicated that there are three ways in
which heating enerqy is dissipated into the outside environ-
ment. The three cateqories and the percentage of total heat
loss attritutable tc each are shown in Pigqure 1(1), where
the categories form prcrertionate slices in the heat loss
pie. In the "Windows" and the "Corduction - Walls and Ceil-
ing" categcries, tte heat loss rates are controlled mainly
by the thermal conductivity of the materials which form the
shell of the house, and there is only a smail dependence on
pressure and/cr velccity conditions of the air mext to the
shell surfaces.
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Walls 8

Ceiling
28.2%

Figqure 1: Hinter Home Heat Loss Categories for an Average
lvin Rivers Towbnhouse

1. Harrje, D. T. "Fetrofitting: Plan, Action, and EBarly Re-
sults at Twin Rivers", C. E. S. Report No. 29, June 1976,
Fig, 4



The "Air Infiltration" category represents in magni-
tude an average of infiltration rates observed at Twin Riv~-
ers. At ambient windspeeds of over 20 mph, the percentage
of air infiltration contributicn to total heat loss has
risen as high as 60%(2). The rate of heat loss due to air
infiltration is controlled Ly the porosity of the house
shell. This porosity is due to flcw through cracks in walls
where material is lcosely joined, through intended openings
in the hcuse shell, and directly through porous building ma-
terial.

It is undesirable to eliminate air infiltration en-
tirely in a house, as this would cut off the supplying of
fresh air tc its occufpants. Eeduction of air infiltration
is, however, a wortkwhile goal, As compared to the air in-
filtration rate represented by the 33.4% heat loss contrib-
ution fiqure given above, air irnfiltration rates 6 times as
high have teen observed in hiqh winds, and rates 1/3 as high
have been seen with no adverse effects on the occupants(3).
Thus, there is rocrm for suktstantial reduction and heat sav-
ings. Reducticn of air infiltration certainly does not pre-
clude its vcluntary increase by the occupants of the house,
by opening a window, for example.

Air infiltration is driven by a pressure drop across
the surface of a Louse. Such a pressure drop is induced in
two wavys. One is due to the buoyant effects of the house
interior air. The interior air voluse of a house is divided
into subvclures by rocms. Although ideal living space con-
ditions are nearly always thought ¢f as a uniform 68 degrees
Fahrenheit, there are a number cf small air pockets at vari-
ous points about ary rcom whose temperatures vary over a
range about the ideal one. In time, the warmer air pockets
will float up towards tke ceiling of the room, being pushed
upvard by the buoyant forces of the relatively heavier
colder pockets., Thus, a pressure gradient is set up within
the room, with bhigher pressure at the ceiling than at the
floor. If one of the rocm walls is an exterior wall, even
if there is no wind outside the house, the pressure gradient
wll draw outside air in throuqh the wall pores near the
floor and push air cut through the wall pores near the ceil-
ing. This Jlowers the net tesmperature in the house, the
thermostat cn the heater respords, and the air is warmed
back up. 9The process repeats pergpetually. This air infil-
tration due to the thermal pressure gradient has been tra-
ditionally called "the stack effect", The stack effect has
been observed to account for about 25% of home air infiltra-
tion in a wind-exposed situation.

2. Barrije, f. 8

'3, Mattingly, G. E., and Peters, E. P,, %iind and Trees -
Air Infiltration Effects on Energy in Housing", Center
for Environmental Studies Report No. 20, May 1975, p. 9
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Arbient wind conditions atout a house also induce
pressure differences across its exterior surfaces. ¥ind ac-
counts for the otber 75% of hcme air infiltration. This
study is concerned with the reduction of wind-induced air
infiltratiorn.

Trees have traditionally been used to shelter build-
ings, roads, and fields. This is especially true of the
midvestern Dnited States, wvhere the windbreak plays a key
role in agriculture. *Yattingly, Harrje, and Heisler have
shown by placing actual full-size trees in front of a Twin
Rivers townhouse, and comparing measured air infiltration
rates for the sheltered and wunsheltered cases that an air
infiltraticr reducticn of up to 60% may be achieved(4).
Mattingly and Peters predicted a wind-induced air infiltra-
tion reduction intc their 1,/48th scale model Twin Rivers
townhous2 subjected to wind conditions in a wind tunnel by
placement cf an upstream row of 2-dimensional model trees,
The usefulness of trees for <climatic protection of homes is
an established fact.

The purpose of this study is to determine how to
plant trees to afford optimum wind protection, i. e. the
maximum wind protection of a home for the number of tree
dollars sgent. This is accomplished througb simulation of
various trees/hous2 configuratiors in a wind tunnel, since
an analytic study wculd require a solution of the full tur-
bulent Ravier-Stokes equation, an undertaking of enormous
complexity (5). This study deals swith such factors as size
and thickness of trees, tree windbreak shape, distance from
windbreak to sheltered building, angle of approach of wind,
the sheltering value of leeward and neighboring trees, and
the effect cf natural gruning. A technique for applying the
experimental results to windbreak planning is given.

- an e ae oo oe D G > D > @ WD G G uD > G> @

4, Mattingly, G. E., Barrje, D. T., and Heisler, G. M., '"On
the Effectiveness of Evergreen VWindbreaks for Reducing
Residential Enerqy Consumption", CES Draft Report, August
1977

5. Plate, E. J., Aerodynamic Characteristics of Atmosrheric
Boundary Layers, AEC Critical Review Series, Oak Ridge,
1972, p. 161
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2, EXPERIMENIAL PROCEDORE

Twc types cf tests were conducted in this study.
The main thrust of the experirertal findings are based upon
tests involving a model house outfitted to measure 1local
pressure at various points on its exterior, and scale model
trees confiqured in various ways in simulated planetary sur-
face windflcw. These tests used a variation of the Mat-
tingly/Peters wind-induced air infiltration gquantification
technique tc calculate an index of wind-induced air infil-
tration called the AI parameter, The variations of this
parameter were observed over a range of tests so designed as
to indicate the effect on sind-irduced air dinfiltration of
the variaticn of a single windbreak arrangement parameter,
such as tree heigqht, house-to-windktreak distance, etc. HWhen
these tests, called the force tunnel tests after the wind
tunnel in which they were perforwed, indicated that there
might be a rarticularly interesting phenomenon behind a par-
ticuler AI result, a smoke turrel test was conducted on a
similar house and tree configquration to visually identify
the phenomenon.

2.1 SMOKF TUNNKEL IESTS

The smoke turnel tests were conducted in a three-di-
mensional smoke study wind tunbpel, designed to provide
smoothly flcwing air. In these tests, a house and tree con-
fiquration was placed in the smoke tunnel, and the wind was
turned on. Then, by means of a non-obstructive pipe with
three small nozzles, a flow of vaporized kercosene smoke was
introduced into the airstream at scme point of interest. By
observing the shape of the smoke stream formed, it was pos-
sible to determine the path of the streamlines which passed
through the point <c¢f smoke intrcduction. The best medium
for the presentation of the qualitative information obtained
from these tests is photography, so the smoke tunnel experi-
mental installation included a Pclaroid camera tc¢ photograph
the tests., Photographs of key effects are exhibited in the
text as aprropriate. A sample test photograph is shown in
Fiqure 2. . S

In this report a photograph of dark colored houses
and trees depicts a srmoke tunnel test, while a photograph of
light colcred houses and trees depicts a force tunnel test
confiquraticn.



Figura 2: Sample Smoke=-Tunnel Test Showing Model House,
Tree, Samcke Rake and Strean

Fiqure 3: View cf Porce Tunnel Testing Area



2.2 ORCE IUNNEL 1ESI1S

The fcrce tunnel tests were so called because they
were conducted in tke2 Princeton University Subsonic Labora-
tory 3.5 x 5% Y“Force' wind tunnel. This tunnel has a con-
traction ratic of 5 and a maximum windspeed of over 100 mph.
To save wear and tear on the tree models, the tasts were
conducted at 65 mrh(5). This tunnel is particularly suited
to the simulation cf planetary boundary layer flow due its
large turnel-to-model~streamwise-cross-sectional area. This
means that the air is compressed relatively little in pass-
ing around the model so the velocity in the model vicinity
the tunnel cross~sectional ar=a. A picture of the tunnel
testing area with mcdels in place as seen thrcugh the opera-
tors windcw is shcwn in Fiqure 3. Windflow is from right to
left,

A 4 foot wide, 374" thick plywood ground plane ran
the length cf the test area. The house model was mounted in

the downstiecar test section area. It was constructed of
/74" plywccd, and was a 1/48th scale model of a simple two-
story house with a gabled roof, A closeup cf the house as

mounted on the grourd plane may ke seen in Figure 4,

Fiqure 4: Clossup of Model House Mounted on Ground Plane

o G G G W W G W W D W D G WD D

6. For velocity similitude analysis, sce section on Simili-
tude.,




The house was fitted with 66 pressure taps mounted
in the walls and rccf as shown in Figure 5, where each dot
represents a presstr2 tar with associated surface area. The
dimensicns c¢f the hcusa model are also shown. The air tubes
connected tc the rressure taps rascsed to the exterior of the
wind turnel via a hcle in the ground plane and tunnel floor
beneath the house mouating positicn. The lines are con-

‘. necteu to’ a manometer “board adjacent” to the “wind tunnel.
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Fiqure S5: Plan View of House Surfaces Showing Location of
Eressure Tars



Tunnel dynamic pressure wvas measured by a Pitot tube mounted
20 model feet (7) aktcve the ground plane, 280 af upstream of
the house, and 70 rf off tunnel center. A reference static
pressure as measured by a tap located in the test area side
wall 40 mf above the ground plare and 120 mf laterally dis-
placed frcm the house. Tunnel pressures were also repre-
sented on the mancmeter board. Figure 6 shows a sample
testing setup with th2 locations of the reference tap and
Pitot tube.

In order tc facilitate rapid collection of the many
manometer toard readings, a general-purpose photographic
collection system was devised. A high —resclution Graflex
portrait carera was fitted with a Folaroid film back. This
-camera was positicred so that the film plane was parallel
with the plane of tbe manometer tukes, as shown in Figure 7.
In running a test on a given confiquration, when the manome-
ter columns were stabilized with the windtunnel —running at

| Vel.

8 <

- Side View

#ef Yap

———

Sop View

Fiqure 6: Sample Test Setup Showing Locations of Pitot Tube
and Reference Tap

7. 1 model foot [mf] = 1/4 inch, or 1 foot scaled by 1,/48th.



simultardecusly on Pclarocid typ2 47 tilm, A sample tast re-
sults photcqraph is shown in Fiqure 8.

Figure 7: Mancmeter Bocard and Recording Setup

Fiqure 8: Sample Test Results Photograph

- 9 -



These rhotcgraphs were '"read" using a Tektronix 4954
Graphics fTatlet system. Using ar ordinary bigh intensity
opaque prcijector, an image of each test photcgraph was pro-
jected ontc the graphics tablet, a large plane surface
equipped with a scrt of radar system for the finding of
poiuts on the plane. Using a special cursor that is inter-
faced electrcnically withk the graphics tablet, the user
points out on the surface of the tablet a location to be
marked, and presses the "mark" Lutton on the cursor. Th=
point is ncw said tc be digitized. The tablet electronics
determine the x,y coordinates cf the point, and send them
through a time sharing terminal to a coaputer. A picture of
the graphics tablet sys*erm in use, here collecting the loca-
tions of tus stops in a largs city, is shown in Figure Y.

By digitizirg a series of reference pcints to aid in
calculating scale ard orientaticn, and then the tops of the
manometer alcohol cclumms, it is possible tc calculate the
relative heights c¢f these colurns and hence the relative
pressures, The grcbaple error (8) introduced du= to the use
of this data processinj technique was <found toc be less than
1%

Figqure 9: Graphics Taklet System in Use

8., the defined statistical index.



Prcr these data three types of results were calcu-
lated using the methcd of Mattingly and Peters(9). . The
pressure on the hcuse interior, presumed to be uniform
throughout, is calculated as a weighted average of the exte-
rior wall pressures, using the external wall ar=as associ-

ated with each tap as weighting factors. That is:

ftaps
Z P
_k=1 " P
Pint #ftaps
z
k=lAk

-

where A(k) is the house surface area associated with pres-
sure tap k, and p{(k) is the pressure of that tap, minus tun-
nel reference static rressure. :

The pressure coefficiznt with respect to the inte-

rior pressure for each tap is given ty:

vhere p(dyn) is +the dynamic pressure as determined by the
Pitot tube. These fressure coefficients are plotted against
their house surface lccation for each test in an auxiliary
reference qiven belcw (10) . This document will be referred
to in this rerort as the CTED. The method fecr interpreting
the plots in the CTED and a sarple data page for test 1 are
given in Agppendix 3.

9., Mattingly and Peters, pp. 28-29, The only significant
extensicr is that the house surface was divided up into
66 subsurfaces, 1 subsurface per pressure tap, instead of
considering each wall as one surface and averaging tap
pressures for that wall. Each area of surface of the
house that actually conmunicated through a simple wall to
the interior (i. e. excluding the roof overhangs) wvwas as-
signed tc the nearest rressure tap on the same surface.

10. Buckley, C. E., "A Catalog of Test Pressure Coefficient
Distributions for Use W®With Oftimum Use of Coniferous
Trees Study", Center for Environmental Studies Draft Re-
port, January 1¢78




Lastly, the Al pararmeter is gived by:

M +

I <cpt> “k
k=1

. AT =
char

That is, AI is a weighted summation cver all M taps
vhere M is the number of taps whose Cpi is positive. A (char)
is a characteristic area of th2 model, here chosen to be the
area of the front wall.

The AI parameter is a dirmensionless index of the
propensity cf a given model house to be subject to wind-in-
duced air infiltration, and is controlled by the distrib-
ution of the approaching wind. If similitude requirements
are met (11), AI sbould be independent of windspeed. AT
should not be confused with actual air infiltration, which
is caused ¢ty wind and the stack effect, and is given in
units of volure flcs, such as cutic feet per hour.

AI rarametars for each test run are listed in Appen-

dix 1.

2.3 SIMIIITUDF

The principles of modelling similitude were care-
fully adhered to in prevaring the force tunnel tests. All

practical similarity requirements as outlined by Sadeh(12)
¥vere met.

Gecmetric similarity was attained through careful
scale modelling of house and tree elements. In accordance
with tree similarity requirements as described by R. N. MNe-
roney (13) , drag characteristics were also matched between
model and full-scale by varying the wrapping density cf the
trees as described in the secticn_on trees, belovw.

11. See section on similitude, Lkelcw.

12, Sadeh, ®Rilly Z., "Weather-Climate Modeling for -Real-Time
Applicaticns ir Agriculture and Porest Meteorology",
Preprints frorm Thirteenth Conference on Agriculture and
Forest Meteorolcgy, West Lafayette, Indiana, April 4-6,
1977

"13. Meroney, R. N.,, "Characteristics of Wind and Turbulence

in and above Hodel Forests", Jcurnal of Arplied Meteorl-
oqy, VY. 7, p. 780



-
=
(L]
—
[ v}
b =
| ¥
>
-y
-
- -
-l
1]
[

1.5 l.B

1.2

Kinematic similarity was achieved through matching
the scaled velccity profiles and bhence roughness heights of
upstream terrain between rrototype and model., Fiqure 10(14)
shows a fplct of the two profiles non-dimensionalized by
properly scaled reference heights(15).

Dyramic similarity is ret easily. Minimum Rossby
and Reynolds number requirements were met. The Reynolds
number of the full-scale situation is 2,170,000. The corre-
sponding mcdeling keynolds nurmkter is 300,000, Both are

g;eater than 100,000, thereby satisfying the Sadeh crite-
rion.

POINTS=TUNNEL
LINE=FULL SCALE

i I} 4 A N "

-4 -8 1.2 1.6 2.0 2.4

RELATIVE VELOCITY

Figure 10: ©PFull Scale and Tunnel Boundary Lay=rs
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14, full scale data provided by. and used with permission of
Dr. G. E. Mattingly

15. i. €. the model reference height is 1,/48th of the full-
scale reference height.



Richardson rumbers are essentially zero.

Therral similarity is met easily on the house exte-
rior where, due to the high flow rate, 1low stratification
nature of the wind ccnditions, toth model and full-scale

2.4  TREES

The modelling cf trees in this study to correctly
simulate full-scale wake and draq coefficients was based on
the assumgticn that the rajority of the drag of a tree is
caused by its foliaqe and small branchwork, which is concen-
trated around the cuter part of the tree crcwn. This is
considered a gqood approximatior since as inner foliage is
shadowed by outer foliage as the tree grows, it atrophies
through lack of light (intclerance). This tree modelling
approach was used by Fraser(16).

A survey of spruce and cedar trees in the Princeton
area was made, and the silhouettes of representative mature,

open-qrcvn trees sere reccrded. These silhouettes are given
in Appendix 2. Spruce and cedar trees were selected on the
basis of their hiqh fcliage - density, even foliage distrib-
ution, and high toclerance. :

The tree shapes were =scaled by 1/48th and to the
model tree height desired, and these shapes were then trans-
ferred ontc stiff cards. Th2 tree areas were cut out of
these cards. Dep2nding on the trunk thickness needed, ei-
ther stiff steel wire or aluminum 1/4 inch round stock was
used as a tree trurk, and on this trunk were placed wire
mesh platters spaced one inch apart. The radii of these
platters were such that when mounted on the trumk, the plat-
ters fit through the silhouette of the tree shape card with
a sixteenth inch clearance on either side. B platter sepa-
ration of cne inch was chosen because it yielded a drag
coefficient of apprcximately .18, which is small compared to
total tree drag.

Knitting yarn was wrapped vertically around the tree
so that the yarn ccverage per unit area was constant over
the entire crcwn surface. variation of the yarmn wrapping
density determined the drag coefficient of the tree. The
drag coefficient of a particular wrapping density was deter-
mined experimentally using a platfors balance in the wind-
tunnel. A detailed drawing of a tree mounted on the plat-
form balance is shown in Figqure 11, A photograph of a tree

being checked for shape fidelity is shown in Fiqure 12.

16. Praser, A. I., and Ralshe, L. 0., "Wind Tunnel Tests on
a Model Forest”, National Physical Laboratory (U. K.)
Aero BRerort /1078, Octoker 1973, p. 3




Top Yarn Retaining Pin
/////Z/inch 20swg Wire Platters

Wire Trunk
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i s
Mounting Arm to Cutaway to Show Trunk Access
Balance showing Hole (oversize)

Set Screw

Fiqur= 11: Detailed Drawing of 11ree Mounted cn Force Tunnel
Flatform Balanc= to LCetarmine Drag Coefficient

It was decided on the tasis of shape that the trees
best suited to windbreak use of thke ones surveyed were the
Colorado srruce (Picea pungens Engelm.), Norway spruce (Pi-
cea abies L.), ard Atlantic white cedar (Chamzecyparis
thyoides 1.). These all have approximately the same shape,
and were thus represented in the study by the Ncrway Spruce
shape. PFor studies of the effacts of tree underpruning, tha
shape of an eastern red cedar (Juniperus virginiana L.) was
used.

Most tests ware conducted vwith trees 25 model feet
tall, as this was vary near the heiqght of the house. How-
ever, trees of other heights were constructed as appropri-
at=2, The rcrwinal draq cofficient cf the trees was chosen to
be .53 after the full-scale wirdtunnel studies of spruce
trees conducted by FRaymer(17), ktut trees of other drag coef-
ficients were constructed as needed. A picture of the bat-
tery of mcdel trees wused in the force tunnel studies is
shown in Fiqure 13,

17. Raymer, W. G., "Wind Resistance cf Conifers", National
Physical Laboratcry (U. K.), hero Report /1008, April
1962, Table 1.






3. RESULTS

In view of the large number of tree and house con-
fiqurations that could conceivatly be tested in search of an
optimum ccnfiquraticn for wind protection, series of tests
were devised to detarmine the effects of variation of one
particular rarameter in a housestree configuration, by vary-
ing this cne parameter and holding all others constant.
Those saeries of tests which were performed are described be-
low, along with the results of those tests., The numbers
following the name of each series refer to the test runs
from which the results wexre drawn, They are includ2d4 as a
cross reference feature in case the reader desires to exanm-
ine the actual pressure coefficient distributions in the
CIPD, or the AI valuas listed by test in Appendix 1.

3.1 HCUSE ALCNE SERIES = (1,2,3,4,5,6)

The house was tested by itself in the windtunnel at three
angles tc provide <control readings for comparison with
tree/house readings. Also, thes independences of the AI par-
ameter on tunnel windspeed was testad.

Air striking a house stagnates on its windward wall,
and forms a high pressure vortex there as snown by the dense
cloud of smcka in Figure 14, Windflow 1is frem right to
left. The air must bleed away tc satisfy continuity, and it
dozs so, with a greatzar prcpensity to flow around the side
walls than cver the windward rcof, due to the presence of
the eaves, This 1is evidenced Ly Figure 15. Also, air
pressur= on the windward wall is hiqher at the center than
at the sides due to the Bernoulli effect of the air rushing
around the ccrners(13).

‘ The behavior cf air flowing around “‘he side walls of
the house is demonstrated Ly the two-dimensicnal samoke-flow
pattern shcwn in Figure 16, The important factor here is
that the flcw 1is separated from the side walls at the wall
corners, creating an area of low pressure on the side walls.

18. CTPD, test 1



Figure 18: Stagnation Zone cn Windward ¥all of House

Fiqure 15: Dispersal of Air from Front Wall






Fiqure 17: Manifs

station of Slow Pressure VYcrtex on Side
Wall of Hcuse
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Supply to Downstream Wall



The strearlines that s=2parate from the side walls of
the house in Fiqure 16 continue in a cohesive manner down-
stream. This shows that the air flowing across the down-
stream (leeward) wall is supplied from the low pressure re-
gions adjacent to tha side walls, This is shown in Figure
18, a view of the downstream part cf the kouse from above,
wh2re air «c¢ff the side walls curls into flow across the
downstream wall, Finally, +the air on the downstream wall
migrates ur over the downstream <€aves to the downsream rootf
where it is sheared away at the rooftree by airflow over the
top of the house, as shcwn in Fiqure 19. This airflow sepa-
rated fror the roof of the house at the rooftree(19).

o T R NG A

B

e e, G

Fiqure 19: Migration of Air from Downstream Wall to
Dcsnstream Rocf and Away
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19, The rooftree is the uppermost ridge of a pointed roof.



When the calculations as described abeve are carried
out, it is found thkat the areas cf greatest interior-exte-
rior pressure differential are located in the upstream wall
where pressure is hkighly positive (greater on the outside
than on the inside), ard on the upstream rocf and upstream
parts of th2 side walls, where fpressures ar= hiqhly negative
(greater inside than out). The pressure differentials on
the downstream walls, roof, and downstream parts of the side
walls are small in comparison to th2 upstream values, and do
not contritute greatly to wind-induced air infiltration.

Hernce it is ccncluded that air in- and exfiltration
occur primarily throuqh the windward surfaces of a house.
This is seer in the rressure coefficient plot found in Ap-
pendix 3.

AI is increased scmewhat when the house is angled at
45 degrees with resg2ct to the windflow(20), since the down-
stream rocf panel is subject tc some high-sreed flowby of
air just as is the upstream roof panel(21). 1In the 0 degree
or normal case, the downstream roof was protected trom this
flow, which tends tc cause exfiltration through the surface,
by the upstream presence cf the rooftree discontinuity. The
rooftree caused the flow to separate in the 0 degree case,
as shown in Fiqure 19, but not in the 45 degree case.

With the house argled at 90 degrees, the same ab-
sence of rcoftree frrotection trings high-speed flow along
the roof surface and therefore greater air exfiltration
through the rcof. However, the reduced frontal area of the
house pcsitioned sc that its snmaller walls lie windward and
leeward tends to cffset the increase in AI through the roof.
Although there 1is soma2 flow off the roof onto the leeward
wall, as shown in Fiqurs 20, the leeward wall pressure re-
mains very clcse tc hcuse intericr pressure.
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20, A£'0 aéqrees, the front wall plane, rear wall pléne, and
rooftres line are perpa2ndicular to the directicn of

windflcw,

21. CTPD, test 2



Fiqure 20: Flow cff Foof into leeward Area with House at 90
Degrees

The lccaticn of the rocf panels in the tests per-
taining to the akcve discussion can be seeu in the plan
views of the hcuse alcne tests conducted at ths three angles
as shown in Fiqure 21, along with the AI values calculated

from each test. The house is at 0 deqrees, or facing nor-
mally, in the left hand frame. Thke line across the top of
the house is the rccftree, The angle of the house with re-

spect to the wind bas very little bearing on AI: the Al's
for the three angles did not vary Ly more than 15% of the
smallast value.

~HIND +~HIND +HIND

il o =

Al= {.020 - RAIs 1,189 fle 1,065

Fiqure 21: Plan Views of House Alone Tests at 0, 45, 90
Degrees With Resulting AI's




The three "house alone" test AI's measured at vari-
ous windspeeds shcw orly a very srall inverse dependence if
any at all cn the tunnel windspeed. The standard deviation
from the mean (assuming random distribution) is 1less than
1%, and the AI valu=s ranged over U4.5% of their mean for a
50 mph windspeed variation. Therefore, it was concluded
that variations in the AI parameter are indicative of varia-
tions in wind-induced air infiltration regardless of the anm-
bient windspeed ercountered, <cver the windspeed range one
would expect in a full-scale situaticn.

(1 THEOUGH 24)

3.2 SINGLE TREE SERIES

A single tree was placed directly upstream of the house at
varying distances, and at a constant distancs upstream while
varving lateral displacements frcm directly upstream, to de-
termine the sheltering effects c¢f a single tree for use in
special aprlications.

Thes2 tests show quite well the mechanisn whsreby
trees provide wind shelter. Figure 22a shows a stream of
smoke released in the smoke turrnel with nothing in its path.
Fiqure 22b shows what haprens when, without mcving ths smoke
rake, a srruce tree with a standard drag coefficient of .53
is placed in its frath. The sroke stream is not noticeably
deflected, and flcw immediately downstream c¢f the tree ap-
pears the <came. Ey the time the smoke is about 45 model
f2ot downstream(22), it is roving visibly slowsr. Small
scale, side-to-side turbulent mction of the air is greatly
increased. This is imrportant. These tests indicate that
trees do nct afford protection so much by deflecting wind-
flow, Lbut rather by allowing flcw to pass through the tree
CLOWN. Ir the crown the air flow is randomized through fo-
liage friction, so that as flow passes further downstream,-
its turbulence and randcm velocity increase, with 3 result-
ing decreas¢ in net flow velocity. Tkis results in reduced
air pressure when the flow is stagnated on downstreain ob-
jects such as houses,

22. Each rcw cf dots represents 15 model feet.
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{b} -~ Smckestream with Normgal Drag Tree



(c) - Smckestream with High Drag Tree

Fiqure 22: Mechanism of Tres Wind Sheltering

A single tree was constructed with an unresasonably
high drag ccefficient of .92 and placed in the smokestrean
described atcve. The resuvlt is shown in Figure 22c.

Here there is scre flow deflecticn such as would be expe-
rienced with a bluff body cr a dense row of trees such as
those described in the hedgerow tests below. A single tree

ith such a draqg ccefficient will not normally bLe found in
nature,

Fiqure 23 shows a plot of AI parameter over distance
upstrear frcm the windward house wall for a single tree of
normal draq. The range of maximum effect is 45-120 mf. The
maximum AI reductior is 30% at 60 rnf. With the tree closer
to the house, the protecticn afforded is less since the tur-
bulence of the air flowing out <c¢f the tree has not been
fully d=svelcped. Further away than 120 mf, the effective-
ness of the tree is reduced as air flowing through the tree
remixes with air flowing around the tree before it reaches
th2 house. With th2 windbreak located far from the house,
the shapes of the gressure coefficient distritutions appear
very similar to thcse of the house alone. At distances of
low AI, air infiltration is reduced primarily due to a
localized reducticn c¢f pressure o¢n the windward wall di-
rectly downstream cf the +tree, with accompanying reduction
of the pressure drawdown on the wupstream portions of the
roof and side walls (23) .

23. CTPD, tests 9-13




AIR INFILTRATION PRARAMETER
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INFELTRATION PARANETER

RIA

1.20

.28 .48 .68 .80

.09

Fiqure 24 rlots Al parameter for a single tree as it
is maintained at a constant upstream distance from the
house, and displaced laterally (24). The curve shows simply
that a single tree influences o¢nly what is directly down-
stream of i¢, When the tree is laterally displaced only 20
mf from directly upstrear, it is as if no tree were protect-
ing the hcuse at all. The frcnt vall of the house facing

normally is 35 mf wide., Half cf this is 17.5 mf, so at 20

mf of.lateral displacewment, the tree is just barely out of
the windflcw corridcr in which the house lies.

/

-} 10 4 30 4o

LATERAL DISPLACENENT IN HODEL FEET

Fiqure 24: Plot of Single Tree AI over Lateral Displacement
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24, CTPD, tests 18-24




3.3 DISTANCE AND REPEATABILITY SERIFS - (25 THROUGH u41)

Mcdels of a row of open grcewn trees and a row of
trees grcwn together in a hedqercw were tested at various
distances upstrear cf thz2 house to determine the change in
effect cf these rows with house-tree distance, and to com-
pare the effectiveness of a traditional, <closed-style wind-

break with the more econcmical cpen row. Also, the open row
tests were run repeatedly on <separate days with different
trees constructed in the same wmarner to determine the re-
peatability cf the experimental methods used.

Fiqure 25: FPicture cf Open Row Confiquration

In the open rcw tests, whose configura*ion is pic-
tured in Fiqure 25, the shapes of the pressure coefficient
distributiorns resenrble the shape of those for the house
alone, alttough the pressure drops across the surfaces are
not as great (25). This is reascnable when one considers
that in the open rcw tests there is a uniform barrier up-
stream cf the house, as opposed to the point barrier charac-
teristic of the singqle tree,

25. CTPD, tests 25-35 as cormpared with test 1
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RIN INFILTRAATION PRARAMETER

.20 .10 .60 .80 1.00 1.20

Figure 26 <cshows a plot of the AI of tests of the
open rcv fcsitionzsd at various distances upstream of the
house. The very same reduced effectiveness at near dis-
tances that was seen with the single tree (Fiqure 23) is
present here, but the reduction at far distances takes ef-
fect more slowly ard to a lesser extent as the trees move
out. This is simply due to the fact that more directed ki-
netic enerqy in the airflow has been converted +o random
turbulent energy. Since the quantity of unaffected air
flowing adjacent to the windbreak path of effectiveness is
not increased, it takes longer fcr this fr=e flowing air to
remix with air which flowed thrcugh the windbreak.

|
|
|

o 50 100 158 4.1,

DISTANCE IN MODEL FEET

Figure 26: Plot of Cpen Fow AI over Distance
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The reducticn of AI duz to the open row at the dis-
tance of paximum influence of 75-110 wmf is attributable
mainly to reductions in pressure drops across thz windward
wall, and windward ends ¢f the side walls and windward
roof (26). The maximum AI reduction acheived is 40%(27) at
90 mf, This is orly a srall irprovement over the single
tree, but inasmuch as the open rcw is effective on winds
approaching frcm a range of directions, such a comparison is
unfair. The comparison does highlight the fact that the
amount of windbreak protection a hcuse receives is dependent
only on the trees directly upstream of the house when the
wind is blewing,

Fiqure 27: Ficture of Hedgercw Configuration

26, CTPD, tests 29-30

27. Percent AI reduction is defined to be the percentage of
unprotected house AI (for the house oriented at a par-

ticular angle) elirinated Ly the placement of a given
tree ccnfiquration,
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RIR INFILTRATION PARAMETER

Fiqure 27 shows the hedgerow confiquration, and Fig-
ure 28. plcts the AI of a hedgqerow over house/tree distance.
The salient feature of a hedgerow (as compared to an open
row, 1in which there is space ¢Letween trea2s) 1is that the
crowns cof thke trees ccmprising it have grown tcgether. &ith
a hedgerow, cne sees th2 same reduced effectiveness with the
windbreak row closs to the house, but as the windbreak is
planted far from the house (>150 =wmf), there is no apparent
increasing I tsndency as distance increases. This means
simply that a longer distance is required for ths air down-
stream of the windlreak to rerix with with unaffected air
flowing adjacent to th2 windbra2ak stream of influence, sinc=
the hedqgerow greatly reduced the directed kinetic enerqy of

1.20

1.00

.60

.ILU
ZT
o/

.20

.00

e 50 188 156 200

DISTANCE IN MODEL FEET

Fiqure 28: Flot of Hedgerow AI over Distance
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the wind striking the hcuse, In fact, there was such an
enerqgy reduction that the air flowing off *the windward wall
was moving sc slowly as not tc cause significant pressure
drawdown at the windward wall edgqes, such as was the case
with the ofren row and single tree(28). Maximum AI reduction
achieved was 70% at 120 mf. A direct compariscn of flow
charactaristics behind a hedgerow to no-tree flow character-
istics can te seen in Fiqure 29,

Figure 29: Comparison of Sheltered Flow with Unaltered Flow

The hedgercw ccnfiquration provides a small excep-
tion to the earlier statement about the non-flow-d=flecting
characteristics of naturally occuring trees, Figure 30a
shows smcke flcw througn the tops of an open row, while Fig-
ure 30b shows smoksflcw over the tops of a hedgerow. This
deflecticn occured for all tree rows in which tha tree
crowns had qrown tcgether. Even with the extremely Jdense
hedgerow ccnfiquration, however, deflection was found to be
very small. It was ccncluded that for the sccpe of residen-
tial applications c¢f windtreaks, trees affcrd protection
mainly thrcugh turbulence generaticn.
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28, CTPD, tests 37-41 compared with test 1 and tests 25-35
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{a) - Kcn-Deflected Flow over the Top of an Open Rcw

{t}y - Deflected Flow over the Top of a Hedgerow

Figqure 30: ¥Flow Deflecticn Comrarison over Various Types of
Wirdkreak ERowus




AIR INFILTRATION PARAMETER

The open rcw Al versus distance tests were conducted
on twvo sefarate occasions - with different tree models
constructed by identical methods.

Superinmpcsed plots of these recsults are shown in Figure
31.. Clearly the results are sutstantially the same. The
AI mean standard deviatior among all the data shown is .09%,
yielding a frobabls errcr of .06%, which is very low,
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Fiqure 31: Repeatakility Tests - Cpen Row AI over Distance

3.4 HOUSE
(

ANGLE
1,2,3.4
The house was tested at three angles behind an open grown
rov and hedgerov windbreak. These results were compared
with the Hcuse MAlcne Series results to determine if the
ability of a windtr2ak to reduce air inrfiltration depended
on the angle of the house behind it.
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NOAKALIZED RIA INFILTARTION PARM.

Pigure 32 <shows tests run with the house at three
angles behind three different kinds of sheltering condi-
tions: no trees, open row, and hedgerow. The AI figures for
each run vere normalized by the Al figure for the house fac-
ing normally for each of the shelter conditions (at 30 mf).
The graph <schows that between the house alone and the open
row, the effect cf rotating a house behind a windbreak is
just a linear cormktination of the effects c¢f placing the
house behind the windtreak and rotating the bouse, both as
explained befcre, For the hedgerow, wind velocity down-
stream of the trees has been so slowed that the contribution
to AI o©f air being drawn out c¢f the house by air flowby
across a wWall or rocf surface is irsignificant. AI appears
only to be a functicn of form draq cf the house, which de-
creases as angle increases. Fiqure 33 is a picture of the
house angled at 45 deqrees behind a hedgerow.
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Fiqure 32: Norralized AI over House Angle for 3 Cases




Figqure 33: Hcuse at 45 Degrees Behind Hedgerow

3.5  SIDEWAYS EXTENT SERIES $47,48,49,50,51,52)

—
il:
cl

An open row and a hedgerow of +trees were tested at a con-
stant distance of 30 mf upstrear of the house with incremen-
tal numkters of trees remcved from the ends of the house to
determine the protective value cf windbreak trees not d4i-
rectly upstream of the protected building.

- o > was w

This series simply reaffirms the statement made ear-
lier with reqard to the single tree, that trees only shelter
what is directly dcwastream of them. Fiqure 34 shows a plot
of AI over windbreak row length for a hedgerow. The plot
shows that reducing the length of the windbreak down to
slightly lcnger than the front wall of the house, whose
length is 35 mf, has nc effect. Again, longer windbreaks
are useful in that they provide protection c¢ver a wider
range of wind apprcach directiorns.



AIR INFILTRATION PARAMETER
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Fiqure 34: Plot of Hedgerow AI over Windbreak Length

3.6 DRAG SFRIES - (46,53,54,5

18]
ltn

EL))

A row of trzes of varving draqg coefficients but with identi-
cal shape, spacing, and heighbt was tested to determnine mar-
ginal change c¢f wind protectior with tree drag, a concept
that is often discussed in the literature (29).

The seriss yields an intuitively predictable result;
Al decreases as the drag coefficient of the trees used in
the windbreak increases. Figuie 35 shows this qraphically.
Th2 confiquration used for testing was the open row. A pic-
ture of the draq test setup for .92 drag coefficient trees
is shown in Fiqure 36, With trees of very high draqg coeffi-
cient, smwall amounts of flow d=flection were ckserved.

29. Meroney, R. N., p. 780

166



AIR INFILTRATION PRRAMETER

1.2

1.6
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Fiqure 35:

Fiqgure 36:
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DRAG COEFFICIENT

Flot of Cpen Rcw AI over Tree Drag Coeffiicient
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AIR INFILTRATION PARAMETER

3.7 LATEEAL SPACING EECIA
53,80

(46,49,27,38

—— e e

LATEEAL SPACING (S
14

A row of trees was tested at constant distance upstream var-
ying the lateral +flanting densities from a very dense hed-
gerow to a sparsely planted open row, to determine the mar-
ginal gain attributable tc planting denser windbreaks.
This series also confirms an intuitively reasonable
AI decreases as windbreak row planting density (in
where the trees are all
This is graphed in

concept;
trees per nrcdel foct cf row length,
of standard drag coefficient) increases.
Figure 37. The inflecticn point in the otherwise linear
curve occurs when adjacent trees are spaced so that tree
crown tips are just touching. This is also intuitively rea-
sonable. roving cfpen grcwn trees closer together linearly
decreases the treeless crcss sactional area between them at
a constant rate. Cnce the tree crowns have begqun to merge,
this rate teqins tc slow as the cross sectional area of each
tree baccres effectively smaller as the trees are moved

1.2

1.0

“O\

*.03 .05 .07 .09 A1

WINDROW DENSITY IN TREES PER MODEL FOOT

Fiqure 37: Elct of AI over ¥Windbreak Row Density



AIR INFILTRATION PARAMETER

closer toqether. This lost cross-sectional area is not made
up by increased 1lccal draq coefficient in the merged area;
the foliage there withars through intolerance. Thus, plant-
ing trees with merged crowns is relatively inefficient when
one considers the additional rumker of +trees required to
cover a given windbreak row lineal footage.

3.8 HEIGHT VARIATICN ANLC FOW STAGGERING SERIES
(46,62 THROUGH 70)

Trees of the same type and varying heights were tested to
determine the marginal effect of increased tree heights.
These tests were ccrducted with the trees planted in both an
in-line and staggered windbreak row, to determine the d4dif-
ferences in protecticn affcrded bty the two glans, and if
such differences varied through the growth cycle of a tree.

The results of this series are also reasonable, As
trees grow taller amnd therefore larqger all arcund, the AI of
structures frctected by them decreases. This is shcwn in
Figure 38, :

o
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«=STRAGGERED|

*1$ -4 2s 30 35
TREE HEIGHT IN MODEL FEET

Figure 38: Plot of Al over Open Row Tree Height
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As is shown in Fiqure 3¢, when the trees were stag-
gered for the staqgered versus non-staggered comparison,
lateral row density was held constant. That is, every other
tree in the row was simply moved 15 mf upstream. In keeping
with the idea that tress do not deflect but merely slcw air
passing thrcugh them, no appreciable difference exists be-
tween the staqgered and non-stagger2d cases. This is of mo-
mentous imfort as it allows the windbrezak planter to space
trees in the direction of the oncoming wind at will, or per-
haps as needed to meet light-and-air ordinances, which are
now in effect in many communities (30). :

Figure 39: Ficture of Staggered Row Test Setup

30. One example are the ordinances of Princeton Township,
Mercer County, Kew Jersey.
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3.9 INZEEPENTAL ECW SERIE

tn

The effect cf double and triple row
windbreaks with and withcut side staggering of the second

row were tested for comparison of performance with single
row windbreaks.

These tests, vwhose plan views are shown in Figure
40, show twc trends. First, starting from the center panel
and proceeding down the left-hand side of the figure, it is
apparent that extra rcws of trees do reduce AI, Proceeding
from ths center dowr the right, it is shown that staggering
alternate rcws imprcve protecticn row for row. These re-
sults are e€xcellent lé¢éqgical extensions of the idea that the
protecticn tc a building afforded by tre=s is related first
and formost to the amcunt of tree foliage between the shel-
tered building and the oncoming wind.,

i m§ nf:
DE ' D

Figure 40: Incremental Row Tests
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3,10 UNDERPRUNIN

1.8

G2

SERIES - (15,16,71,18,19,80)

e & e

A row of trees without lowver branches was tested, varying

trunk lengths below the crown. These trunk lengths varied
from 20 fecet longer than naturally occuring to no trunk be-
low the crcwn at all. The purpcse of this series is to de-
termine the usefulness of raised canopy trees as windbreaks.

Fiqure 41 =hovws how windkreak trees withdut lovwer
branches decrease @Eg;t p;ctection as the tree <crown sepa-
rates from the ground (longer trunk). Indeed, for tree
crowns grown together whose bottces are very nearly the same

‘heiqht as the rcof cf the house, a deleterious effect may be
seen,

1.2
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Figure 41: Plot of AI over Excess Trunk Height



The reason for this is demcnstrated in Figure 42,
In Figqure 42a, one sees a smoke trace of air flowing over
the front rcof panel of a house with no trees, Figure 42b
shows what happens when, withcut moving the smoke rake,
trees are put in rlace whose m2rged crowns selectively abate
¥ind striking the windward roof, and deflect air slightly
onto the windward wall. The net effect of this is that the
net velocity cf the air as it flows of the windward wall is
more upward, increasing separaticn off the windward roof, -
which increases the pressure drcp across that surface. This
phenomenon is verified by the pressure coefficient distrib-
utions in the CTPL(31). This condition is further aggra-
vated by rnroving tke crecwns five feet downward to nmore
squarely blcck off air to the windward roof, as shown in
Fiqure 42c..

Fiqure 43, cn the other hand, shows the most favora-
ble test cf the Underpruning Series, the test with the tree
crowns located as close to the ground as possible. In this
case, a staqgnaticn zone has built up from the house to the
trees. Thus, flow that would normally strike the windward

vall flows neatly and smoothly over the roof. This test
shows by far the lcwest frcnt wall pressure of any in the
series. Such an arrangement, which gives a reduction simi-

lar in magritude tc the open row while beingy cf less stature
and closer tc the house, indicates how low-profile wind-
breaks such as hedges of bushes might be used.

31. CTPL, tests 75-78



{a) -~ Flow Cver Windward Rcof With No TIr=aes

{b) -~ Separated Flow Over Windward Roof with 20 Poot Excess Trunk



{c) = FKcre Separated Flow with 15 Foot Excess Trunks

Figure 42: Flcw Seraration Witk Increased Bare Trunk Height

i i i House Using
ure 43: Lauanching of Hlndflgw.over
Fau Low-Frcfile, Close Proximity Trees



3.11  PORE/AFT SERIES - (46,81,82,83)

The effects of a seccnd rowv of open grown trees at various
distances dcwnstream of the house in conjunction with a row
of trees located upstream of the house were examined to see
if low pressure conditions on the leewvard wall of the house
might be alleviated by placing a second stagnation barrier
to trap air.

These tests (shown in Fiqure 44) show that there is
no improvement to be gained Lty planting additional —rows
downsteam of an already protected house. The differences in
AI in Piqure are grcbakly due to experimental variation.
This ccnfirrs the previous deduction that air infiltration
is affected primarily by conditicns upstream of the windward
surfaces of a house, thrcugh which the majority of wind-in-
duced air in-and exfiltration takes place.
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Figure 44: Plan Views of Fore/Aft Tests




3.12 SICE RO® SERIES - (3.,84,€5,86,87)

The effects of having wind running parallel

row wWere studied.

The plan views of these

tests are shown

to a windbreak

in PFiqure

45, This series dermonstrates that no deleterious or benefi-

cial effects are encountered when

a house and a windktreak row. Again,
seen in the fiqure are not sigrificant.

wind is channeled between
the small variations
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Figure 45:

Plan Views of Side

Row Tests




3.13 CONTOUR BOX SERIES - (88,89,90)
The
wvith 4 rcus of +trees, c¢ne parallel to

house,

to the aprrcaching wing were tested.

effects cf surrounding the
each side

with the house situated at three angles with respect

house
of the

These tests, whose plan views are shown in Figure 46
conpared with their unprotacted counterparts, were conceived

to see if a

windkreak planting
form of the hcuse it protected
ipmeter would protect

rections of wind apgroach.

Such is the case,
equal maganitude all around.

ever,
planting cf
tion.

first-apprcximation shelterbelt,

discussed freviously,
it less efficient in

winds.

To ke more effective, a
lored to the sheltering situation
How this is accomplished will be explained more fully in the
Application of Results section, which follows.

Its picture is shown in Figure 47.
shelterbelt should be tai-

which merely followed the
around the entire house per-
equally well over a wide range of di-
vith reductions of approximately

The reductions achieved,
are not quite as high as those achieved through the
a well placed open row in the

how-

windvard direc-

So, while the Contour Box is a good, general purpose,
according

to the findings
it contains excess trees which render
situations characterized by prevailing

for which it is intended.
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Figqure 46:

Plan Views of Contour Box Series Tests as
Compared To Unprotected Trees at Similar Angles




Fiqure 47: Picture of Contour Box Test

3.14  LEALING WEDGE SERIES =
(81,22,93,94,95,96,51,38,99,100)

——

The effects of a wedgqe of trees (3 trees) planted upstrean
were tested and compared to the row windbreaks discussed

previously.

The leading wedge tests show the same type of up-
stream range of maxirum influence (Figure 48) as did the
single tree (Fiqure 23), open rcw {(Figure 26), and hedgerow
(Fiqure 28). Maximum influence extends from 60 to 120 mf.
The maximum reducticn achieved was 53% at 90 mf, This is
significantly better than an open row, which is reasonable
since the leading wedge is composed of three trees which, if
collapsed intc an in-line row, would form a row of overlap-
ping trees much like a hedgerow. A leading wvedge arrange-
ment is shown in Fiqure 49, The leading wedge performed
better than the open row for the same reasons that the mul-
ti-row or hLigher rlanting density tests did in that it puts
a denser amount of tree foliage Letween the house and the
oncoming wind. The leading wadge, however, as with the sin-
gle tree, 1is qood for winds from one direction only. Its
use is therefore limited to special applications, usually
those requiring low-cost prctection from a prevailing wind.

b
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Fiqure 49: Leading Wedge Configuration

3.15  DRIVEWAY SERIES - (101,102,103,104,105,106,107,108)

The effects of a gap in a hedqerow windbreak where the gap
lies directly upstream of the house, and of various methods
for reducing the problems associated with this gap, were
tested., Flan views are shown in Figure 50,

This series was ccnceived to try to find a solution
to the rproklem of wind pouring through a windbreak where a
driveway cr stream must pass. In the top, left-hand panel,
a driveway ofening has nearly doubled the AI from the no
opening case of .374 to .7u40.

In the remaining panels, it is seen that resolution
of the prctlem may be acconplished in more ways than one.
In keeping with the previous conclusion, it is also seen
that the degree to which A1 1is reduced is froportional to
the number of trees planted in the wind corrider in which
flows the wind that blows against the hLouse. Even though,
in the bottom right-hand panel, the patch-up trees are
planted very far ug- and downstream of the windbreak qap,
this test yielded the maximum AI reduction of every test run

in the entire study, with an AI reduction of 72%, and this
was achieved even with the main hedgerow not planted in the
optimum upstream pcsiticn as determined in the hedgerow
tests of the Distance and Repeatability Series.
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4, APPLICATION OF RESULTS

The ways in which various input factors influence AI
reduction bhave been discussed. The gquestion now to be an-
svwered is bhcw to put the informaticn given into practice. 2
description of one method followus,

Inforration on average wind spe2d and direction dis-
tributions is available for w@cst locations in the Onited
States thrcuqh the National Weather Service(32). - The data
are often rpresented in the form of a "wind rcsette" such as
the one fcr the winter season in the Trenton, N. J. area
shown in Fiqure 5133). The rosette divides the wind ap-
proach direction ccrtinuur into 8 ranges, and gives the per-
centaqe cf time the wind blew frcm each direction (bar
lenqgths), and the mean velocity at which it blew (numbers).
Reading frcm the ficure, wind blows through the Trenton area
from the ncrth about 17.5% of the winter at a mean velocity
of 9.6 mph.

The results derived from this study present AI par-
ameters for wind tlowing from particular directions due to
trees being planted about the protected house a certain con-
figurations. To accurately relate AI parameters to heating
enerqy savings, it is necessary to take into account wind
directicn and windsfeed.

WINTER (Dec-Jan-Feb)

- — - ~ e

A

Fiqure 51: Wind Frequency Rosette for the Trenton, N. J.
Area
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32. National Cliratic Center, Asheville, N. C.

33. Chaney, T., Golden, F., Maxwell, L., and Rogers, J., "“A
Natural Resource Inventory of the Stoney Brook Wat-
ershed, Mercer and Hunterdon Counties, New Jersey", a
Master of Reqgicnal Plannirg Report for the Graduate
School of Fine Arts, University of Pennsylvania, 1974



In full scale studies using townhouses at Twin Riv-
ers, N. J., it has been observed that the average air infil-
tration participaticn in heat 1losses is apfgroximately one
third at an averagqge windspeed of 10 =mph. ¥ind causes about
three quarters of this infiltration under open site condi-
tions. Thus the wind causes about one quarter of total heat
losses at average windspeed. It stands to reason that when
the windspeed is zero, then the wind contributes nothing to
heat loss. 1t was also shown that at 20 mph, air infiltra-
tion accounted for more than half of the heat 1loss rate.
These three windspeed/heat loss relations specify a pover
lav heat lcss function over windspeed. This function solves
to be: _

HL(w) = HLO F(w)

= HL, (2.216 - (1.478 - .0730 P W)

vhere HL(0) is the heat 1loss rate coefficient determined
from the home heating bill, v is the windspeed in mph, and P
is the house protecticn coefficient. When the house is to-

tally exposed to the wind, P=1, and wvhen the house is to-
tally protected frcm the wind, P=0. Thus, in the context of
this study:

P= 1 - fractional AI reduction.
A plot of BL(w) for various valuves of P is given in Figure
52.

Over the heating season, heat energy cost equals
heat enerqy lost inteqrated over the time cf the heating
season. This integral may be expressed as a summation over
the 8 aprrcach directions in the wind rosette of <the heat
loss rate wtich would occur were the wind to blow from that
direction at the average windspeed of--that-direction, multi-
plied by the percentage of time wind came from that
direction. If one assumes a froportional relationship be-
tween fuel costs ard heat enerqgy used, the expression for
heat cost cover a heating season is:

M

0 I F(w V(d),P(d)) Freqav(d)

;Heat Cost = HL
: =1 2

where w(av) (d) and Freq(av) {(d) are the average windspeed and
percentaqe time wind was blowing for the direction d and M
is the total number of wind aprroach directions. A home-
owner may calculate the HL (0) fcr his particular home by
evaluating the summation for his meteorological area using P
values that reflect the layout of trees surounding his home.
The summaticn wvalue is divided into the heating cost paid
for the previous heating season to yield HL(O0).

-
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Figure 5Z: Heat Loss as a Function of P and Windspeed

The homeowner ther takes the summation and evaluates
it using the HL(0) calculated previously and P values for
each direction that reflect the kind of windbreak that is
desired fcr each direction. This will produce a predicted
heating ccst, which the user may sukttract from his previous
heating ccst to determine savings. The process is repeated
a nuember cf vears into thke future taking into account that
heating ccsts will inflate and that the trees planted will
grow, The accumulated savings are applied to the price of
planting the trees involved to determine the payback period
for the windbreak and the eventual net monetary savings.,



To determine the P values for use in the summation
calculation, one selects the kind of tree windbreak desired
to protect a given wind approach direction, and one calcu-
lates the fractioral AI reduction from the unprotected case
offered by that windbreak. One may then calculate the P
value as 1 minus the fractional reduction,

If the type ‘of windtreak desired does not correspond
to one tested in the study, its AI parameter may be esti-
mated by multiplying the AI value of the most similar wind-
break that was tested by a parameter ratio. A parameter ra-
tio is calculated using the test series results in the study
as descrited in the pertinent section of the report (use the
table of contents and list cf fiqures) dealing with a param-
eter which is non-standard in the user's windbreak. It is
given by:

PR = AT (user value of parameter)
AI (parameter value for similar windbreak used in study)

Thus to use an open rcw windbreak located 120 feet upstrean
of the house in which the trees are 10 feet tall, one uses
the AI for an open row at 120 mf upstream (see Figure 26 in
the Distance and Fereatakility Series Section), and multi-
plies it ty the ratio of the AI of the open rov 10 mf tall
over the AI of the cpen rcw 25 sf tall, the same height as
the open rcw used in the distance tests. These numbers can
be obtained from Figure 38 in the Height Vvariation and Row
Staggering Series., The prcblems of non-standard drag coef-
ficient, tree spacirg, house/tree separation, etc. may all
bs taken care of by referring to the appropriate results,
matching the desired windbreak as closely as possible with a
tested configquraticr, and then wmaking up the differences
with Parameter Ratics.

4,1 SPECIAL CASES

In reqgard tc the variation of AI with tree height,
both curves derived in the tree height series are basically
similar and in conjuncticn fore a good first order pclyno-
mial functlcn of AI on tree helqht. This function is given
by:

AI (ht) = min((1. 02).(-.015 ht - 1.115))
uhere ht is the tree height in [model] feet.



Since the windbreak ©protection is independent of
tree spacing along the direction of the windflow over a
broad ranqge, windbreak rcws planted at an angle with respect
to the windflow direction may be treated as a windbreak row
whose row density is given by:

- RDactual
eff Sin ©

RD

where RL is the effective row density in trees per foot,
RD (actual) is the actual tree row density, and theta is the
angle the wvwindbreak row makes with the direction of wind-
flow. The AI of the effective windbreak rcw may then be
calculated using parameter ratios.

Houses near a forest or other dense tree stand may
assume the AI reducticn of any direction in which the stand
lies upstream of the house to te 95% if the forest is five
or more rcws deep. For stands cf forest (as opposed to open
grown) trees that are not deep, the homeowner should take
the results cf the underpruning test, use a parameter ratio
to positicn the dcwrstreamr row at the correct distance from
the house, and another PF from the incremental row tests to
compensate for the nurber of ross in the stand. For stands
of greater than three rows, AI may be decreased by the dif-
ference of the AI value for two rows and the value for three
rows as scen in the Incremental Row Series results.

4,2  SAMEIE RPPPLICATCNS

—

Ccnsider an average middle class home located in a
recently developed sukdivision consisting of from 200 to 300
3/4 acre 1lcts. The subdivision is located in the Trenton
area. This kind of subdivisiorn is typically a former farm
field, sc the terrain is fairly flat with very few trees.
The home is basically a two story box similar to the one in
the study., It is situated in the center of a 1lot that is
180 £t square. Its front and tack yards are 77.5 ft deep,
and its side yards are 72.5 feet deep. These depths are im-

portant inforraticn, as they place 1limitations on the
possible bcuse/windtreak separations.

The house is c¢f mcdern construction with average
floor area, and is fpoorly insulated. The heating bill is
$600 dollars for the heating sz2ason. The homeowner, desirc-
ing to reduce heating costs through the use of trees, calls
the nearby landscape contractor to find out that he can have
6 foot tall cedar or spruce trees planted for $60 per tree.
His problem is to determine the planting arrangement that
will afford him the mcst prctection.



In the Trenton area, the prevailing winter wvinds are
froe the ncrthwest. One approach to the problem is to plant
'a windbreak that will protect the house only from winds from
this direction. A leading wedge located in the northwest
corner of the lot at a distance of 10 feet from the property
lines would be spaced abcut 90 feet from the house corner.
Neglecting the minor deviations due to house angle, PFiqure
48 indicates that 25 foot trees in this position would pro-
vide an AI that is 49% of the same situation without trees
when the vind blows from the northwest. However, since the
trees are initially cnly six feet tall, one computes the
parameter ratio frcm the AI (ht) function in the Special
Cases secticn above to be 1.385. The percent of unprotected
Al is therfore 68%, so P=.68'for the northwest direction,
and remains one for the other seven. " Using the summation
formula fcr heat loss, it is fourd that the three trees save
the homeowner $19.52 the first year. At this rate it would
take 9,2 vears to payback the $180 initial investment on the
trees. Hcwever, spruce and cedar trees grcv at about one
foot per year, and the homeowner will save more and more
each vear as his trees grow. 2t the end of 20 years, bhis
seasonal savings have qrown to $29.42 due to tree growth.
Taking into account the growth of trees drops the payback
period to 8.4 years. If one takes into consideration an in-
flation rate of 7% fer year, thenthe investment will be re-
paid in 7 vears.

To proctect the home frow wind blowing from all di-
rections, the home owner might use a contour box arrange-
ment, possibly moving it near to the lot perimeter to in-
crease its effect (see Contour Ecx Series). The percent of
unprotected AI for a Contcur Box located at 3C feet from the
house perirmeter is 76%. Hovever, vhen the Contour Box is
spread to 60 feet from the house perimeter (very near to the
~edge of the lot), the parameter ratio reduces this to 68.4%.
After aprlying the parameter ratio for 6 versus 25 foot
trees, the rercent 2I rises back tc 94.,7%. Using P=,947 for
all 8 directicns in the Heat Lcss Summation equation, the
total heat savings for thke first year are $10.06. To pay
back the $2100 investment for 35 trees (the perimeter and
therefore the number of trees in the contour box increases
with house/tree seraration if the tree row density is main-
tained constant) +wculd take just over 33 years considering
tree gqrovwth, or 25 yvears including the effects of 7% infla-
tion. The contour Lox, however, does save more money in the
long run. At the end of 50 yesars, if the homeowner planted
the leadinq wedge arrangement, he has netted $15,374 for his
efforts, cr about $307 a year. The contour box in 50 years
will have yielded a net $3§,775, or $775 a year. The plant-
ing of trees to save enerqy is similar to making an invest-
pent. One can either opt for a short term saturity with a
lower interest rate, or a long term investment which yields
higher gains.




The Trentcn area is characterized by variable
winds, although there is a definite prevailing wind. In
areas where there is a more or less constant frevailing wind
of high speed, a selective windbreak planting methcd such as
the leading wedge wculd be more effective. The wind charac-
teristics cf the gecgraphic area, the level of initial in-
vestment, and the gpayback period desired are of key impor-
tance in determining the optimum planting confiquration.

The technique described above can be used to predict
the effectiveness c¢f a given windbreak requiring only the
results of this study, simple mathematics, and easily ob-
tainable informaticn about the local area. It is now possi-
ble for anycne to rredict the mcretary savings to be derived
from the plantirg cf trees withcut costly equipment. = It is
hoped that the availability of this information will encour-
age the rlanting cf windbreaks, wvhich have been shown by
this study to be eccacmically sound as energy comservers, as
well as beirng aestbetically plesasing.

5. CONCLUSIONS

It bas been shown that trees reduce air infiltration
in Lousing ty converting directed kinetic energy in the ap-
proaching wind into random turtulent energy by passing air
througqh tortuous paths in their crcwns. The functioning of
trees as bluff bodies has been shown to b2 minimal for natu-
rally occurring trees. Frotection from wind is improved Ly
any action that increases the amcunt of tree crown matter
upstream cf the prctected structure. This is also due to
the fact that air infiltration into a building seems to be
caused hy rressure gradients on sindward walls, with leeward
walls remairing very close to irnterior pressure.

Techniques for enerqy conservation through +the use
of trees tlat call for trees being planted sc as to channel
the flow ¢f air away from a hcuse, or to klock air from
striking a house, or planting trees downstream of a leeward
wall of a building to bkalance exterior pressures on that
building have been sancwn to be ineffective.

Tc yrovide maximum sheltering effect, any tree wind-
break should be flanted at least 45 feet upstream of the

building it protects to give the turkulence generated by the
tree crowns a chance to develorf. By contrast, bushes and
‘other lcw rrofile windbreaks are Ltest used in close proxism-
ity upstrear cf the building they protect, sc that they ex-
tend the stagraticn zcne on th2 wugpstream wall and cause the
approaching wind to flow cver the building in a smooth man-
ner. :

On a short term basis, it is more cost effective to
plant windbreaks that selectively protect against the worst
vinds of a region. These windtreaks should consist of as
few trees as possible.



If one is thinking of a long term investment, it is
more desirable to heavily protect the structure, since the
trees planted eventually grow larqe and become gquite effi-
cient in grcviding wind protectiocon.

In the Trenton area, fuel savings averaging 3. 1%
over twenty vears were estimated using three trees tc pro-
tect against prevailing winds. Using a more extensive
planting pattern affording general protection, average fuel
savings of 14.6% over 50 years have been shown. A tree pay-
back period of as short as 7 years using three trees to pro-
tect against prevailing winds has been shown. The economy
of tree planting tc save enerqgy has been decidedly demon-
stratad. :

The dearth of accurate information on the aerody-
namic behavior of trees is noted, and it is concluded that
further study of the wind behavior of full size trees is
needed. The behavicr of complex windbreak planting configu-
rations may be deduced fromr krowledge of wind behavior of
individual trees in thas windbreak.

It is further concluded that windtunnel nodelllng is
an efficacicus way of studying the behavior of windbr=aks,
and that further windturnel study cf shelterbelt behavior is
desirable.
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AFFENDIX {3

Z
0
*

NONOUDWN-

NAME
HS(Q
HE45
HS9(Q
HSOQR]
HSQOQ2
HSOQR3
STHT15
STHT30
STHT45
STHT40
STHT75
STHTQQ
STHT120
STHT150
STHT180
STHT210
STHT240
STSHQ
STSD4
STSD1?
STSD20
STSD2G
STSD3S
STSD44
ORHT15
ORHT3(
ORHT45
ORHT40
ORHT75
ORHTQQ
ORHT120
ORHT150
ORHT180
ORHT210
ORHT240
HRHT15
HRHT 40
HRHTQ
HRHT120
HRHT180
HRHT228
ORHA45
ORHAS(Q
HRHA4S
HRHAG(
OR

ORM?2
ORM4

HF

HRM?2
HR:M4
HRM g
ORSD1{
ORSDJ

DESCRIFTIONM

AI FARAMETERS FOFR EACH TEST RUNM

HOUSE

HOUSE

HOUSE

HOUSE

HOUSE

HOUSE

SINGLE
SINGLE
SINGLE
SIMNGLE
SINGLE
SINGLE
SINGLE
SINGLE
SINGLE
SIMNGLE
SINGLE
SIMGLE
SIMGLE
SIMNGLE
SINGLE
SIMGLE
SIMGLE
SIMGLE

ALONE
ALONE y HA=45
ALONE , HA=9(0
ALOME , GR=1
ALONE , Q=2
ALONE, Q=3
TREE,HT=15
TREE,HT=3(
TREE,HT=45
TREE yHT=40
TREE,HT=75
TREE,HT=9(
TREE,HT=120
TREE,HT=150
TREE,HT=180
TREE,HT=210
TREE,HT=240
TREE, SI'=(
TREE ,SD=-4
TREE ,Shi=—17
TREE ,SD=-20
TREE,Sh=-28
TREE,SD=-3¢
TREE ,SD=—-44

OFEN ROW,HT=15
OFEN ROW,HT=3(
OFEN ROW,HT=45
OPEN ROW,HT=40
OFEN ROW,HT=7%5

OFENM R

OW,HT=9(0

OPEN ROW,HT=120

OFEN R

OW,HT=150

OFEN ROW,HT=180

OFEM R
OFEM R

OW,HT=210
OW,HT=240

HEDGEROW,HT=15
HEDGEROW,HT=40
HEDGEROW,HT=9(
HEDGEROW,HT=120
HEDGEROW,HT=180
HEDGEROW,HT=228
OFEN ROW,HA=45
OFEM ROW,HA=9(
HEDGEROW,HA=45
HEDGEROW, HA=9(
OFEN ROW

OFEN ROW,NT=4
OFEN ROW,NT=2
HEDGEROW
HEDGEROW,NT=10
HEDGEROW, NT=8
HEDGEROW,NT=¢4
OFEN ROW,CD=,43
OFPEN ROW,CD=,44

AI

1.020
1.189
1,065
1.055
1.022
1.009
+«?14
+824
746
+708
7867
743
+738
«792
+836
+8356
+859
+807
+868
+ 245
1.021
1.010
1.007
1.023
e 796
711
664
+640
+623
615
+632
+ 639
+ 654
+ 649
667
+631
374
371
313
+ 358
+ 338
+836
749
+467
444
«747
«711
¢ 753
+494
475
+9513
+9507
+B806
+613
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NO,
S5
S6
57
S8
99
60
61
62
63
64

65

NAME
ORSD4
ORSD]?
SFLLY
SFLL?
SFLLS
SFLL7Y
SFLLE
SFTHIS
SFTH20
SFTH3(0
SFTH40

(COMTINMUED)

DESCRIFTION
OFEN ROW,Ch=,72

OFEM ROW,CD=,92

SFECIAL , TFMF=,0722
SFECIAL , TFMF=,0913
SFECIAL , TFMF=, 04650
SFECIAL y TFMF=,0514
SFECIAL , TFMF=,0389

OFEM ROW, TH=15
OFEM ROW, TH=20
OFEM FOW, TH=30
OFEM ROW, TH=40

66 SGTHIS
67 SGTH20
68 SGTH25
69 SGTH3IO
70 SGTH40
71 INMCR1i
72 INCRD
73 INCR3
74 INCR4
75 UFEN20
76 UFRM1S
77 UFRN10
78 UFRNS
79 UPRMQ
80 UFRNM3J
81 FAZ015
82 FA3030
83 FA3045
84 SR3030
85 SR1515
86 SR4545
87 SR30
88 CEQ

89 CE45
20 CE9Q
?1 LW30
92 LW4S
93 LWL0
94 LW75
95 LW9O
96 LWi20
97 LW1S50
?8 LW180
99 LW210
100 LW240
101 SFDwi
102 SFDWD
103 SFDW3
104 SFDW4
105 SFDWS
104 SFDWg
107 SFDWy
108 SFDwg

STAGGERED OFEM ROW,TH=15
STAGGERED OFEM ROW,TH=20
STAGGERED OFEM ROW,TH=25
STAGGERED OFEMN ROW,TH=3(
STAGGERED OFEMN FROW,TH=40
MULTI-FROW

MULTI-ROW

MULTI-ROW

MULTI-ROW

OFEM ROW,TS=20,TT=RC

OFEM ROW,TS=15,TT=RC

OFEM ROW,TS=1Q,TT=RC

OFEM ROW,TS=5, TT=RC

OFEN ROW,TS=(Q, TT=RC

OFEM ROW,TS=-3,TT=KC

OFEM ROW,HT=30,-15

OFENM ROW,HT=30y-30

OFEMN ROW,HT=30,-45

OFEM ROW,HA=90,TA=90,HT=30,~-30
OFEM ROW,HA=90,TA=90,HT=15,-15
OFEN ROW,HA=9Q,TA=90,HT=45,-45
OFEM ROW,HA=90, TA=90,HT=-30
COMTOUR EOX,HT=30 ALL AROUMD,HA=(
COMTOUR EOX,HT=30 ALL AROUND,HA=4%5
COMTOUR EOX,HT=30 ALL AROUMD,HA=9(
LEADING WEDGE,HT=15

LEADIMNG WEDGE,HT=3(

LEADIMNG WEDGE,HT=45

LEADING WEDGE,HT=40

LEADING WEDGE,HT=75

LEADIMNG WEDGE,HT=105

LEADING WEDGE,HT=135

LEADING WEDGE,HT=145

LEADING WEDGE,HT=195

LEADING WEDGE,HT=2725

DRIVEWAY, MAIMN ROW HT=40
DRIVEWAT, MAIM ROW HT=4(
DRIVEWAT, MAIM ROW HT=40
DRIVEWAY, MAIN ROW HT=40
DRIVEWAT, MAIN ROW HT=40
DRIVEWAY, MAIN ROW HT=4(
DRIVEWAY, MAIMN ROW HT=40
DRIVEWAY, MAIN ROW HT=40

AI
+ 993
+ 337
+671
+ 628
+700
+795
+875
+ 924
792
+ 378
+ 041
+ 926
+ 750
+800
+ 606
+ 343
+380
+439
+ 935
+370
1,091
1.033
1,087
+ 930
+ 698
+602
+710
+ 728
691
1,127
975
1.131
1.075
762
+778
+ 793
+ 655
+ 350
+312
+301
477
+482
+941
342
e 629
+ 659
+740
+381
+483
463
+ 349
+971
+ 356
+ 287
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APPENDIX 3: INSTRUCTIONS FCR USE OF CATALOG OF TEST PRESSURE
COEFFICIENT DISTRIEUTIONRS AND SAMPLE DATA PAGE

The pressure coefficient distribution plots found in
the Catalog of Test Pressure Coefficient Distributions
(CTPD) were used in detersining the results reported in "The
Optimun Use of Coniferous Irees in Reducing Home Eneréy Con-
sumption®", These plots, while not being necessary to the
understanding or use of "Ike Optimum Use . . . " are availa-
ble in the CTPD so that they might be used to understand the
actual wvind pressures on a dwelling under the many configu-
rations tested.

The data for each test is plotted on a separate
page. There are five sections to each page, numbered
(1)-(5) on the sample test page showing the data for test 1.
Section 1, the top diagram, is a plan viev of the model con-
figquraticn in the wind tunnel. The wind flows in the direc-
ti1on of the arrow indicated by the word “HIND". A second,
smaller arrow is drawn on the house roof. This shows the
house direction zggggg,‘ which is repeated in sections (2)
and (3), where it is sc marked.

By visually latchiAQ»the house direction vector be-
tween the plan viéw in $ection {1) and the vertical pressure
coeffigient distributicn glot group in section (2), 4it can

- be determined that the plct on the right of section (2) is

- 72 -



that of the upstream wall in test 1, the plot on the left is
that of the downstream wall, and that the 1roof plots fall
into place in an intuitively 1logical manner. The pressure
coafficient distribution plots for the side walls of the
house are both superimposed and plotted within the actual
house silhouette in section (2). The distribution of the
¥all which faces into the page is plotted the same as all
the other distributions, but the wall which faces out of the
page is fplotted as a series of unconnected dots.

Visually matching the house direction vector between
section (1) and the Horizcntal Pressure Coefficient Distrib-
utions in section (3) defines the surfaces to which each of
those plcts refer.

The ordinate units of the plots are non-dimensional,
being the pressure coefficients defined in "The Optimua Use
o o o M Since the abcissa distance units are scaled pic-
torially to the size of the house silhouettes, they are also
not assigned units.

Section (4) is the descriptive 1label of the test
consisting of the test nurber, the test name in parentheses,
and a descriptive field. This information, along with the
Al for the test, may also be found in Appendix 1 of “The Op-
timum Use . . & "; In many of the descriptive fields, vari-
ous paramreters are used in the format parameter=keyword.
Following is a list of the parameters used, their meanings,

and default values used in those tests for which they are



not specified. The units of the parameters are the same as

those of their default values.

1. HA - house angle, the angle between the vector
normal to the plare of the front wall (the wall
facing the same way as the house direction vector)

and the direction of windflov. Default=0) deqrees.

2. Q =- ambient dynamic pressure in the wind tunnel,

default= 2 inches of water.

3. HT - house/windbreak row separation. Default=30
mcdel feet. If more than one value is given, then
mcre than one windbreak row was used. Negative
nuebers refer to tree rows located dovnstream of

+he house.

4, SL - the sideways (perpendicular to windflowv di-
rection) displacement of a tree off of directly
upstream of a bouse. Negative numbers refer to
dicsplacements to the right when facing upstream.

Default=0 model feet.

5. NT - the number of trees in a windbreak row. De-

faults: single tree=1, open row=6, Hedgerow=12

6. CLC - the drag ccefficient of the trees used in the

windbreak configuration. Default=.58.




TPEF - trees per model foot, an indication of the
planting density of a windbreak rov, Defaults:

oren row=,0600, Hedgerow=.1282.
TH - treec height. Default=25 model feet.

TS - trunk size, applies only to undepruned red
cedar tests, 1Indicates variation off normal trunk
height. Positivé numbers indicate a longer trunk,
while shorter trunks are indicated by negative

nupbers. Default=0 model feet.

1T - tree type, either RC (red cedar) or the de-
fault NS (Norway sgruce), indicates the tree sil-
houette after which the wmodel was coastructed.

See Appendix 2 in "The Optimum Use . . . ".

TA - tree rov angle, the angle of a vector normal
to a windbreak rov and based in the plan view cen-
ter of the house with the oncoming wind direction

vectcr. Default=0 deqrees.

Section (5) is the AL parameter calculated for the

alsc found in Appendix 1 of "The Optimum Use . . . ",
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