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Summary 

A series of wind tunnel tests have been conducted t o  examine the ways in which wipd 
~nfluences air infiltration energy losses in residential housing. A quantitative model for 
air ~nfiltration has been developed that  is based upon a linear relationship between air flow 
and pressure difference across walls and roof surfaces. With the model, a variety of wind- 
house orientations are tested, and the sheltering effects provided by solid fences, adjacent 
houses, and tall evergreen trees are assessed and compared. 

Introduction 

For the past three years, Princeton University's Center for Environmental 
Studies has conducted a research program analyzing energy consumption pat- 
terns in residential housing. The ultimate goals of the study, which is funded 
through the National Science Foundation's Research Applied to  National 
Needs program, are to devise and assess ways in which home energy consump- 
tion patterns may be improved. Of major importance has been the continued 
cooperation of the residents of Twin Rivers, New Jersey, which is the state's 
first planned community and which has served as Princeton's "laboratory". 

The study has made possible a general description of home energy consump- 
tion: approximately one-third of the monthly winter fuel bill can be attri- 
buted to heat loss via conduction through walls, ceilings and floors; one-third 
is lost through windows; and one-third through air infiltration losses. The 
present research efforts are focused on the air infiltration losses. 

Air infiltration occurs when external weather conditions interact with the 
interior conditions in a house to produce a flow of air through the house it- 
self (see ref.1 for further details). Weather conditions which produce the pres- 
sure imbalances across the exterior walls of a house are specifically tempera- 
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t u e  differences and wind. For instance, dense cold outside air would enter 
a house through cracks around windows and doors, thus displacing the less 
dense warmed interior air outward through the upper exterior walls or roof. 
This process is referred to as the "stack" or "chimney" effect. Conversely, 
in warm weather, cold inside air would leak out through the lower levels of 
the house, while warm outside air filters into the upper levels. 

Air infiltration produced by wind over a house causes slight but significant 
"over pressures" due to stagnation effects on the windward walls, while the 
leeward walls experience slight but again significant "under pressures". The 
roof can experience either preskure effect depending upon such pertinent 
details as.slope and angle relative to wind direction (see ref.1). Consequently, 
the wind affected infiltration is generally an air flow through the house from 
windward to leeward wall and roof surfaces. Princeton study results indicate 
that air infiltration is influenced to a far greater extent by wind conditions 
than by temperature differences (see Harrje et al. [2] ). 

To estimate or predict the amount of air infiltration for a particular dwelling 
in a specific orientation with respect to the wind, engineers have for a con- 
siderable number of years used a variety of approximate methods. One of the 
more widely used methods is the "crack method". With it an attempt is made 
to determine the area of cracks around doors and windows in the wall sur- 
faces of the house through which air can flow. Given this area, together with 
temperature and wind conditions, and tables such as those presented in the 
ASHRAE Guide and Data Book, Ch. 19, a value for the air flow can be found. 
This value is expressed in air changes per hour and refers to the number of 
interior volumes of the dwelling replaced each hour by the infiltrating out- 
side air. A significant limitation of the crack method is its inability to account 
for an open door or window - a situation not uncommon in most households. 

Thus one of the major instrumentation efforts of the present study has 
been to develop a device which directly measures the air infiltration rate of a 
building regardless of window and door positions. The Princeton research 
team working together with the National Bureau of Standards has produced 
such a device - an automated unit which uses a tracer gas (sulfur hexafluoride, 
SF,) and gas chromatography to determine accurate air infiltration rates 
(see ref. 2). 

In situations where doors are left open - even for short periods of time -- 
or where windows are left slightly open, the air infiltration losses can range 
widely horn their normal value of 33% of the total fuel consumption. For 
example, on warmer, windless winter days, air infiltration losses can comprise 
as low as 5-10% of the total consumption. At the other extreme, the losses 
have been observed to be as high as 75% of the total consumption. 

These ranges and the apparent sensitivity of air infiltration rates to vrind 
prompted a series of wind tunnel tests to examine windhouse interactions. As 
a result of these tests, an air infiltration model has been produced which 
characterizes the results of wind-produced pressure distributions on the ex- 
terior surfaces of a house. The various wind/house interactions can thus be 



assessed and compared. 
One of the most significant results of the present research effort concerns 

the relative effectiveness of fences, houses and trees as wind barriers. Although 
studies have certainly been made of the use of trees as crop shelters and ef- r 
forts have been made to reduce the effects of wind velocity on ground level 
vegetation, the authors are unaware of any previous efforts to  quantify the 
sheltering benefits of fences and trees on houses. Tall evergreen trees emerged 
from these studies as highly effective wind barriers - a welcomed finding 
given all the other advantages trees provide as put forth by Heisler in ref. 3: 
They also reflect noise, provide shade, enhance air quality and aesthetically 
beautify their surroundings. These laboratory studies are to be complemented 
by full-scale field studies which involve the "planting" or, more precisely, 
the wiring into place of 25' evergreen trees in front of Twin Rivers town- 
houses. The results of the field studies are now being compiled. 

Fig.1. Smoke tunnel facility and photographic arrangement, 

Experimental results visualization studies 

Pictures of wind flows over a two-story townhouse are presented in the 
photographs shown in Figures 1-7. These photographs illustrate via smoke 
patterns the salient features of the flow when the wind blows perpendicular- 
ly to the front or back wall of the house. These patterns are produced in a 
wind tunnel test section which is 3 ft. (0.911 m) high, 5 f t .  (1.52 m) long, and 
2 in. (0.79 cm) in width. The flow patterns produced are therefore two di- 



Fig.2. Flow pattern over house shape as visualized with smoke techniques. 

mensional because of the narrow width of the test section. In these tests the 
flow is visualized by seeping smoke streaklines into the steady, laminap 
stream above the horizontal ground surface. The patterns thus produced 
around the 1/48th scale, two-story townhouse are considered to represent, 

Fig.3. Stagnation region on windward wall as visualized by injecting smoke through ground 
surface in front af house. 



Fig.4. Wake flow downwind of house as visualized by injecting smoke through ground 
surface behind home. 

qualitatively, the features of the actual turbulent wind over the full scale 
house. Although the Reynolds number based on house height for the flows 
pictured is 33,000 and that for the full scale house in a 15 mph (24.14 km/h) 
wind is 3,600,000, the mismatch is not considered of major significance in 

Fig.5. Salient features of the flow over the house shape. 
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Fig.6. Flow pattern over house with a solid fence providing sheltering effects. 

that the sharp comers and edges which characterize the house shape also 
specify the location of the important separation points in the flow field. 'With 
these points so fixed on both the model and full scale houses, the major 
features of the flow patterns are determined (see refs. 4 and 5). 

Basically, the wind flow over the house is characterized by the oncoming 
stream stagnating against the windward wall of the house then flowing up 
and over the windward roof surface to  the roof peak from which it separates. 

Fig.7. Flow pattern when an upwind house provides sheltering effects. 



Downwind of the roof peak over the leeward roof surface and wall of the 
house, the pressure is that of the wake of the house which is lower than am- 
blent. Consequently, exterior air enters the house through the windward wall 
m d  through the windward roof surface if the outer-inner pressure difference 
dcross it is positive. Over the leeward roof and wall surfaces, the outer--inner 
pressure difference should be negative, thus producing an outward flow of in- 
tenor air. Previous investigations such as those of Dreher and Cermak [6] and 
Chlen et al. [7] have shown that for roof slopes less than 30°, the wind- 

pressures are negative on the windward surface while for slopes 
exceeding 30°, the pressures are positive. As indicated by the wake visible 
in Figs. 2 and 4 over the leeward roof and wall surfaces of the house, the 
wake pressure prevails thus producing a slight vaccuum pressure which tends 
to extract interior air from the inside of the dwelling. With this wind-produced 
distribution of pressure over the house, the flow of air is from the exterior in- 
to the interior where the outer-inner pressure difference is positive and where 
a conduit of some sort such as leaky seals around windows or cracks around 
doors provides a path for flow between these two regions. Where the outer-- 
inner pressure difference is negative air flow occurs from the interior to the 
exterior through any available conduit. Thus, in either the heating or cooling 
season the inward flow of outside air and the outward flow of interior air 
produce the air infiltration loss for the particular dwelling. 

To reduce this air infiltration energy loss, one can reduce the conduits 
available for air flow. Examples would be to caulk faulty seams in walls and 
the joints around windows and to weather strip the frames of doors and 
windows which are to be opened and closed. A second way to reduce these 
losses is to shelter the house from detrimental wind effects. For example, 
sheltering can be provided by fences, other houses, and trees. 

Fig.8. Flow pattern when a simulated tree provides sheltering effects. 



The wind flow pattem over a fence-sheltered house is qualitatively shown 
in Fig.6, where the fence is about one-fifth the height of the house. When 
sheltering is provided by an identical house upwind of the model, the flow 
pattem is typically shown by that in Fig.7. It seems apparent from Fig.7 
that house sheltering should be far more effective than fence sheltering. By 
placing the windward wall in the wake of the sheltering obstacle, a more 
balanced pressure distribution is produced over the house - thereby reducing 
the air flow through the home. Of course, the upwind house would also re- 

" 

quire sheltering of some sort and the question arises as to'what kind of 
sheltering should be constructed on the windward sides of such communities. 
Trees - both deciduous and conifers - may provide one solution. The flow 
pattern produced by a simulated conifer such as an evergreen tree sheltering 
a downwind house is pictured in Fig.8. The wake of the tree is noted to be 
quite similar to the sheltering provided by the upwind house configuration 
shown in Fig.7. 

Quantitative tests 

To assess quantitatively the implications of the various windlhouse inter- 
actions pictured in Fig.2 through 8, an additional series of wind tunnel tests 
were conducted. In these, a test house - a 1148th scaled version of the two- 
story Twin Rivers townhouse, the floor plans of which are shown in ref. 1 - 
was built into a row of four houses. The test house is shown in Fig. 9 and 1 0  

Fig.9. Four house row mounted on turntable in the tunnel test section, front view. The 
instrumented house is constructed of dark wood; the remaining, "dummy" houses are 
made from styrafoam. Wind flow is from right t o  left. 



Fig.10. Four house row, rear view. 

as an interior unit in which case its walls adjacent to the two neighboring units 
are interior walls which, theoretically, are not exposed to external weather 
conditions such as wind and temperature. The test house could also be moved 
to the end of the row of houses in which case one side wall does directly ex- 
perience external weather conditions. 

The test house was fitted with 71 manometer read pressure taps with which 
the time averaged pressure distribution over the house could be monitored. 
As such, the time varying turbulent pressure fluctuations were not observed. 
Neither was the pressure inside the test house. 

With this test house, both interior and end unit house positions could be 
tested to determine the effects of wind-produced air infiltration for different 
wind speeds and directions. A model was developed through which the wind- 
imposed pressure distributions on the dwelling were used to assess the par- 
ticular air infiltration effects. The pressure distributions obtained via these 
tests and used in this model can be found in ref.1. 

It should be stated explicitly that atmospheric boundary simulation was 
not attempted in the present effort. The authors' results are intended to be 
comparative analyses between the various house- wind orientationwand the 
different sheltering configurations. To attempt to predict from the present 
results the pressure distributions on a full-scale house in a turbulent atmo- 
spheric wind would be very difficult and at best would result only in a crude 
estimate. For this reason, the full-scale tree study was undertaken. The results 
of that study should produce a proper interrelationship between wind and air 
infiltration for model and full-scale conditions. 



Air infiltration model 

If it is assumed that the air flow through a particular wall or roof surface 
occurs in a way that is proportional to the pressure difference across the sur- 
face raised to some power, m, we have, per unit area 

where q is in units of volume per time, k is a constant depending on wall porosity 
as well as the pertinent fluid properties, A p  is the inner--outer pressure dif- 
ference. The ASHRAE guide notes that the exponent m is found to be be- 
tween 0.5, which is for orifice flow, and 1.0, which is for Poiseuille flow 
(see Chapter 19). In what follows, we choose m = 1.0 for the sake of con- 
venience. 

When it is assumed further that the infiltrating rate equals the exfiltrating 
rate we can conclude that the interior pressure coefficient for the house is 

where Cp is the conventional pressure coefficient referenced to upwind 
static pressure and velocity, the subscripts i and j refer, respectively, to the 
house interior and the N house surfaces such as walls and roofs exposed to ex- 
ternal weather, and Aj is the surface area normalized to the front wall area 
of the house. The interior pressure is assumed uniform over the interior house 
volume, see ref. 1 for details. 

Having the interior pressure coefficient, one is then able to define the in- 
filtrating air flow rate in terms of the dimensionless parameter 

where < ACpi >+ is the outer-inner pressure coefficient difference which is 
positive and M is the number of surfaces for which this difference is positive. 

Analysis of quantitative results 

With the air infiltration model described in the previous section, the time- 
averaged pressure data was used to determine the air infiltration rate, AI. For 
the end unit houses the results are presented in Table 1. Shown in the column 
at the left is the particular house-wind configuration tested. To the right of 
each configuration, for each of the three wind speeds tested are the calculated 
interior pressure coefficient and the averaged o u t e ~ i n n e r  pressure coefficient 
differences across each of the five house surfaces exposed to the wind. Fol- 



TABLE 1 

Tabulated results for end units 

House-wind 
orientation 

c p  i 
interior 

ACp 
front 
roof 

-0.091 
-0.138 
-0.133 

A ~ P  
back 

ACP 
back 

roof 

-0 .290 -0.303 
-0 .281 -0.328 
-0.279 -0 .314 

ACp A1 
side 

A1 
average 

lowing these is the parameter AI for the particular situation. 'l'he last column 
contains the AI parameter averaged over the three speeds which are: (1) 92 
fps (28 m/sec), (2) 120 fps (37 mlsec), and (3) 140 fps (43 mlsec). In deter- 
mining these AI values, the front and rear wall surfa'ces are taken to be num- 
erically one-half the total roof area; the side wall area of the house is taken to  
be 64% larger than the front wall. 

In the present tests, the interior pressure in the model house was not mea- 
sured. To make this measurement correctly, it is necessary to produce a scaled 
air infiltration rate in the model house. This can be done only by constructing 
the model house so as to precisely scale window and door cracks and wall and 
roof porosity - a construction judged too difficult for the present series of 
tests. As a result the present results for interior house pressure cannot be com- 
pared with any of our recorded data. However, the calculated values for interior 
pressure can ultimately be compared to values measured within the full-scale 
field stuhes on the Twin Rivers townhouses when these become available. 

Table 2 presents the results for the interior house units. The results in both 
Tables 1 and 2 indicate that the AI parameters are independent of wind speeds 



TABLE 2 

Tabulated results for interior units and tree sheltering 

House-wind Cpi  
orientation 

&CP 
interior front 

A c ~  A c ~  AC 
front back bacc 
roof roof 

A1 A1 
' average 

- - 

used in these tests - a consequence of the fact that the salient features of the 
wind flow are determined by house shape instead of Reynolds number. 

From the results presented in both tables, it is found that air infiltration is 
greatest when wind blows toward the house at a 45" angle. This occurs mainly 
through the changes in the pressure produced by the wind angle on the roof 
and leeward wall surfaces. One of the reasons for the relatively high air infil- 
tration values found in these results must be the various protuberances the 
architect has designed into the walls of the house. There are closet protrusions 
on the back walls and bay windows on the front walls of the first and second 
floors. The cavities produced tend to trap high pressure eddies on the wind- 
ward walls, while the comers and intersections certainly have to be sources of 
air leakage as a result of the difficulty in maintaining air tight joints in these 
areas. 

Mention should be made of the influential role of the roof surfaces in these 



results. When outer-inner pressure differences are negative over the roof sur- 
faces, a wind-produced "chimney" effect is set up on the house that resembles 
that due to negative outer inner  temperature differences. This effect is un- 
doubtedly of extreme importance in very tall buildings, but is manifested 
even here for two-story townhouses with slight roof slope. 

With the assumptions made in our air infiltration model, the attic is treated 
as a part of the interior of thehouse. When this is not strictly valid, an attic 
zone should be treated individually with the pertinent air exchanges written 
between attic and house interior and the external weather. 

The sheltering effects resulting from an upwind fence are evident in Tables 
1 and 2. In these tests, the fences used are solid wood and are scaled versions 
of the actual ones enclosing the patio areas behind the Twin Rivers town- 
houses. These full scale fences which are 115 the height of the houses, are 
5.5 f t .  (1.7 m) high with a 6 in. (15 cm) opening under the fence; they are 
placed approximately one house height behind the rear wall of the house. A 
comparison of Runs 1 and 5 or 2 and 4 in Table 1 or Runs 1 and 4 in Table 2 
indicates that despite the relatively short height of these fences, the AI 
parameter is reduced in each case by the fence. In each pair of configurations, 
the effect of the fence is to balance the pressure distribution on the shell of 
the house, thereby reducing air infiltration. The most significant reduction 
in pressure occurs over the windward wall surfaces, but a beneficial change 
in the air flow occurs through the roof surfaces as well. 

The effects produced by tree sheltering are presented in Table 2, where the 
dashes shown in Runs 5, 6 and 7 indicate the placement of simulated ever- 
green trees. These simulated trees are constructed by wiring three triangular 
patches of screening to a steel shaft. Comparing Runs 1 and 5 indicates the 
reduction in air infiltration produced by the tree windbreak is 40%. When the 
trees are placed in a staggered two-row configuration as shown in Run 6, the 
reduction is 31% compared with the unsheltered configuration shown in Run 1. 
Even in the case where an interior house is sheltered by a solid fence, the addi- 
tion of a single row of trees reduces AI by 42% as noted through Runs 4 and 7. 
The combined sheltering effects produced by the fence and the tree row is 
predicted to be 60% (see Runs 1 and 7). Given the fact that air infiltration 
comprises about one-third of a winter heating bill, the fence and tree shel- 
tering could amount to a 20% reduction in total fuel consumption depending 
upon the prevailing wind directions and the outside temperature. 

Comparison of air infiltration rates 

The quantitative comparison of the air infiltration results computed via 
the present model are shown in Table 3 where any houselwind configuration 
may be compared with any other. 

House location: Table 3 permits comparison of the wind-produced air infil- 
tration which occurs when wind blows perpendicularly to the front of both 
interior and end units. Looking along the top row of the matrix shown in 
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1 ',ble 3 for the end unit (in this case the first element) and then looking down 
[his column for the row element that corresponds to  the interior unit (the 
,~lghth), the result reads 0.20 which is to  say that the end unit experiences 20% 
[,lore infiltration than the interior unit. To assess this difference one may re- 
turn to Tables 1 and 2 to examine in detail the corresponding pressure coef- 
flc.~ent differences on the respective surfaces. 

ii'hen the wind blows parallel to  the row of test houses, the air infiltration 
1, radically different for the windward and leeward ends of the row. The wind- 
nard house sustains an air infiltration rate which is about 38 times that of the 
It>eward unit. 

The houselwind configuration that produces the maximum amount of air 
~nfiltration is that of the end unit with the wind striking both front and side 
walls at an angle of 135". The least air infiltration is produced when the wind 
l~lows parallel to  the house row and the house in consideration is the unit on 
the leeward end of the row. 

Fence effects:  The sheltering benefits of a small fence can be estimated by 
comparing the air infiltration results for cases where (1) wind impinges the 
front wall of the house which has no fence sheltering with (2) a similar wind 
flow directed at the rear wall of the house which has fence sheltering. In this 
way, Table 3 indicates that configuration 1 has 35% more air infiltration 
than configuration 5, thus showing that a fence effectively shelters an end 
unit when wind flows parallel to  this end wall. Equivalently, it may be stated 
that the fence produces a 26% reduction in air infiltration as shown by the 
first row element in column 5. The eighth element in column 11 indicates a 
31% reduction produced by the fence for the interior unit. When the wind 
flow makes an angle of 45" with the end wall of the end house, the fence 
produces a 17% reduction as shown by the second element in column 4. 

Tree effects: The sheltering effects of trees can be estimated by the results 
presented in columns 12, 13, and 14 of Table 3. The eighth element of column 
12 indicates a 40% reduction for the interior unit when the wind flows per- 
pendicularly to the front wall. The staggered double rows of trees account 
for a reduction of 31% for the same wind flow. The addition of a single row 
of trees to  augment fence sheltering is found via the eleventh element of 
column 14 to  reduce air infiltration 42%. The most significant air infiltration 
reduction is obtained when the combination of a fence and trees are added to 
a previously unsheltered interior house. The eighth element of column 14 in- 
dicates this reduction is 60%. 

Discussion and conclusions 

The present wind tunnel tests - a visualization test using smoke techniques 
and a quantitative test using pressure measurements over the shell of the 
house - indicate that the amount of air infiltration caused by wind is deter- 
mined primarily by three factors: (1) the direction of the wind relative to the 
house, (2) the particular geometry and structural details designed into the 



exterior shell of the house, and (3) the sheltering effects that may protect the 
house from the direct impingement of the wind. 

Photographs, both movie and stills, taken during the visualization study 
reveal the salient features of the wind flow pattern over the scaled two-story 
townhouse. The important characteristics shown in these photos are the stag- 
nation flow on the windward wall of the house, the flow over the lip of the 
roof to  the roof peak, and the wake flow region adjacent to  the leeward roof 
and wall surfaces. 

The quantitative results of the study of the wind-produced pressure distri- 
bution on the shell of the house have been analyzed via a linear infiltration 
model developed in the present effort. These results permit the comparison 
of the effects of wind direction, house position within its row, and the as- 
sessment of such sheltering effects as fences and tree windbreaks. 

The present results and the measurements made in the quantitative effort 
do not include the effects of turbulence in the windstream approaching the 
test house. Since previous investigators, including Eaton and Mayne [B] , 
Ishizaki and Huh [9] ,  and Baines [ l o ] ,  have found that turbulent fluctuations 
can produce significant gust effects on structures, it is suggested that future 
wind tunnel studies of air infiltration effects incorporate a simulated atmo- 
spheric boundary layer such as that used by Peterka and Cermak [ I l l  and 
Marshall [4]. 

It is concluded from the present results that architectural designs which 
incorporate wall elements that protrude or are recessed from the wall plane 
should be constructed with great care. It is found that cavities and corners 
tend to  trap high pressure eddies on windward walls and perhaps lead to 
excessive exterior air leakage into the house due t o  the difficulty of sealing 
such wall geometries during construction. On leeward surfaces, leaks in comer 
seams and other pores in the walls are outlets for heated or cooled interior 
air to  leak into the low pressure regions adjacent to these exterior surfaces. 

The quantitative comparison of air infiltration results demonstrates that 
significant differences occur for the variety of houselwind configurations 
tested. Depending upon the particular houselwind configurations, end units 
experienced about 20 to  30% more infiltration than interior units due to the 
large expanse of side wall exposed to the wind. 

Besides home location in its row, the influence of wind direction relative 
to the house is a significant factor affecting air infiltration. It is found, for 
example, than when wind blows at a 45" angle with a windward wall, the air- 
infiltration produced is greater than that for the case where the wind blows 
perpendicularly to the wall. This result is due to the pressure changes on lee- 
ward roof and wall surfaces produced by the change in wind direction. It has 
been observed in the course of Princeton's study that the common walls shared 
by adjacent interior units are not the interior walls they are designed to be. 
Apparently, exterior air can leak through several paths into the cavities in 
these uninsulated walls. The most notable path is through the comers which 
are formed by the masonry portion of the common wall and the frame front 



or back wall of the house. Apparently, these joints which are caulked by the 
builder part either through settling or expansion effects and permit air leakage 
to occur behind the caulked seam through siding and the building paper. Thus 
these common walls tend to  act as end walls and thereby tend to reduae 
energy consumption differences between end and interior dwelling units. 

Sheltering effects, such as small, solid fences and tall evergreen trees were 
found to significantly reduce wind-produced air infiltration losses. From 
Table 3, a five-foot high fence sheltering an interior unit reduced air infiltra- 
tion 31%; for the end unit the fence produced a reduction of 26%. The - - 
authors tend to agree with Woodruff [12],  who has suggested that landscape 
elements such as trees and hedges can be more effective than solid barriers 
such as fences because of the manner in which branches, leaves, and evergreen 
needles interact with the wind. He points out that the wind which filters 
through branches tends to  break down the organized eddy patterns which 
prevail in the wakes of solid barriers. The sifting effects of living landscape 
elements thus reduce wake pressures, thereby resulting in a more balanced 
pressure distribution on downwind houses. 

The most effective windbreak tested in the present quantitative study is that 
of a straight row of tall evergreen trees. This type of windbreak produced a 
reduction in air infiltration of 40% compared to the unsheltered interior 
house. The combination of trees and fences results in a reduction of 6076, 
compared to the case without trees. To duplicate these results, trees approxi- 
mately the height of the house should be planted in a straight row across the 
wind path one and one-half to two and one-half house heights upwind of the 
house. By placing the evergreen trees about two house heights from the house, 
one can limit undesireable shading of sunlight on the house during the heating 
season. To achieve shading effects during the summer cooling season, tall 
deciduous trees should be placed adjacent to the house (see ref. 13). In view 
of the air infiltration reductions produced by wind-breaks it is concluded that 
such landscape elements should be included in future planning. This especially 
holds for communities built on open terrain where, in the past, trees generally 
have been cleared to facilitate excavation and construction. 

In light of the quantitative results produced in the present study, it seems 
appropriate to  make further mention of some of the implications made via 
the assumptions used in the present air infiltration model developed. The 
constant of proportionality, k, between air flow rate, q,  and the pressure dif- 
ference, Apm , was chosen to  be unity solely because no data was available 
with which to estimate this quantity. In view of the importance of k in deter- 
mining the air infiltration and since it is very much a result of design and con- 
struction quality, one suspects that efforts ought to  be made to make field 
measurements of typical wall and roof values. Limits for k values can be en- 
visioned as ultimately constituting criteria for construction quality not only 
in residential housing but in all types of construction. 

The major conclusion of the present study is that according to  our air in- 
filtration model for analyzing wind effects, evergreen trees are significant 



windbreaks. Their porosity and conical shape and the fact that they are year- 
round fixtures makes them an ideal bamer when placed in straight rows across 
the path of the wind. It now remains to be seen whether the results of these 
laboratory studies will be reproduced in corresponding full-scale field studies. 
At present, such tests are being conducted through the support and coopera- 
tion of the Pinchot Consortium and the U.S. Forest Service. The results will 
be the subject of a subsequent report and publication. 

Several individuals at Princeton deserve special thanks: Messrs. W.S. James, 
N. Malik, and A. Caine for their assistance in conducting the wind tunnel tests, 
Mr. D.T. Harrje who together with Mr. C.M. Hunt of the National Bureau of 
Standards developed the instrumentation that produced the data which drew 
our attention to these significant wind effects. The secretarial expertise pro- 
vided by E. Olsen, J. Wiggs, K. Shahay and D. Doolittle is gratefully acknow- 
ledged. We acknowledge the support of the National Science Foundation 
through Undergraduate Research Participation Grant No. 11 237. 
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