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CHAPTER 1
INTRODUCTION
1-1 PURPOSE AND SCOPE. This UFC is comprised of two sections.

Chapter 1 introduces this UFC and provides a listing of references to other Tri-Service
documents closely related to the subject. Appendix A contains the full text copy of the
previously released Military Handbook (MIL-HDBK) on this subject. This UFC serves as
criteria until such time as the full text UFC is developed from the MIL-HDBK and other
sources.

This UFC provides general criteria for using natural ventilation to cool
buildings.

Note that this document does not constitute a detailed technical design,
maintenance or operations manual, and is issued as a general guide to the
considerations associated with natural ventilation to cool buildings.

1-2 APPLICABILITY. This UFC applies to all Navy service elements and
Navy contractors; Army service elements should use the references cited in paragraph
1-3 below; all other DoD agencies may use either document unless explicitly directed
otherwise.

1-2.1 GENERAL BUILDING REQUIREMENTS. All DoD facilities must comply
with UFC 1-200-01, Design: General Building Requirements. If any conflict occurs
between this UFC and UFC 1-200-01, the requirements of UFC 1-200-01 take
precedence.

1-2.2 SAFETY. All DoD facilities must comply with DODINST 6055.1 and
applicable Occupational Safety and Health Administration (OSHA) safety and health
standards.

NOTE: All NAVY projects, must comply with OPNAVINST 5100.23 (series), Navy
Occupational Safety and Health Program Manual. The most recent publication in this
series can be accessed at the NAVFAC Safety web site:
www.navfac.navy.mil/safety/pub.htm. If any conflict occurs between this UFC and
OPNAVINST 5100.23, the requirements of OPNAVINST 5100.23 take precedence.

1-2.3 FIRE PROTECTION. All DoD facilities must comply with UFC 3-600-01,
Design: Fire Protection Engineering for Facilities. If any conflict occurs between this
UFC and UFC 3-600-01, the requirements of UFC 3-600-01 take precedence.

1-2.4 ANTITERRORISM/FORCE PROTECTION. All DoD facilities must
comply with UFC 4-010-01, Design: DoD Minimum Antiterrorism Standards for
Buildings. If any conflict occurs between this UFC and UFC 4-010-01, the requirements
of UFC 4-010-01 take precedence.

1-3 REFERENCES. The following Tri-Service publications have valuable
information on the subject of this UFC. When the full text UFC is developed for this
1-1
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subject, applicable portions of these documents will be incorporated into the text. The
designer is encouraged to access and review these documents as well as the
references cited in Appendix A.

1. US Army Corps of Engineers USACE TL 1110-3-491, Sustainable Design
Commander for Military Facilities,
USACE Publication Depot 01 May 2001
ATTN: CEIM-IM-PD
2803 52nd Avenue
Hyattsville, MD 20781-1102
(301) 394-0081 fax: 0084
karl.abt@hg02.usace.army.mil
http://www.usace.army.mil/inet/usace-docs/

1-1
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Changes since this manual was published.

Aug 1990

1. Pp 27, Para 4.3.3.2, Line 3 - Deleted hangi ng parenthesis after "3.2."

2. Pp 37, Para 4.5.3.4, Line 3 - Deleted hanging parenthesis at end of |ine.
3. Pp 59, Appendix A, Contents, page numbers changed in "FI GURES" section
(page nunbers did not reflect contents).
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ABSTRACT

Thi s handbook provi des guidance and criteria for the design of buildings
to be totally or partially cooled by natural ventilation. |t describes
several natural criteria; design criteria for natural ventilation and for
zoned or seasonal occupant and maintenance manual s, and guidelines for w nd
tunnel testing. Appendices include fornms and overlays for the designer's use
and describe the fundanental principles of confort related to airflow, a
nmet hodol ogy for climte analysis, prediction, and eval uation
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FOREWORD

Thi s handbook has been devel oped from an evaluation of facilities in the shore
establishnent, from surveys of the availability of new materials and
construction methods, and from sel ection of the best design practices of the
Naval Facilities Engi neering Command ( NAVFACENGCOM), ot her Governnent

agenci es, and the private sector. This handbook was prepared using, to the
maxi mum ext ent feasible, national professional society, association, and
institute standards. Deviations fromthis criteria, in the planning,

engi neering, design, and construction of Naval shore facilities cannot be made
wi t hout prior approval of NAVFACENGCOM HQ ( Code 04).

Desi gn cannot remain static any nore than can the functions it serves or the
technologies it uses. Accordingly, recomendations for inprovenment are
encour aged and shoul d be furnished to Conmander, Pacific Division, Nava
Facilities Engi neering Command, Code 406, Pearl Harbor, Hawaii 96860- 7300,

t el ephone (808) 471-8467.

THI' S HANDBOOK SHALL NOT BE USED AS A REFERENCE DOCUMENT FOR PROCUREMENT OF
FACI LI TIES CONSTRUCTION. I T IS TO BE USED I N THE PURCHASE OF FACI LI TIES
ENG NEERI NG STUDI ES AND DESI GN ( FI NAL PLANS, SPECI FI CATI ONS, AND COST

ESTI MATES). DO NOT REFERENCE I T I N M LI TARY OR FEDERAL SPECI FI CATI ONS OR
OTHER PROCUREMENT DOCUMENTS.
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TROPI CAL ENA NEERI NG CRI TERI A MANUALS

Criteria
Manual Title PA
M L- HDBK- 1011/ 1 Tropi cal Engi neering PACDI V

M L- HDBK- 1011/ 2 Cool i ng Buildings by Natural Ventilation PACDI V
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1.1 Scope.

of buildings to be totally or

supports the planning and

handbook describes a variety of natura
condi tions under which they should be considered.
desi gn nethod for determ ning and i npl ementi ng appropriate
Bui | di ng design features and practices
Speci al
systens and ot her design issues that will
Recommendati ons for the devel opnent of occupant and

and are descri bes.
t he desi gner's use.
mechani ca
safety are noted.
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Section 1: | NTRODUCTI ON

Thi s handbook provi des guidance and criteria for the design

partially cooled by natural ventilation and
design process as outlined in Figure 1. This
cooling techniques and the climtic
Confort criteria and manua
cooling strategy(s)
are presented for
considerations related to the integration of

i nfl uence confort and

mai nt enance manual s are given

Appendi x A includes fundanent al
and predicting airflow

confort, climte,

climate anal ysis; weather

principles related to people and
Appendi x B contains a method of

dat a sources, methods for analyzing the weather

i nformati on and extrapolating it fromweather station data to specific sites.

Appendi x C gives informati on on wi ndow and fan si zi ng,

tunnel testing, field and

of the climte analysis and w ndow si zi ng procedure.

stack effect and wi nd
Appendi x D is a worked exanpl e
A sel ective bibliography

conput er nodel i ng.

and gl ossary are al so included.
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1.2 Purpose. When natural ventilation can supplant some or all of a
buil di ng' s mechani cal cooling requirements, two types of cost savings may
result:

a) The energy costs of operating the air conditioning system

b) The first cost of unnecessary mechanical equipnent. As a
result, the Navy is requiring that the potential for natural ventilation be
examined in the design of all applicable projects in tradewi nd and tropica
regi ons.

1.3 Qoj ective. This handbook provides state-of-the-art information on
natural ventilation, and a manual procedure for the design of ventilated
buildings. |Its use will facilitate the design of buildings that save energy

by substituting natural ventilation for mechanical cooling. Although "natura
ventilation" strictly refers to ventilation induced by external w nd or
interior thermal buoyancy, the neaning usually includes ventilation from

| ow- power ed equi prrent such as whol e- house fans and ceiling fans.

1.3.1 Naturally Ventilated Buildings and Cimate. The external climte
(temperature, radiation, humidity, and wi nd) deterni nes the heating and
cooling requirenents of the building. Since the building envel ope acts as a
nmedi at or between the external and internal environnment, its design and
conposition affect the interior conditions of the building, its energy
consunption and life-cycle cost. The design of naturally ventilated buil di ngs
attenpts to adjust to the regional and site-specific sun and wind patterns on
a daily and annual basis to naxim ze occupant confort at minimum energy cost.

1.3.2 Consi deration of Natural Ventilation in the Design Process.

Because buil ding site has a strong influence on how well natural ventilation
will function, it is inmportant that such ventilation be a primary design
paranmeter fromthe very begi nning of the design process. The siting of the
building will influence the ease or difficulty with which solar shading may be
achi eved, how rmuch insulation is required, etc. Ventilation should also be
consi dered t hroughout the design of the building. This handbook provides

gui del i nes and suggested practices at both of these scal es.

1.4 Primary Criteria. This handbook provides a procedure to eval uate
the success or failure of a building design by exam ning the expected
percentage of time that human thermal confort will be achieved. The choice of

buil ding cooling strategy (i.e. natural ventilation, evaporative cooling,
thermal mass, nocturnal ventilation, or nechanical air conditioning) is
determined fromthe climite data for the site and an eval uati on of what
strategies work in different climtes. Methods are given for determ ning and
achieving the interior ventilation rates required for confort. Wen w nd or
buoyancy-driven ventilation al one cannot provi de adequate interior w ndspeeds
for confort, mechanical fan backup systens shall be used.

Because naturally ventil ated buil dings respond to the site
conditions and nmicroclimte, there is no one set of specific criteria
applicable to every naturally ventilated building. However, general building
design criteria are included whenever possible. A description of the "optinal
configuration" for achieving continuous natural ventilation is presented in
para. 3.1.4.

2
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1.5 Responsibilities of Planners and Designers. The choice of genera
site, building program and cooling strategy is performed by the planner. The
designer is responsible for the specific site planning within the given
general site and for the design of the building and the site.

Thi s handbook is intended for use both by planners (for assessing
the potential for ventilative cooling in a particular climte) and by
designers (for establishing the design features of the particular site and
bui I di ng) .

To take maxi mum advant age of the opportunities for natura
ventilation of buildings, and thus energy savings, planners and designers
shal | :

a) Be sensitive, at all levels of design, to the opportunities for
natural ventilation

b) Be flexible in their approach to site planning and design
c) Performanalysis early in planning, site, and design studies.

d) Be aware of the significance of specific mcroclimtic
di f ferences and uni que constraints of each site.
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Section 2: COOLI NG BY NATURAL VENTI LATI ON

2.1 The Causes of Natural Ventilation. Natural ventilation in
buil di ngs is produced by pressure differences between the inside and the

out side of the building. The magnitude of the pressure difference and the
resi stance to flow across the openings in the envelope will determne the rate
of airflow through the openings. The two main forces producing pressure
differences are the wind force and the thermal force or stack effect.

The ampunt of pressure induced by thermal differences in a building
is directly proportional to the vertical height of the enclosed vol une of
heated or cooled air. Tall roomvolumes will have strong stack effects, while
short room volumes will have little or no stack effects. For lowrise
buil dings or in nediumto high wind conditions, the stack effect may be
consi dered negligible in conparison to wind pressure forces. The stack effect
rarely creates enough air novenent to cool the occupants directly, but it can
provi de enough ventilation for fresh air and health requirenents. In
hi gh-rise buildings, the stack effect may cause strong air nmovement through
el evator shafts and stair towers, but the individual floors are usually

separated fromother floors so that the stack effect within the floors will be
smal . This handbook enphasi zes the use of w nd-induced ventilation
2.2 The Cooling Process. Although there are many strategies for

naturally cooling a building, the primary ones are:

a) Convective Cooling--cooling of the occupants and/or of the
structural mass by air novenent,

b) Radi ant Cooling--heat in the building's structure is discharged
by | ongwave radi ation to the night sky,

c) Evaporative Cooling--water is evaporated to cool the interior
air or building structure, and

d) Earth Cooling--soil is used as a heat sink and heat is
transferred by direct contact with the soil or through air or water pipes.

Natural ventilation, a form of convective cooling, has the
potential to cool the human body directly through convection and evaporation
or indirectly by cooling the structure of the building surrounding the
occupants. The choice of cooling strategy is dependent on the climatic
factors, the type of building, and the indoor climate desired.

2.2.1 Bodily Cooling. Bodily cooling is effective during overheated
peri ods when the tenperature and humidity of the air are above the still air
confort range (refer to para. 2.3 for the definition of the confort zone).
Bodily cooling is especially useful in hot-humd clinmtes where high hunidity
suppresses the range of daily tenperature fluctuation making structura
cooling difficult to achieve

When bodily cooling is desired, buildings should allow maxi mum
airflow across the occupied area and provide protection fromthe sun and rain.
Li ght wei ght structures which respond quickly to | ower night tenperatures are

5
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Main design features:
. Main habitable rooms facing north — south
Wide spacing batwean dwellings to ensure good air movement
MNarrow depth of dweling to ailow good ar movement in all raoms
Overhanging roof to the north and south to provide protection from sun and
rain and glare from the bright overcast
Treas to provide shads in the sast and wast walis without blocking air movement

PR

Figure 2
Typical Layout for Body Cooling in a Warm-Humid Climate

desirable. In the extreme case, the best "structure" consists of only an
i nsul ated roof-canopy to provi de shade and protection fromthe rain and while
al l owi ng maxi mum ventilation. In practice, careful siting and orientation

narrow el evated buil di ngs, open plans, and use of exterior w ngwalls,
over hangi ng eaves, verandahs, and |arge wi ndows are preval ent el ements of
naturally ventilated buildings in warmhum d climtes (see Figure 2).

2.2.2 Structural Cooling. Structural cooling in which the building nass
snoot hs out the daily tenperature variation, is effective in climtes which
large daily tenperature variations (i.e., hot-arid climates). During the day,
the building interior is unventilated and the high thermal capacity of the
buil ding structure serves as a heat sink for the interior gains. At night,
the mass is cool ed by | ongwave radi ation to the sky. Cooling may be enhanced
by "flushing" the building with cool night air renoving the stored structura
heat and prechilling the mass for the next day. N ght air nust be cool enough
to receive the stored heat (i.e., the nighttine outdoor air tenperatures mnust
be | ower than indoor air tenperatures, and dip into or below the confort
zone) .

Tradi tional architecture has achieved structural cooling through
natural ventilation by neans of small closable w ndows and various forns of
wi nd scoops or wind towers. Ventilation is often enhanced by using pool s of
wat er or evaporative screens to cool the inconming air (see Figure 3).
Nocturnal ventilation can |ower daytime indoor tenperatures bel ow that of
simlarly thermally massive but unventilated buildings by an anmount equal to
15 percent of the outdoor tenperature range. Therefore if the outdoor
tenmperature range is 59deg. F (15deg.C), an additional 8 to 9deg.F (2 to
3deg. C) i ndoor
daytime tenperature reducti on can be expected in the nocturnally ventil ated,
thermal |y massive building as conpared to an unventilated buil di ng.
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Main dasign feanres:;

Compact planning with minimal external surfacs arsa

Windows of habitable rooms orientated %o the north and south

Most windows facing onto patios, rather than the axteror of the group
Shaded pecastrian cirguiation

Smail patios to provide sheltared private outdoor iving space

Very imited planting

RN

Figure 3
Typical Layout for Structural Cooling in a Hot-Dry Climate

2.2.3 Conbi nati ons of Bodily and Structural Cooling. For bodily cooling,
ventilation is used both day and night to dissipate the solar heat absorbed by
the Iightweight building envel ope and to cool the building's occupants.

Nocturnal structural cooling does not allow daytine w nd-induced
bodily cooling. |In order to take advantage of the night cool ness stored in a
structural mass, the building nust be unventilated during the day. Thus,
structural cooling and daytime bodily cooling by natural ventilation are
nmutual |y exclusive. Daytine air movenent for body cooling may be achi eved by
mechanically stirring the air with ceiling fans or some ot her nechanica
equi prent. Natural ventilation can be used for bodily cooling during the
ni ght when the structure is being ventilated. However, there may be linits to
the rate at which cold night air can be introduced to occupi ed spaces. This
depends on the air tenperature and the use of the space.

2.2. 4 Evaporative Cooling. Evaporative cooling may be used in hot-arid
climates where water is available and is npst effective in regions with high
dry bulb tenperatures (greater than 80deg.F or 26.7deg.C) and wet bulb
t enperat ures
of 65deg.F (18.3deg.C) or less. Evaporative cooling functions through
absorption of
sensi bl e heat by water fromthe air in the phase change of liquid to vapor
Evaporative cooling may be achieved by nechanical or passive (w nd induced)
nmeans. Two types of evaporative cooling exist: direct, in which the building
supply air is humdified, and indirect, in which it is not. A conbination
i ndirect and direct evaporative cooling can create cool er tenperatures than
that of either type alone. A passive direct evaporative cooling system can
reduce dry bulb tenperature by 40 to 50 percent of the difference between dry
bul b and wet bulb tenperatures, and a mechanical direct evaporative cooling
system by 60 to 80 percent.

7
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Evaporative cooling is not covered further in this handbook. For
requi rements for the design of buildings using evaporative cooling refer to
NAVFAC DM 3.03, Heating, Ventilating, Air Conditioning, and Dehunidifying

Systens.

2.2.5 Earth Cooling. The earth may be used as a heat sink wherever the
bel ow grade soil tenperature is |ower than the anbient interior tenperature.
The ground is the only heat sink to which a building can continuously | ose
heat by neans of conduction during the overheated season. There are no sinple
anal ytical techniques for predicting the cooling potential of the ground.

2.2.6 Conbi nations of Natural Cooling Strategies. It is possible to
conbi ne the natural cooling strategies, or to use a natural cooling strategy
wi th mechanical air conditioning or heating. Conbinations may be achi eved on
a seasonal basis (such as wi nter nechanical heating with natural ventilation
in the sutmmer for cooling) or by spatial zoning in buildings (partly air
conditioned and partly naturally ventilated). Conbining the strategies with
mechani cal systems are especially useful in conposite clinmates where seasona
vari ations conplicate the design of the building (see Figure 4). For a
description of zoned buildings refer to para. 3.2.

e o

Main dasign features:
Main habitable rooms facing north and south

Controflsd space between dwalings for air movemant in the humid season
Planting and layout provide protsction frem hot —dry and cold winds

Walls to provide some shade to external spaces

Madium depth of building to allow tempaorary cross ventiation in the humid
feason

;RN

Figure 4
Typical Layout in a Composite Climate

2.3 Confort Criteria. The acceptable confort zone shall be that
prescribed by the American Society of Heating, Refrigerating, and Air

Condi tioni ng Engi neers (ASHRAE) Standard 55, Thernal Environnmental Conditions
for Human Occupancy. Eighty percent or nore of the building occupants will
find this zone thermally acceptable in still air and shade conditions. Figure
5 shows the acceptable range of tenperature and humidity conditions for
persons in typical sumrer (0.35 to 0.6 clo) and winter (0.8 to 1.2 clo)
clothing at near sedentary (less than 1.2 nmet) activity levels. Refer to
Appendi x A, Section 1 for a nore detail ed description

8
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Bioclimatic Chart with Base Comfort Zone

2.3.1 The Effect of Air Mwvenent. Air novenent influences the bodily
heat bal ance by affecting the rate of convective heat transfer between the
skin and air and the rate of bodily cooling through evaporation of skin
noi sture. The air velocity lines on Figure 4 show the extent to which

i ncreased air novenent can increase the range of tenperatures and hum dities
in which people will feel confortable.

2.3.2 Required Air Velocities for Human Confort. M ninmumrates of
ventilation are based on requirenents for health (oxygen supply and renmoval of
contam nants.) Ventilation, natural or mechanical, is required at all tinmes.
Refer to NAVFAC DM 3.03 for mnimumrates by occupancy and building type. The

maxi mumrates of interior air velocity are defined by factors other than hunman
physi ol ogi cal confort al one.

The upper limt of indoor velocity depends on building type and
use. For offices and comrercial spaces, the linit is 160 fpm (0.8 msec), the
poi nt at which | oose paper, hair and other |ight objects nmay be bl own about.
In heavy industrial spaces, this limt is not as inportant as the renoval of
toxic fumes, heat or other deleterious conditions, and higher indoor
velocities (up to 300 fpmor 1.5 msec) are acceptable. Maxi numindoor air
velocities for residential buildings are between these extrenes. A practica

upper limt is 197 fpm (1.0 msec), which is shown on the bioclimatic charts
contai ned in Appendi x A
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Section 3: DESI GN CRI TERI A

3.1 Bui l ding Design for Natural Ventilation

3.1.1 Introduction. Continuous ventilative cooling is suitable in
hot-humi d climtes such as Hawaii where the high atnmospheric humdity limts
the daily swing of tenperature. |In such climates, buildings cannot cool off

sufficiently at night to reduce daytine internal tenperatures substantially
bel ow t he outdoor daytine tenperature. The best buildings for such zones have
continuous ventilation day and night, both for cooling the occupants directly
and for dissipating any internal gains. The indoor tenperatures renain close
to the outdoor tenperatures. These buildings are usually open, relying on
their connection to the outside wind environment to achi eve the nost
confortable interior conditions.

The primary confort requirenents for buildings using natura
ventilation are to protect occupants fromthe sun and rain w thout obstructing
the airflow that cools both the occupants and the buil ding structure.

M ni m zi ng heat gain and pronoting maxi numventilation are of primary
i mportance.

3.1.2 Reaqui renent s and Recommendat i ons

3.1.2.1 Climate Analysis. Performthe Climte Analysis |located in Appendix
B to determ ne the nunber of nmonths that natural ventilation will provide
confort and the air velocity required to achieve confort in the given climate.
This method al so exam nes possi bl e seasonal variations that may affect the
bui | di ng desi gn.

3.1.2.2 Required Air Changes. An outside air exchange rate sufficient to
renove internal heat gain nust be provided to prevent a rise in interior
tenmperature. Calculate the required air changes to keep the building's
interior tenmperature below the top of the confort zone at the 98 fpm (0.5

m sec) internal air movement boundary (refer to Appendix C, Section 2).

3.1.2.3 Site Selection. Sites in which the slope, elevation, orientation
vegetation and wi nd pattern act to increase sumrer and wi nter cooling by w nd
and decrease radiation effects by shading should be used. Locations near

| arge bodi es of water may be preferable if cooling breezes can be directed
into the building(s).

To m nim ze heat gains fromsolar radiation, south, south-
sout heasterly and northern sl opes are preferable. Wst and east facing sl opes
shoul d be avoided due to the difficulty of providing adequate shading. The
nost desirabl e wooded sites have high tree canopies and open trunk areas,
permtting air novement while providing shade. Avoid sites with dense | ow
canopy trees which block breezes and trap humdity in dead air pockets.

3.1.2.4 Site Planning and Landscaping. Buildings nmust be spaced to allow
winds to reach the ventilation openings. In general, it is not desirable to
site buildings within the wake of surrounding structures or |landscaping. In

nost cases dense devel opment shoul d be avoi ded. The terrain, surrounding
veget ati on and ot her nearby structures may be used positively to "channel" or

11
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redirect breezes into the building. On sloping sites, |ocations near the
crest of the hill on the windward side are desirable. Valley bottons shoul d
be avoi ded since they may have reduced air novenent.

Street | ayouts can be used to channel airflow in higher density
site planning. |If buildings are grouped, airflow principles should be used to
determ ne the nost suitable arrangenent.

M ni m ze unshaded paving to reduce the anpbunt of sol ar heat
absorbed and stored near the building. O ganic ground covers are preferable to
manmade surfaces since they are able to reject solar heat by evaporation. For
a description and guidelines refer to paras. 4.2 and 4.3 and Appendi x A,
Section 3.

3.1.2.5 Bui | di ng Envel ope and Structure. The roof and walls exposed to the
sun shall be well-insulated to keep solar gains to a minimm Light col ored,
reflective exterior surfaces shall be used. Solid outer walls shall be
reduced to a minimumto permt naxi numventilation. The roof becomes the

domi nant buil ding feature providing protection fromthe sun and rain. There
is an advantage to using |ightweight envel opes that will not store daytine
heat into the evening hours.

The buil di ng envel ope shall be designed and constructed to maxini ze
natural ventilation of the interior spaces. The building' s orientation and
shape are inportant concerns. One- or two-room deep plans elongated along the
east-west axis are preferable. Wndow placenent, size, type, and position
wi Il influence ventilation effectiveness. Elevating the building may al so be
desirable (refer to Section 4).

3.1.2.6 Sol ar _Shadi ng. Shading of the glazing is required at all times of
the year when cooling is required (both natural and mechanical) from8 amto 6
pmsolar time (refer to Appendix B). The shading should be exterior to the

gl azing to provide maxi num protection fromradi ant solar heat gain. Externa
shadi ng of building surfaces, outdoor |iving areas and parking lots is also
reconmmended. For a review of shading device types refer to para. 4.5.5.4.

If the proposed design does not neet these shading requirenents,
t he desi gner should provide heat gain/loss calculations to show that effective

solar control will be provided by alternative neans and that thernal confort
wi |l be maintai ned. The solar gain values in para. 4.5 may be used for this
pur pose.

3.1.2.7 Thermal Insulation. The ceiling should be insulated if an attic is

requi red. Roofs above inhabited spaces, and walls exposed to direct sunlight
shoul d al so be insulated. For a description of requirements refer to para.
4.5.7.

3.1.2.8 Interior Spaces. Interior occupied spaces shall be shaded and wel
ventilated. Mninuminterior walls, partitions and other obstructions to
airflow are desirable. Light, reflective colors are preferable. Heat,

noi sture, and odor-produci ng areas should be separated fromthe rest of the
occupi ed spaces and separately ventilated (refer to para. 4.6).

12
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3.1.2.9 Back-up Mechanical Systens. |t may be necessary or desirable to

i ncl ude backup ventilation using a whol e-house fan, ceiling fans in the
interior spaces, or a nmechanical ventilation systemto ensure confort when

wi nd-driven ventilation is inadequate. For a description refer to para. 4.6.
Ceiling fans are required in all major occupied spaces of naturally ventil ated
bui | di ngs when confort cannot be achi eved by natural ventilation al one based
on the Climate Analysis Method in Appendix B

3.1.3 Speci al _Consi derati ons

3.1.3.1 Mechani cal System Integration. Naturally ventilated buil di ngs may
not be conpletely conpatible with conventional nechanical systems. Care shal
be exercised so that neither cooling strategy underm nes the effectiveness of
the other. Automatic sensors to detect open wi ndows or doors and to shut down
mechani cal | y-conditi oned air supply are recomrended in naturally ventilated
buil di ngs with backup air conditioning or closed-loop ventilating systens.

Natural ventilation of buildings with |arge openings in the
bui | di ng envel ope is inappropriate during nonths when appreciabl e heating or
air conditioning is required unless the openings can be closed to thernal and
infiltrative |osses. |n such cases, novable insulation shall be considered.

3.1.3.2 Condensation. Condensation nmay be a problemin buildi ngs comnbining
natural ventilation with mechanical air conditioning. Note that planning and
design to mnimze mechanical air conditioning | oads does not always coincide
with planning for natural ventilation. |If a conbined (zoned) systemis
desired, each shall be designed for maxi mumefficiency and the connection

bet ween the zones should be carefully detail ed.

3.1.3.3 Ot her Issues. Due to the "open" nature of naturally ventilated
bui | di ngs, special consideration shall be given to possible problens with
noi se, privacy, and rain protection

3.1.3.4 Bui | di ng Types Considerations. High ventilation rates nay not be
suitable for offices (where papers may be bl own about) or for uses requiring
hi gh security, or rigid environnental standards (such as conputer and other
sensitive instrument roons, toxic producing processes, hospitals, clinics).
In general, natural ventilation shall be considered for all housing projects,
recreation facilities, religious buildings, hangars and general purpose
storage facilities when climte analysis (refer to Appendi x B) indicates that
natural ventilation is an acceptable strategy. Storeroons for hazardous
materials or for materials requiring hunmidity control are not addressed by

t hi s handbook.

In buil dings where natural ventilation is indicated as an
accept abl e strategy, mechanical cooling may still be necessary for critica
areas, but the natural ventilation may be used to reduce energy and mechanica
equi pment costs in less critical areas. Refer to para. 3.2 for a description
of zoned buil di ngs.

3.1.4 Optimal Configuration to Encourage Ventilation. Each building
project and site will have a unique set of opportunities and constraints, and
shal |l be considered on a case-by-case basis. The followi ng "ideal" set of
desi gn conditi ons woul d produce one optimal configuration for ventilation

13
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a) Site Selection and Pl anning--The optinal site is an open site
near the crest of a southfacing hill with a mnimum of five building heights
bet ween buil dings. Avoid solid enclosure walls or fences nearby that m ght
bl ock w nd.

b) Buil ding Shape--Buil dings shall be el ongated al ong the
east-west axis, with the long faces to the south and north, elevated on
colums or north-south walls.

c) Landscapi ng--Nearby ground surfaces shoul d be covered with
grass rather than asphalt. Trees and hedges that shade the ground, building
surfaces, open outdoor areas, and parking lots should be sel ected.

d) Building Envel ope--Design should provide for adequate
i nsul ation and shading to nmininize internal heat gains from solar radiation
Large openings in positive and negative pressure zones shall be on the north
and south walls for ventilation. |[If insect screens are necessary, they shal
be placed at the balcony walls rather than directly over the w ndows, to
i ncrease the screen area and reduce its resistance to incomnming airflow

e) Interior Planning--For maxi mum ventilation, the building should
be planned with a single | oaded corridor and minimal interior partitions in
the naturally ventilated roons. Separate ventilation of odor, heat or
humi di ty produci ng spaces such as bat hrooms shoul d be provided and these
spaces shoul d be placed on the |ee side of the building. Provide ceiling fans
in all major occupied spaces for use when outside wi nd speeds are too | ow

3.1.5 Anal ysis and Testing Procedure. Every building design shall be
evaluated to determne if the required confort levels are achieved. Wen
evaluating the quality of ventilation froma human confort standpoint, it is
i mportant to consider the interior air distribution as well as the tota
amount of airflow. One or nore of the follow ng five anal ysis nethods
(3.1.5.1 through 3.1.5.5) shall be undertaken as early in the design process
as possible to facilitate any necessary design changes.

3.1.5.1 Method 1. Perform the wi ndow sizing procedure (Appendix C, para.
1.2) for the worst two naturally ventilated nonths. |f the proposed building
design neets or exceeds the required wi ndow square footage, then acceptable

| evel s of confort can be expected.

3.1.5.2 Met hod 2. The ASHRAE formul ae may be used to deternmine interior
air nmovement rates in relatively sinple buildings. Refer to Appendix C, para.
1.2 for fornul ae and description. Exanmine the two worst naturally ventilated
nmonths. |If the proposed building design achieves greater or equal air
novenent than that required fromthe climte analysis, (Appendix B), then
acceptabl e confort |evels can be expected.

3.1.5.3 Method 3. For conpl ex building shapes or buildings taller than six
stories, use a wind tunnel test to obtain direct interior velocity
nmeasurenments or to obtain surface pressure coefficients for use in the w ndow
sizing method. Refer to Appendix C, para. 1.3 for wind tunnel test

procedures. For buildings that are conplex or house critically inportant
functions, computer analysis using a typical hourly weather tape to estimate

i ndoor thernmal conditions is also recomended.

14
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Refer to Appendix C, Section 2, for information on conputer
simul ati on of building thernmal perfornmance.

3.1.5.4 Method 4. For one-story buildings, field nodeling may be
substituted for wind tunnel testing (refer to Appendix C para. 1.4 for a
description of requirements). The results can be plotted on the bioclimatic
chart or input into a conmputer programto determine confort |evels.

3.1.5.5 Method 5. A thernophysiol ogi cal nodel nay be used to determ ne the
percentage of time that the building will be confortable, based on a

conput er-generated hourly sinulation of human thermal confort. Predictions of
the interior air velocity rates (deternined by one of the nmethods |isted
above), and hourly indoor thermal conditions (from conmputer thermal analysis)
are required as input. For inmportant or conplex buildings, this nmethod will
provide the nost accurate estimate of thermal confort. Refer to Appendix C,
para. 3.1 for a description and procedure.

3.2 Bui | di ng Design for Zoned and Seasonal Conbi nations

3.2.1 Introduction. Natural ventilation is conmonly conbined with
Heating-Ventilation and Air Conditioning (HYAC) systens in zoned buil di ngs and
seasonal | y adj ustabl e buil di ngs.

3.2.1.1 Zoned Buildings. The zoning approach conbines natural ventilation
(or other passive cooling strategi es) and HVAC systens spatially within the
building. 1In one form zoning involves migration of occupants by providing a

variety of thermal zones, each of which is confortable under a different set
of climatic conditions. Because each thermal zone is tuned to a limted set
of environmental conditions, its design is sinpler. The zone approach may
exploit a particular site characteristic such as orientation or placenent near
water, a particular material characteristic such as thermal capacity, a
particular climte characteristic such as nighttine downsl ope wi nds, or a
particular cultural or social pattern such as sleeping outdoors. Traditiona
exanpl es of such zones are the verandas/porches of the southern U S. and the
rooftop sl eeping areas of M ddle Eastern buil di ngs.

3.2.1.2 Seasonal |y Adjustable Buildings. These are suitable for variable
climates in which natural ventilation applies for only part of the year
Seasonal |y adjustabl e buil dings ai mat balancing the differing requirenents of
t he various seasons. The characteristics of the building envel ope and siting
wi I | vary dependi ng upon the | ength and severity of the seasons. They
conmonl y enpl oy seasonal | y adj ustabl e features such as storm wi ndows,

i nsul ated shutters, and sol ar shadi ng devi ces such as awni ngs and veget at ed
trellises. Refer to para. 4.5.6.4 for information on solar control

3.2.2 Requi rements and Recommendations. Performthe Cimate Analysis in
Appendi x B to deternine the percentage of time that natural ventilation wll
provide confort and the air velocity required to achieve confort in the given
climate. This nethod al so exam nes possi bl e seasonal variations which may

af fect the building design.

3.2.2.1 Early Stages of Design. The designer should consider zoned or
seasonal | y adj ustabl e envel ope configurations during the early stages of
design in order to maxim ze their effectiveness.
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3.2.2.2 Consi derations for Zoned Buildings. To deternine the potential for
a zoned buil di ng, exam ne the progranmed uses of the building. Uses requiring
di ffering environnental conditions suggest a zoned buil di ng system

3.2.2.3 Consi derations for Seasonably Variable Buildings. To determine the
acceptability of designing a seasonally variable building, determ ne the
nunber and nmont hs when natural ventilation and nechani cal systenms shoul d be
used by conpleting the Design Method contained in Appendix B

3.2.2.4 Conputer Applications. Reviewthe cooling strategies and design
features that could be applicable for different parts of the building and for
different tines of the year to determ ne whether conbinations of natura

ventilation and HVAC systens will work nore efficiently than natura
ventilation or HVYAC alone. For sinple buildings, this my not require
detail ed analysis. In nore conplex cases, where conputer simulation is

desirabl e, the conputer program needs to have nultizoned or attached-sunspace
capabilities in order to simulate a zoned building configuration. Use the
concepts in Sections 2 and 3 and the building features in Section 4 for
natural ventilation as applicable.

3.2.2.5 Seasonal Adjustnents. The naturally ventilated part(s) of the
buil di ng may require seasonal adjustnent in sone clinmtes to extend the period
of its use. Exanples of this seasonal adjustment include screened porches

whi ch are enclosed with glass "stormw ndows" to becone useful as sun spaces
during the winter. Mvable insulation panels nay al so be used either
seasonally or on a night-day cycle to maintain habitability.

3.2.3 Speci al _Consi der ati ons

3.2.3.1 Mechani cal Systens Integration. |In zoned or comnbination buil dings,
t he connecti on between the zones nust be carefully detailed so that neither
side creates a negative thermal inpact on the effectiveness of the other side.
The naturally ventilated portion of the building should be separated fromthe
nmechani cal | y-cool ed portion by insulated partitions (a mnimmof R 6
insulation for walls, single glazing for wi ndows between zones). Exfiltration
fromthe nechanically cool ed zone should not exceed 1 air change per hour
during the period when nechanical cooling is in operation

3.2.3.2 Heat Loss through G azed Areas. During the heating season, glazed
areas are the nost vul nerabl e component of the building envel ope to unwanted
heat | oss by radiati on and convection. Movable insulation can substantially
reduce both heat |oss through gl azed conponents at night and undesirabl e sol ar
heat adm ssion during the day.

3.2.4 Analysis and Testing Procedure. In conplex or inportant buil dings,
conputer simulation nmay be necessary or desirable. The conputer program nust
have nultizoned or attached sunspace capabilities in order to simulate a zoned
bui | di ng confi gurati on.

A singl e-zone nodel cannot provide a useful analysis of building
energy use, or of the hourly thermal conditions expected in the various zones.
At a mnimum hourly runs should be done for peak four-day periods in each
season. The naturally ventilated zone(s) of the building may be eval uated
using any of the techniques outlined in para. 3.1.5.
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Section 4: BUI LDl NG DESI GN FEATURES AND PRACTI CES

4.1 Introduction. This section contains information on design features
and practices affecting natural ventilation in buildings. GCuidelines based on
the best available data are provided. Conflicts between differing guidelines

will arise in some cases. Resolution of these conflicts is left to the
designer's discretion, since each nust be handled on a case-by-case basis.
Confort, life-cycle costs, maintenance concerns and functional efficiency
shoul d be the primary criteria for such decisions, and designers should draw
on their previous experience as well as on the guidelines presented here. In

nost cases, there are several alternative approaches to achieving a desired
effect.

4.2 Site Selection and Pl anni ng

4.2.1 General Principles. The siting of a building(s) will have major
i mpacts on the confort of the building's occupants and on the functioning of
the building and its systens. |In fact, the feasibility of using natura

ventilation for cooling may depend on proper siting. Consideration of the

wi nd and thermal inplications of site planning and sel ection nust be given the
hi ghest priority for any building project in the earliest stages of the

pl anni ng and desi gn process.

The first task of the planner or designer is to identify the nost
suitable site for the building(s) to take advantage of the favorable, and to
mtigate the adverse, characteristics of the site and its microclimte. For
bui | di ngs using natural ventilation, this includes avoiding enclosed valleys
and sheltered | ocations, maintaining adequate building spacing (avoi ding w nd
shadows and wakes) and organizing the site |layout to increase interior air
velocities and minimze interior heat gain.

Desi gn of the buil dings should not only be related to conditions in
the building interior, but also to the external spaces between and around
them Confortable outdoor spaces can provide val uabl e additional or
alternative living area in many types of projects.

4.2.2 Ventilative Considerations. The major site factors affecting
ventilation are described in paras. 4.2.2.1 through 4.2.2.8. Figure 6 is a
flowchart for design and anal ysis of factors.

4.2.2.1 Topographic Features. |f maxi mumventilation is desired, avoid
encl osed vall eys and very sheltered |ocations. Sites near the crest of hills
or ridges may provide increased exposure to winds for ventilation. Ridge
crests can receive w nd speeds higher than those on flat ground; an increase
of 20 percent is an average rule of thunb. |In very windy |ocations, sites at
the crest of hills or nountains may recieve too nuch wind with potential for
problems with structure and driving rain. Appendix A, Section 2 discusses
airflow around such features as hills and valleys.

If continuous ventilation is desired, sites on or near the top of a
slope (for increased wi nd exposure), and facing south (to southeast for
decreased afternoon sol ar exposure) are reconmended. |If night ventilation is
desired, recomended sites are those near the bottom of a slope (to catch the
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ni ghtti me downsl ope wi nds), and facing south to southeast for decreased
exposure to afternoon sun. 1In cooler tenperate climtes, sites in the nmiddle
to upper part of the slope facing south are reconmended for access to sun and
wi nd.

4.2.2.2 Qobstructions. GObstructions include elements such as buil di ngs,
fences, trees and other |andscaping. They affect both the wind and sun
i mpi ngi ng on the building. Inportant wind effects of obstructions include

airflowat: flows on the windward face, corner flows, and wakes. Para. 4.3
and Section 3 of Appendix A discuss airflow around sinple buildings and
wi ndbreaks. Figures 7 and 8 show wake effects of conplex buildings shapes.

To maxim ze ventilation, buildings should not be sited within the
wake of any obstruction and should be placed sufficiently far apart that each
acts in isolation. To achieve this, a clear spacing of at l|east 5H (five
times the height of the upwind building) is required. |If the spacingis
cl oser, the downwind building is placed within the wake of the upw nd buil ding
resulting in |owered |ocal air velocities and the possible establishnent of a
vortex or roller of trapped air. Such rollers are stable at clear spacings of
| ess than 1.5H (one and one-half tines the height of the upw nd building) and
ventilation through the downw nd building can be quite weak. For spacings
between 1.5 and 5H, the airflow oscillates between the two patterns shown in
Figure 8 and ventilation in the downw nd building(s) will be sporadic and much
| ess effective than if properly spaced.

4.2.2.3 Pollution Sources. Because it is too difficult to filter
pollutants fromthe air entering naturally ventilated buildings, the

bui | di ng(s) should be upwi nd of pollution sources. Wen this is not possible,
it is desirable to position themas far as possible from upw nd pollution
sources, such as kitchen exhausts or mmjor roads, so that the pollution has
space to disperse in the atnosphere before reaching the buil ding.

4.2.2. 4 Placing a New Building in a Devel oped Area. |n positioning nore

t han one building, or a new building in an already devel oped area, provision
for air novenment nmust be one of the npbst inportant considerations. New

buil dings are not only affected by the existing buildings around them but they
can also affect the ventilation in the existing buildings and the air novenent
in surroundi ng open spaces. Buildings and open spaces can be organized to
preserve each building' s access to prevailing breezes. For the sanme density,
hi gh buil di ngs surrounded by | arge open spaces have better ventilation than
nore cl osely spaced lowrise buildings.

The inportant influences on urban w nds are:

a) di mensi ons of obstructions,

b) spaci ng between obstructions,

c) homogeneity or variability of building height,

d) orientation of streets with regard to prevailing w nds, and
e) distribution, size, density, and details of planted and open

ar eas.
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the Length and Shape of Obstructions on Downwind Wake
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A. Minimum clear spacing to minimize wake effects on subsequent buildings
B. A stable vortex can form if buildings are placed too close together

C. Wind effects of a highrise on othey buildings upwind and downwind

Figure 8
Building Wakes and Interbuilding Spacing

4.2.2.5 Di mensi ons of the Obstructions. The dinensions of the obstructions
affect the size and extent of the wake zones. |n general, the larger and
taller the obstruction, the | onger the wake. The spaci ng between the
obstructions determ nes whether the | eeward obstruction will be within the
recircul ati ng wake of the upwi nd obstruction. As described in para. 4.2.2.2,
a mnimum cl ear spacing of five heights of the upwi nd obstruction is required.

4.2.2.6 Honogeneity or Variability of Building Height. Placing a highrise
building in an area of |lowrise devel opnent nay create strong air currents at
ground | evel (refer to Appendix A). |If the upwind building is higher than the
downwi nd one, the lee roller of the highrise may sufficiently engulf the
downwi nd building to cause ventilation in the downw nd building to reverse
direction (see Figure 8c).

If the building is taller than six stories, a wind tunnel test
is required to determ ne the pedestrian-|level winds (refer to Wnd Tunne
Testing, para. 1.3 in Appendix O).

4.2.2.7 Orientation of Streets with Regard to Prevailing Wnds. If streets

are laid out parallel to the prevailing winds, the wind will be funneled into
the streets. This funneling will be nmore pronounced if no major gaps occur
between the buildings lining the streets. |If streets are |aid perpendicular
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to the prevailing winds and buil dings are continuous, the flow will depend on
street width as described in para. 4.2.2.2. As in the case of single
buil di ngs, a clear spacing (street width) of at least five heights of the
upwi nd building is required for the downw nd building to have unobstructed
ventil ation.

Gid patterns of buildings require |arger building-to-building
spacing to maintain ventilation due to the shapes of the building wakes. |If
the buil dings are staggered in a checkerboard pattern perpendicular to the
wind (Figure 9), ventilation can be maintained with closer spacing and wake
effects are sonewhat reduced.

g

1 -
J . Figure
I Building Spacing Configuration and Ventilation Availability

4.2.2.8 Distribution, Size and Details of Planted and Open Areas. Planted
areas can have a pronounced effect on airflow patterns and speeds. In
general , grassy open areas wi thout dense trees or bushes allow the air close
to the ground to be cooled and to return to its unobstructed velocity. Sunlit
open areas with manmade surfaces nay heat the air above them and shoul d be

m ni mzed on the wi ndward sides of naturally ventilated buildings. Trees can
provi de shade but nmay also block wind if their understory is too dense. For
details, refer to para. 4.3.

4.2.3 Thermal and Ot her Considerations. Oher major factors to be
considered in assessing the local features as they affect site planning are
presented in paras. 4.2.3.1 through 4.2.3.5.

4.2.3.1 Sol ar Shadi ng. Topographic features and obstructions nay provide
shade and reduce sol ar gains. Buildings can be arranged to provi de shade for
adj acent structures and exterior spaces. The extent and tim ng of shadi ng due
to nearby obstructions can be deternined using a sun path diagram Refer to
the latest edition of Architectural Graphic Standards for instructions.
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Cl ose buil ding spaci ng may decrease natural daylight and adversely
affect ventilation. Daylighting is not usually a problemfor residentia
types of buildings in hot climtes. \Whether the ventilation is affected
depends largely on the direction of the prevailing w nd.

4.2.3.2 Ref |l ectance. The reflectance of nearby surfaces, especially
obstructions and ground surfaces near openings, can have a |arge effect on the
interior tenmperatures of the building. Reflected Iight and | ocal heat

sources, such as nearby asphalt pavenment, can substantially increase interna
tenmperatures of naturally ventilated buildings and shoul d be avoi ded,
especially on the windward side. Refer also to para 4.3.

4.2.3.3 Slope. A sloping site may affect the heat gain of the buildings if
it restricts the orientation of the building and its wi ndows. The opti nmal
orientation for the long face of a building and for wi ndows is north-south
facing. Sloping sites which require placerment of wi ndows to the east or west
shoul d be avoi ded because they are nore difficult to shade.

4.2.3. 4 Elevation/Altitude. Wth increasing altitude, tenperature and
pol I uti on decreases; pecipitation (rainfall, snow, and fog), insolation, and
daily tenperature range increase.

4.2.3.5 Proximty to water. Proxinmity to |arge bodies of water may serve
to noderate tenperature extrenes because water stores nore and radiates |ess
sol ar energy than soil. On a smaller scale, ponds or sprays may be used to
provi de cooling when | ocated near interior spaces if the climte is not too
hum d.

4.3 Landscapi ng
4.3.1 General Principles. Landscaping may affect the microclimte of the

buil ding site and the air novenment in and around buildings. (Refer to
Appendi x A, Section 2). For naturally ventilated building sites, |andscaping
may be effectively used to provide shade for both the building and for the
surroundi ng outdoor spaces. Landscaping may al so be used to increase
ventilative potential or provide shelter from excessive w nd.

4.3.2 The Shelter Effect. Wndbreaks can protect both buildings and open
spaces fromhot or cold winds. A windbreak of vegetation creates areas of
lower wind velocity in its |ee by:

a) deflecting some of the wind over the wi ndbreak and the zone
imMmediately to the | eeward of the barrier

b) absorbing sone of the air's nonentum and

c) dissipating sone of the air's directed monmentuminto random
turbul ent eddi es.

Vegetation is nore effective at absorbing wi nd energy than solid
obj ects, such as buildings, which primarily deflect the wi nd.

4.3.2.1 Effect of the Physical Dinension of Wndbreak on Sheltered Areas.
The | eeward sheltered area varies with the I ength, height, depth and density

23



M L- HDBK- 1011/ 2

of the wi ndbreak. As the height and length of the wi ndbreak increase, so does
the depth of the sheltered area. The sheltered area also increases with

wi ndbreak depth, up to a depth of two w ndbreak heights (2H). |If the

wi ndbreak depth is increased beyond 2H then the flow "reattaches" to the top
of the wi ndbreak and the | ength of the sheltered area decreases (see Figure
10). An area of slightly lowered velocity also exists for 10H in front of the
shelterbelt or w ndbreak (see Figure 11).

Figure 10
Effect of the Along-wind Depth of Windbreaks on the Sheltered Area

4.3.2.2 Ef fect of Porosity of the W ndbreak on Sheltered Area. The extent

of the sheltered area produced also varies with the porosity of the barrier
Porous barriers cause |less turbul ence and can create a greater area of tota
shelter (reduced speeds) than solid barriers. The nore solid the barrier, the
shorter the distance to the point of mnimmwnd velocity and the greater the
reduction in velocity at that point. The velocity, however increases nore
rapi dly downwi nd of the m ni num point providing |l ess sheltered area than
behi nd a nore porous barrier (see Figure 11).

4.3.2.3 Wnd Incidence. The incidence angle of the wind also affects the
length of the sheltered area. Tree and hedge wi ndbreaks are nost effective
when the wind is normal to the windbreak. |f the wi nd approaches a w ndbreak

at an oblique angle, the sheltered area is reduced (see Figure 12).

4.3.2. 4 Type of Vegetation. Hedges provide a nore pronounced sheltering
ef fect than trees because they have foliage extending to the ground level. In
fact, the flow beneath the branches (around the trunks) of trees can actually
be accel erated above the free wind speed upwi nd of the tree (see Figure 13).

4.3.2.5 Recomrendations for Wndbreaks. |If a sheltered area is desired for
a zoned or seasonally adjustable building, it is recommended that the

| andscapi ng be designed to allow for reduced velocities without |arge scale
turbul ence. To achieve this, w ndbreaks should be at |east 35 percent porous.
The wi ndbreak is nost effective when the building it is to protect is |ocated
within 1-1/2 to 5 heights of the w ndbreak.
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Figure 12
Effect of Wind Incidence Angle on Sheltered Area
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Acceleration of Wind Under Trees
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Figure 14 Figure 15
Funneling of Air by Landscaping Alr Accelerated by Landscaping

4.3.2.6 Recomendations to Avoid Sheltered Areas. |f shelter is not
desired, plant trees far apart. Shade trees can be used around buil di ngs
wi t hout too much ventilation interference if the trees are tall, the trunks
are kept bare and the trees are kept close to the building (see Figure 13).
Dense hedges shoul d not be placed so that they affect the airflow through
bui | di ng openi ngs.

4.3.3 Change in the Direction and Velocity of Airflow

4.3.3.1 Deflecting Airflow Rows of trees and hedges can direct air
towards or away froma building (see Figure 13). For ventilation, it is
general ly best to orient rows perpendicular to the wi ndow walls to channe
airflow towards openings, provided that solar control is maintained.

Dense hedges can be used in a manner sinmilar to solid building
wingwalls to deflect air into the building openings. Refer to para. 4.5.3.
Vegetation nay be used to create positive and negative pressure zones for
ventilation or to increase the windward area of the building. Per unit area,
vegetation will not be as efficient as solid wingwalls in producing these
effects, but it can be nore cost effective than wingwalls because it can be
much | arger at a | ower cost.

4.3.3.2 Increasing Wnd Velocities. Vegetation can create areas of higher
wi nd velocities by deflecting winds or by funneling air through a narrow
opening. See Figure 15 and Appendi x C, para. 3.2. Narrow ng the spacing of
the trees used to funnel air can increase the airflow 25 percent above that of
the upwi nd velocity. A simlar effect occurs at the side edge of a w ndbreak

4.3. 4 Thermal Consi der ati ons

4.3.4.1 Bl ocki ng Sol ar Radi ati on. Large-scale |andscaping such as trees
and vines on trellises are used to shade buil dings and the surroundi ng ground
surfaces. This reduces direct solar gain to the building and indirect

radi ation reflected upward into the building fromthe ground. Trees can bl ock
up to 70 percent of the direct solar radiation, and also filter and coo
surroundi ng air through transpiration
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4.3.4.2 Ground Refl ect ance. Table 1
Nat ural ground covers tend to be | ess Ref | ect ance Val ues of
refl ective than bare soil or nanmade Vari ous G ound Covers

surfaces, (Table 1) thereby reducing +33333333333333333333313313333313131))»

ground-refl ected radiation. * *
Ground-reflected |ight represents 10 > Materi al Refl ectance (% =
to 15 percent of the total solar * *
radi ation transmtted to the first * Light sand dunes 30- 60 *
floor of a building on the sunlit * Soil, sandy 15-40 *
side and nay account for greater than * Soil, dark cultivated 7-10 *
50 percent of total radiation * Green grass, meadow 20- 30 *
transmitted on the shaded side. * Dry grass 32 *
* Wbods, bushes 5-20 *

Sone portions of this * Bark 23-48 *

radi ati on can provide desirable >~ Water surfaces, sea 3-10 *
daylighting within the buil ding, but > Concrete 30-50 *
glare and total solar gain are * Brick, various colors 23-48 *
usual Iy greater problenms in hot * Bl acktop 10-15 *
climtes. * *

-333333333333333333331333133313))))))-
In general, trees and shrubs and other irregular, vegetation have

lower reflectivity than planar vegetated surfaces such as grass.

4.3.5 O her Consi derati ons
4.3.5.1 Reduci ng Airborne Dust. Vegetation filters the air and m nim zes
lifting of dust fromthe ground. It is nost useful on the wi ndward side of

bui | di ngs especially when hi ghways, open lots, or parking |lots are |ocated
near by.

4.3.5.2 Reduci ng Sound Levels. M xtures of deciduous plants and evergreens
reduce sound nore effectively than deci duous plantings al one; however
vegetation has a relatively small effect on sound |evels.

4.3.5.3 Vi sual Screening. Vegetation can also be planned to provide visua
screening for privacy requirements as long as it does not interfere with the
design for effective ventilation

4.4 Bui l ding Form

4.4.1 General Principles. Building orientation will determnine the
intensity of solar radiation falling on the walls and roof of the buil ding,
and the ventilative effectiveness of the buil ding openings. Building shape
deterni nes the anmount of exterior surface area for a given enclosed vol une and
the length of the interior path of the ventilation air. Together, these
factors determine the relative anbunt of thermal transfer through the building
envel ope and the potential effectiveness of a design to provide cooling by
natural ventilation

Al t hough buil di ng shape and orientation are inportant in mninzing
unwant ed solar gain, it is possible to counteract sone of this gain or
partially conmpensate for inproper orientation and shape with the design of the
bui | di ng envel ope. Such desi gn neasures include |ight-colored wall surfaces,
| ocal |y shaded wi ndows, extra insulation, wingwalls, etc. Likewise, it may be
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possi bl e to somewhat conpensate for poor orientation to the wind by detail ed
design of the facade and wi ndows, and for poor building shape by the
arrangenent of the building's interior plan.

4.4.2 Optimal _Shape and Orientation

4.4.2.1 Thermal Considerations. 1In nearly all climtes, the optinmm shape
for solar control is roughly elongated along the east-west axis. See Figure
16. To ninimze solar gains, elongate the north and south walls creating an
east-west axis. East and west exposures (walls and especially glazing) should
be m nimzed since they are difficult to shade and receive | onger periods of
direct radiation. South and north exposures are less difficult to shade,
especially with roof overhangs. A variation of 15 to 20 degrees fromtrue
south has little effect on the thernmal perfornmance of small buil di ngs.

NORTH NORTH
i {2094 20°

\ |/
S NS A — f \/

May shift up to 20° off of
NorthySouth without severe thermel
penaities.

Figure 16
Building Orientation and Solar Heat Gain

The optimal elongation depends on climatic conditions. In severe
hot-humi d clinmates, extreme elongation (2.5 : 1 ratio) creates a narrow
building with a | arge w nd-exposed face for ease of ventilation. |In tenperate

climates, nore freedomin building shape and orientation is allowable.

4.4.2.2 Ventilation Considerations. For an elongated building wthout
openi ngs, the |largest pressure differences (which drive cross-ventilation)
occur when the building is perpendicular to the prevailing wind. However
this orientation does not necessarily result in the best average interior
velocity rates or airflow distribution. For bodily cooling, the goal is to
achi eve the hi ghest average roomvelocity in which air novenent occurs in al
occupi ed parts of the room

VWhen wi ndows are in adjacent walls, the optimum ventilation occurs
with the | ong building face perpendicular to the wind, but a shift of 20 to 30
degrees from perpendicular will not seriously inmpair the building's interior
ventilation. This allows a range of orientations for resolving possible
conflicts with the optinum solar orientation
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Figure 17
Effects of Wind Incidence Angle on Interior Airflow

W nd approaching at an incidence angle of 45 degrees results in interior
velocities that are 15 to 20 percent |ower than when the w nd approaches
perpendi cul ar to the face (see Figure 17).

VWhen wi ndows are in opposite walls, a 45-degree incidence angle
gi ves the maxi mum average i ndoor air velocity and provides better distribution
of indoor air movenment. W nd approaching at 90 degrees is 15 to 20 percent
| ess effective. Wnd parallel to the ventilation face produces ventilation
depending entirely on fluctuations in the wind and is therefore very uncertain
(see Figure 17 and para. 4.5.4).

4.4.2.3 Resol ving Conflicts between Thermal and Wnd Orientations. Were
optimal solar orientation and wind orientation are opposed, solar
consi derations usually take precedence. |In general, inlets for natura

ventilation can nore easily be designed to accommodate for | ess than opti nmal

wi nd orientations than solar control devices (see Figure 17). This is
especially true in highrise buildings where orientation to reduce sol ar gains
is nmost inmportant. However, if the building is lowrise, well- insulated, has
a light external color and has effectively shaded wi ndows then the change in
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Alternative solutions to the prablem created when sun and wind
both come from the west in hot climates where cross ventilation
is required for comiort.

(1) With wind and sun from the west, rooms with wo external
walls facing north and south will have litde ar movement,
but protection from solar radiation

{2) Rooms facing east and west will have breeze and solar
radiation, a less desirable comhbination

(3) The careful placing of external walls can be used to
create high and low pressure zones to achieve cross
ventilation “uming’ the air movement through 90°

(4) The staggering of rooms can be used to achieve the same
result, cbtaining he benefit of cross ventilation and
protection from sociar radiation =t the same tim=s

Figure 18
Resolving Conflicts Between Thermal and Wind Considerations

internal temperature with respect to orientation may be negligible. |In such
cases, ventilation has a greater effect on the internal conditions and
orientation with respect to wi nds should take precedence.

4.4.3 El evat ed Buildings. Buildings elevated on colums or lateral walls
can have an increased ventilative potential of up to 30 percent over that of
buil di ngs on grade. Wnd velocity increases with increasing height above the
ground; elevating the building raises it to an area of greater free w nd

speeds.

El evated buildings also allow for inlets in the floor of the
structure which can pernmit cool, shaded air to enter the building from bel ow.
This design is conmon in hot, humd climtes where floors are elevated to
reduce structural rot. When situated next to water, elevated buil dings can
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all ow cool er air that has passed over the body of water to enter the building
frombelow Elevating the building may al so be worthwhile if the ground is
continually danmp or when the building is located in a flood plain.

Airfl ow beneath a highrise elevated buil ding may be accel erated
beyond a level which is confortable or safe for pedestrians. Refer to
Appendi x A, para. 3.3.3.

4.5 Bui | di ng Envel ope and Structure
4.5.1 General Principles. The building materials and type of
construction used will have a significant effect on the heat gain and heat

| oss characteristics of the building. For naturally ventilated buil di ngs,
[ightweight materials with |ight-colored, heat-reflecting outer surfaces are
desirable. The mmjor building conponents of the structure are the roof, which
provi des shade and protection fromthe rain, and the fenestrati on system

whi ch deternines the volunme, velocity and distribution of interior

ventil ation.

4.5.2 Roof and Roof Ventil ators

[retrieve figure]

4.5.2.1 Roof Overhang Effects on Room Ventilation. Roof overhangs
can enhance ventilation by damm ng the airstreamin a pocket at the
wal | thereby increasing the positive pressure outside the wi ndow and
consequently the airflow through the opening (see Figure 19).

Figure 19
Roof Overhand and Room Ventil ation

4.5.2.2 Roof s- - Ther mal

Consi derations. Roofs receive the nost solar radiation of any building
surface and are the primary protection fromdirect radiation in [owrise
buil di ngs. The anmount of solar radiation falling on the surfaces of a

buil ding varies with latitude, season, time of day and buil ding
orientation. Figure 19 shows the relative solar intensities throughout the
day for each building surface for 26MN. latitude for each season.

Use |ight coloring on the roof to reflect solar gain. Effective
i nsul ation, including the use of radiant barriers above resistive insulation
is critical to ensure confort in spaces bel ow the roof (see Figure 21).
Attics above living spaces need to be independently ventilated. As roof pitch
decreases, the tenperature of the ceiling bel ow can be expected to rise.
Al so, ventilation of the attic space becones progressively nore difficult.
Attic ventilation
shoul d be designed so that openings are provided in both positive and negative
pressure areas to provide proper cross-ventilation. Refer to Appendix A,
Section 3.) Wen venting attic spaces, be careful to place exhause outlets so
that hot air is not
bl own i nto occupi ed spaces or near air inlets.
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Over hangi ng eaves may provide
necessary sol ar shading for
wi ndows and buil di ng surfaces.
para. 4.2.3.1.

Refer to

Figure 21
Attic Section with Three Possible
Locations for a Radiant Barrier

4.5.2.3 Ventilators.
noverent can be obtai ned
with proper cross-ventilation than with
roof openings. Therefore, roof
ventilators should not be considered as
alternatives to proper wall

Hi gher indoor air

(1) Top side of truss
under sheathing

A0 LR UTC TR HTETY
T Lt
i it

.::‘ (Ower CLG insulation

openi ngs but should be used in conjunction
with proper wall

openings to obtain well ventilated interior
spaces. Only part of the

wi ndward sl ope of a steeply pitched roof is
under positive pressure.

Low pitched and flat roofs are subject to
suction over their entire

areas when:

Figure 21
Attic Section with Three Possible
Locations for a Radiant Barrier

EQUATI ON: X =< 1.2 length
I3
f eet
wher e:
l ength = Length of the building in the windward direction
X = Area of the windward face

Under these conditions a stagnant zone exi sts over the entire roof due to flow
separation occurring at the wi ndward eave. The result is that the entire roof
is more or |ess under suction and is a good |ocation for exhaust outlets.

Wth high pitched roofs and when the building length is greater than 1.2 tines
the area of the wi ndward face, the stagnant zone exists mainly downstream from
the ridge while a portion of the windward side of the roof is under positive
pressure. The critical roof pitch at which the point of flow separation is

di spl aced fromthe windward eave to the ridge depends to a | arge extent on the
wal | height but nmay be taken between 18 and 25 degrees for wall heights from
12 to 15 ft (3.6 to 4.6 m respectively (see Figure 22).

4.5.2. 4 Ventilator Placenent. Use the strong negative pressure areas near
the ridge as exhaust locations. Placenent of exhaust openings on high pitched
roofs is nore critical because of possible positive pressure zones, which
shoul d be avoided. Ventilators or wi nd scoops with openings facing the w nd
can act as effective inlets but water infiltration nust be considered in their
design and location. Possible problens with privacy, rain, and noise from
ventilators nust be identified and resol ved.

4.5.2.5 Ventilator Performance. Wnd tunnel studies have shown that the
performance of comon turbine roof ventilators is only slightly better than
that of an uncapped pipe. All other tested pipe designs proved nore effective
than the turbine type. The highest performance for a sinple ventilator was
produced by placing a canted flat plate over the pipe (see Figure 23).
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oW oachneq roct less
mon 2 arnre
roof — negative pressure;
good for exhaust. High

pitched roof (greater =+ —
than 3in 12} part of
roof is positive pres —
surs B >
% f ~
Flow pattern aver roof = !
Flow over flat reof is
similar to low pitched
roofs when: X<1.2 wind © Foo T~ =
ward face} and similar ; ¥
to high pitched roofs _/
when X>1.2
(area of b
windward
face)
Types of roof
monitors

Figure 22
Effects of Slope on Roof Pressures and Ventilation Characteristics

21 HFH

FLAT 2LATE - 62 77

I EHIAHNCEMENT

w0 %
"oNEL o

Figure 23
Roof Ventllators--Performance of Simple Flat-Plate Ventilators
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Wingwalls can increase the elevational area of the building
and increase the positive pressure build up and interior
velocity. The lengths of the arrows suggest the relative
pressure differences.

Figure 24 Figure 25
Effect of Wingwalls Wingwall Acting as Air Flow Diverter
4.5.3 Wngwalls. Wngwalls or exterior vertical fins can increase a

buil ding's ventilative potential by catching and deflecting winds into the
interior. Properly designed wingwalls nmay al so provide sol ar shadi ng by
acting as vertical fins on east and west elevations. Refer to para. 4.5.6,
Sol ar Control - - Shadi ng Devi ces.

4.5.3.1 Ventilative Considerations. Wngwalls can increase interior
ventilation rates when the wi nd incidence angle is perpendicular to the

buil ding face. Placenent of wingwalls to the side, or parapets on top of the
buil di ng i ncreases the area of the windward facade creating higher positive
pressures and resulting in higher interior velocities, (see Figure 23).

W ngwal | s can al so be used to intercept and increase the adnittance
of oblique breezes into the building. Wngwalls placed perpendicular to the
buil di ng facade can create air danms that "trap" and redirect air into the
buil di ng (see Figure 25).

4.5.3.2 | nproving Cross Ventilation. One of the nost useful effects of
wingwalls is the creation of cross-ventilation in roons with wi ndows on one
wal |l only or in roons wthout positive pressure inlets and negative pressure
outlets. Proper placenment of wingwalls can create positive and negative
pressure which drive ventilation in otherw se stagnant roons (see Figure 26).

W ngwal I s can inprove ventilation in roons with openings only on
the wi ndward side, but are effective only if they create positive and negative
pressure zones. They cannot inprove ventilation in roons with openings on the
| eeward side only.

For ventilation with openings in one wall only, up to 100 percent
i mprovenent of the interior airflow and air change rate may been achi eved.
W ngwal | s do not significantly enhance ventilation in cross-ventilated roons
wi t h openi ngs on opposite walls unless the wind incidence angle is oblique.
For oblique wind angles (40 to 60 degrees), wi ngwalls can increase average
interior velocity by up to 15 percent.
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{( /A eruoes on ad/;a:em walls
,szrntz-gx /XLE;;EL’ /FE%E:Z:’}
1. Bc(-@- 5a. Besté 5‘13. Good 'G‘

A, wing wall design patems lor Mo windows o e sams or adiacent wails
SNOwANG procacie aiMiow Datems and wing duecions 'or improveg
wentilagon performance due D wing wails.

Key to symbois —
LT irdicates wrbulance —driven inieyoutel Switthing
FESUMNG N poor cross venplaton

Rose indicatng potendal and of impreved room
arspeed due 1o agdifon of wingwais

B Aecommended wingwall gimensions and sEpAarapens

Figure 26
Wingwall Designs and Thelr Effects on Interior Air Flew Patterns

4.5.3.3 Pl acenent and Size. Wngwalls fromthe ground to eave on snall
scal e buildings are effective for wind incidence angles from20 to 140
degrees. Wngwalls can be thicker than shown in the preceding figures.

Proj ecti ng bat hroons, closets, entrances or other architectural features nmay
serve as "w ngwalls."

4.5.3. 4 Thermal Considerations. Wngwalls may al so serve as sol ar shadi ng

devices, and are especially useful on southeast and southwest facades. Refer
also to para. 4.5.6.
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4.5 4 W ndows

4.5.4.1 Ventilation Considerations. As the wind blows onto and around
buildings it creates regions in which the static pressure is above or bel ow
that of the undisturbed airstream (Refer to Appendix A Section 3.)
Positive pressure on the wi ndward side forces air into the building, and
negative pressure on the leeward side pulls it out of the building. Pressures
on the other sides are negative or positive depending on the wi nd incidence
angle and the building shape. The rate of interior airflow is determ ned by
the magni tude of the pressure difference across the building and the
resistance to airflow of the openings. The size, shape, type and | ocation of
the openings, especially the inlets, determ ne the velocity and pattern of
internal airflow

When designing and placi ng wi ndows and openings for ventilation the
foll owi ng factors nust be consi dered:

a) Predomi nant external wi nd and directions when the w nds occur

b) Construction of the building envel ope and | andscapi ng may
hi nder or facilitate natural ventilation of the interior spaces.

c) Location and type of inlets has the |argest effect on the
airflow pattern through the space.

d) Location and outlets type has little effect on airflow pattern.

e) Nunber of airchanges per hour has little to do with body
cooling; the airflow velocity and distribution pattern are nore inportant.

f) Changes in indoor airflow direction tend to retard airspeed.

4.5.4.2 Cross Ventilation. Cross ventilation provides the greatest
interior velocities and the best overall air distribution pattern. Openings
in both positive and negative pressure zones are required for cross
ventilation (see Figure 27). For wi ndows on adjacent walls, the overall room
air distribution is best (10 to 20 percent hi gher average velocities) when the
wi nd incidence angle is perpendicular to the building face. For w ndows on
opposite walls, oblique wind incidence angles give 20 to 30 percent higher
average velocities than perpendicular winds. See Figure 17 and para. 4.4.2.2.

4.5.4.3 W ndows on One Wall. When windows are restricted to only one
surface, ventilation will usually be weak, and is independent of the w nd
direction. Average internal wi nd speed will not change significantly with

i ncreasing wi ndow size. One-sided ventilation can be made effective when two
openi ngs are placed on the windward face, the wind angle is oblique (20 to 70
degrees), the windows are as far apart as possible and if deflectors such as
wi ngwal | s are used (see Figures 26B and 28).

4.5.4.4 Expected Interior Airspeeds. I|ndoor airspeeds, even under the nost
favorabl e conditions, are only 30 to 40 percent of the free exterior w nd
speed in cross-ventil ated spaces, 5 to 15 percent of the free exterior w nd
speed in roons with openings in one wall only and only 3 to 5 percent in roons
wi th one openi ng.
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BULLDING ENVELOPE

/\b

+

Flow through a building ventilated by wiodward aand leeward windows

\L?a_zz/

Flow through a buildiaog ventilated by windward and side windows

Flow through a building with all windows on leeward or sidewalls
(poor venrilation as all windows are in suction)

Flgure 27
Air Flow Patterns and Pressure Zones
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Worst case: ane cpaning. Ventiation is cependent upon pulses {fluctuation) of the wind.

B. Beatter: Two windows piaced as far apart as possible and facing obliquely into the wind. Ventilaticn is
better becuase theare is a greater difference in pressure between the two openings.

c. Best. Two openings placed far aparn with apropriate located wingwails tacing obliquely into the wind.
Wingwalls improve ventilation by ereating positive and negative pressure zones that drive airflow,

Figure 28
Ventilaticon in Rooms with Openings in One Wall

4.5.4.5 Effect of Exterior Conditions. The spaces between buildings wll

condition the air before it enters through building openings. |f possible,
the airfl ow approaching the building inlet should not pass closely over a

| arge hot surface (such as a sunlit asphalt parking lot) which will heat the

i ncomng air.

4.5.4.6 The Vertical Location in the Wall. The stack effect in nost
residential buildings is negligible and conpletely overwhel ned by even nodest
wind effects. |If stack ventilation is used, openings rmust be placed both | ow

and high in the building. While the novenent of air as a result of the stack

ef fect nmay be adequate for fresh air supply, it is rarely sufficient to create
t he appreciable air nmovenent required in hot zones to provide thermal confort.
Schenes that attenpt to create forced stack ventilation by heating nmass within
the stack shoul d not be used.

For wi nd-driven ventilation, outlet height has little influence on
interior airflow, but inlet height has a great effect on the airflow pattern
in the room Positive pressures built up on the windward face of the building
can direct the airflowup to the ceiling or down to the floor of the room
These positive pressures are related to the area of the windward face. Thus,
a wi ndow | ocated high on the wall directs airflow up to the ceiling because
the positive pressure built up on the building face is |arger bel ow the
wi ndow t han above it (see Figure 29).

There is usually an abrupt drop (up to 25 percent) in airspeed
bel ow the level of the inlet sill (see Figure 29). The sill height may
significantly alter the air velocity at certain levels while only slightly
affecting the average airspeed in the whole room Therefore, for body
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A, Double hung window: top and 8. Doubie hung window: bottom or top
bottomn equaily open results in open resuits in slightly
harizontal airflow. daflacted airflow.

= e e .

C & D. Projection/awning window reflects air upward at any opening
except horizontai,

| —
F

E

£ & F. Jalousies: air moves at approdimately the same angis as
the louvers.

Figure 29
Air Flow Patterns Through Single Banked Rooms
for Various Openings and Partitions

cooling, the best location for windows is at or bel ow body | evel. Renenber
t hat body | evel changes with room use; body |evel in bedroons is at bed
hei ght, while body level in offices is at sitting height.

Vertical placenment is also affected by wi ndow type since different
wi ndow types produce different
airflow patterns.

4.5. 4.7 W ndow Type. Table 2, in
association with Figure 31, provides “ ”
data pertaining to the effects of
various wi ndow types on airfl ow

4.5.4.8 W ndow Shape. W ndow h::_:r’i‘— ;

H H H Alo.

inlet shape is the nost inportant . !

factor in determ ning the efficiency

of wind cooling. The horizontal area of lowered velocty

shape is the best at capturing and
adnmitting winds for nore angles of
wi nd incidence. A horizontal w ndow

perfornms better than both square and Figure 30
vertical w ndows in perpendicul ar Effect of Sill Height on
wi nds, and inproves its Air Flow and Velocity
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Table 2

W ndow Type and Interior Airflow Characteristics
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Figure 31

Alr Flow Patterns Through Single Banked Rooms for Various Window Types
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BUILDING ENVELOPE
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Figure 32
Window Shape Performance in Relation to Wind Direction

ef fectiveness in winds with a 45-degree incidence angle (see Figure 32).
Theopti mal shape has been found to be eight tinmes as wide as tall, however
smal l er width-to-height ratios are also effective

Square and vertical shapes exhibit peak perfornmance in
perpendi cul ar winds. |f the wind incidence angle is confined to a narrow band
and openi ngs can be placed perpendi cular to the wi nd, then square openings
will also work effectively. However, if the wind incidence angle varies, then
hori zontal openings will work nore effectively under a greater variety of
conditions and should be used. Tall openings exhibit a | ower effectiveness
than both horizontal and square shapes for all wi nd incidences.

4.5.4.9 Size. The effect of w ndow size depends on whether or not openings
are cross ventilating. |f openings are on one surface only, size has little
affect on airflow. In cross ventilated roons, airflowis determ ned mainly by

the area of the snmallest openings; average indoor velocity and nunber of air
changes is highest when inlet area is equal to or slightly less than outl et
area as in Equation 1.

EQUATI ON: outlet areal/inlet area = 1.25 (2)

Ventilation is nore efficient for a greater nunmber of incidence
angl es when inlets larger than the outlets. |f concentrated flowin a
restricted area of the roomis desired, the inlets may be sized smaller than
the outlets and placed i mredi ately adjacent to the living space to be
ventilated (see Figure 33). |In general, use the |largest area of openings
possible with inlet area equal to or slightly less than outlet area. To
determ ne the size of wi ndows necessary to obtain a given air change rate,
refer to Appendi x C, Section 1.
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Figure 33
Effect of Relatlve Opening Size on Airflow

4.5.4.10 I nsect Screening. |nsect screening decreases the ventilative

ef fecti veness of openings. The anpunt of decrease in velocity varies with
screen type and the incident wind direction and velocity. Decreases in
velocity are greater with | ower wi ndspeeds and oblique wi nds, and can be as
hi gh as 60 percent (refer to Table 4).

Because insect screening |lowers the effectiveness of the openings
for ventilation, its presence nust be factored in when sizing windows. 1In the
wi ndow si zi ng procedure in Appendix C, Section 1, a porosity factor is used to
| ower the opening's ventilative effectiveness when screens are used.

I f possible, place insect screening across the |arger area at the
front of the bal cony rather than at each opening (see Figure 34). This
creates less resistance to airflow and results in greater interior velocities.

Table 3

Reduction in Wnd Velocity Due to Insect Screens
As a Function of |ncidence Angle

+333333333333333333333333333333333331313313313331313313331313133133313313133313131))) >

* Nor mal | nci dence 67.5 degree incidence *
* Qutside Velocity *
* I nside Vel ocity Reduction I nside Vel ocity Reduction =
* ms fpm ms fpm % ms fpm %
* 0.75 150 0. 49 98 35 04.0 80 47 >
* 1.23 250 0. 87 178 29 0.75 153 39 =~
* 2.50 500 1.33 267 47 1.00 200 60 *
* 3.30 650 1.79 353 47 1.33 262 60 *
* 3.80 750 2.64 520 31 2.23 438 42 =

-32333333333333313333333333333333333333331333133333331331331333131331333331313311)))-
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Figure 34
Best Location for Insect Screening

Screens should be located in all areas where insects, rodents, or
birds could prove to be an annoyance or damage the contents of a room Unless
the specific requirements of the | ocal environment dictate otherw se, 14-wire
screen should be used. This allows greater interior airflow than higher
density mesh and shoul d prevent nost insects fromentering the building. It
is possible in highrise buildings to elimnmnate screens on the upper floors
(above four stories) if the designer and Activity mutually agree to its
acceptability.

When a building is |ocated adjacent to a highway, parking lot, or
ot her dusty area, screens may assist in reducing the infiltration of w ndborne
dust, dirt, and other debris. The use of screens for this purpose, however
must not interfere with requirenents for adequate ventilation. Screens should
be mai ntai ned on a regul ar basi s.

4.5.4.11 Thermal Considerations. Wndows usually contribute the ngjor
portion of solar heat transmission into a building. For m ninmmsolar gain,
openi ngs should be located primarily on the north and south sides rather than
the east and west sides, and all openings shall be conpletely shaded between 8
am and 6 pmsolar tine during the cooling season to mnimze heat gain (refer
to para. 4.5.6).

Separation of the light-admtting, view, and ventilating purposes
of wi ndows may be advantageous (refer to para. 4.5.5).

4.5.5 Separation of Functions. It is possible to separate the
light-admtting (and therefore heat-admitting) and ventilating purposes of

wi ndows, so that there can be larger inlet and outlet areas with |ower tota
solar gain. This separation is especially useful in tradewi nd areas where the
predom nant wind directions, fromthe northeast to southeast, are difficult to
shade effectively. It may be preferable to use shaded, opaque openings for
ventilation on the easterly exposures and separate glazed wi ndows for view and
daylight on the north and south facing exposures, which may or may not be
operabl e as wel |
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4.5.5.1 Wnd Adnitting Devices. Wnd-admitting devices which exclude sol ar
Iight and heat include opaque or reflective |ouvered wi ndows or walls and
opaque sliding or pivoting wi ndow or wall panels. A wall may al so consist of
a conbi nati on of wi ndow types which may be used al one or in conbination to
provide ventilation, view, or privacy or to provide protection fromthe sun or
rain (Figure 35). One such conbination wall mght consist of:

a) a sliding glass panel which provides view and |ight while
elimnating air, dust, insects and rain.

b) a sliding panel of opaque |ouvers for providing ventilation air
while protecting fromthe sun and |light rains (Insul ated opaque panel s may
al so reduce the outward flow of heat in winter or at night when ventilation
for cooling is not desired.)

c) a sliding panel of insect screening for providing air while
elimnating insects.

Privacy

Figure 35
Possible Combinations of Wall Systems

Fi xed opaque | ouvers may be used on the | ower part of a w ndow wal

wi th operable | ouvers above for ventilation, light and view |In warm humd
climates such as the tropics, it is inportant to admt wind for cooling while
preventing the admittance of wind driven rain. |In Wndow and Ventil ator

Openings in Warm and Hum d Cl omat es, Koeni gsberger, MIler, and Costopol ous,
(1959), reported that only M shaped fixed | ouvers satisfy the requirenment of
keeping the rain out and allowing the breeze to enter without deflecting it
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upward away fromthe body in the
living space. The M shaped | ouvers
reduce the velocity of the wi nd by ,z”/fﬁ\\\\\/////r-*‘qu-
25 to 50 percent, with the Iarger @ o — — 8™ _
reductions occurring at higher w nd "'395;’;71R\N%8;//7_‘=L‘?__
speeds. The velocity reductions are
equi val ent or |ess than those of ’””’\\\\xk/////_‘-_%_q-
ot her |ouver types (see Figure 36). 7

ypes ( 9 ) - y A= 73
4.5.5.2 Hori zontal Shading //,’<<2;::><:::;E;*_H*'1

Devi ces. A roof overhang is the I
si mpl est and nost mai nt enance-free $ t
exterior shadi ng device. They are
nost effective on the south side,
but can al so be used on the

sout hwest ,

sout heast and north facades. On
east- or west-facing walls,

over hangs

nmust be very deep to be effective. The necessary depth may be achi eved by the
use of an attached covered porch or carport, or by adequately w de exterior

bal coni es. See Figure 37.

OS5 mun (28 gauge) steal

Figure 36
M-Shaped Louvers

Careful detailing of horizontal exterior shades will maintainthe
ventilation efficiency of the openings. Leave a gap between the shade and the
building to prevent airflow fromattaching to the ceiling (see Figure 38).

HORIZONTAL VERTICAL

Horizontal devices produce segmental
obstruction patterns, vertical line
produce radial patterns, and eggcrate
devices produce a combination pattern.

SEGMENTAL MASK RADIAL MASK COMBINATION MASK

Figure 37
Solar Shading Masks for Overhangs and Side Fins
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D.

A, Sunshade attached to the building face causes an upward deflection
of the airflow to above the body level.

B. A gap beiween ths sunshade and the building face maintains harizontal
airfiow through the live zone.

C. A louvered sunshade maintains airflow through living zone.

D. Placing the sunshade slightty above the window maintains a horizontal
airflow pattarn,

Figure 38
The Effects of Horizontal Exterlor Shading on Interior Airflow
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Pl aci ng the horizontal sunshade slightly above the upper edge of the w ndow
can al so be used to naintain body |level airflow The exact size of the gap or
pl acenent of the overhang required depends upon the sunshade and wi ndow si zes.

4.5.5.3 Vertical Shading Devices. Vertical fins or wingwalls are the nost
appropriate shadi ng devices for east and west facing openings which receive
sun at | ow angles, and for southeast and sout hwest openings in conbination

wi th horizontal shading. Wngwalls which increase the ventilative potentia

of the building may also be utilized for shading if they are properly designed
(refer to para. 4.5.3).

4.5.5. 4 O her Types. Operable exterior shutters, rolldown shades and
bl i nds can provide effective shading on any facade. They are nost useful on
east and west openings which are difficult to shade with overhangs or vertica
shadi ng devi ces. The thermal performance of closed exterior shutters depends
on how well the heat absorbed by the shade is dissipated to the outside air
For this reason, light-colored reflective shutters are preferred in hot
climtes. For naturally ventilated buildings, the specification of such

devi ces should be treated with care since air nmoverment to the building
interiors is reduced when the shutters or shades are in their closed position
If the operation of the devices is not obvious, provision should be made for
nmounting instructions nearby.

Site obstructions such as buildings and trees nay provide effective
bui | di ng or wi ndow shading. Analysis of the site using a sunpath diagramis
recomrended to determ ne when such shadi ng occurs.

4.5.5.5 G azing Type. Each glazing type provides differing amounts of

resistance to solar heat gain. Reflective and absorbing gl azing types can
reduce cooling |oads 15 to 30 percent below that of clear glass with sone

reduction in transmtted |ight.

Heat - absorbing glazing is less effective than reflective glazing
because it absorbs the solar heat into the glass, thereby increasing the heat
convected and radiated into the internal space. Better performance can be
obtained with either reflective or heat absorbing glazing if they are used as
the exterior panel of a double glazed window. |In general, clear glazing with
effective exterior shading shall be used unless an optional glazing/shading
system can be justified in a cost-benefit analysis.

4.5.6 Design Procedure. See the latest edition of Architectural Graphic
St andards for details on designing exterior solar shading.

4.5.7 Insulation. Insulation is used in naturally cooled buildings to

reduce the anount of solar heat transmitted to occupied areas. The designer
shal | use the nost appropriate and cost effective neans of controlling heat

gai n through the roofs and walls of the structure with a m ni mumrecomended
conposite R-value (R = thermal resistance value of the assenbly) of R 20 for
roofs and R-11 for walls which are exposed to solar radiation

The insul ation systenms may be | ocated inside or outside the

buil di ng structure and should be selected using the following criteria as
gui dance:
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M L- HDBK- 1190 Facility Planning and Design Guide

NAVFAC DM 1 Seri es Archi tecture

NAVFAC DM 3 Seri es Mechani cal Engi neeri ng

NAVFACI NST 4100. 5A Design Criteria CGuidance for Energy
Conservation

NCEL CR 83. 005 Handbook of Thermal | nsul ation
Applications

In hot humid clinmates, special attention should be given to
i nsul ation systens that protect against radiant heat gain (especially through
the roof), since this is the major contributor to internal heat gains. Such
systens are typically conposed of one to three reflective foil liners, with
ai rspaces between, |ocated between or attached to the structural nenbers.
Recent studies perforned at the Florida Solar Energy Center have shown that
radi ant barriers in both roof and wall configurations are effective at
preventing heat gain if properly used. Were heat loss is a concern, they
shoul d be supplenmented with standard resistive insulation such as glass fiber
m neral wool, or rigid foans.

VWhen roof or wall insulation is not used it is the responsibility
of the designer to justify the alternate proposed wall or roof system(s). |In
t hese cases, the designer should clearly show that the internal tenperatures
will not be adversely affected by mninmizing or elinmnating insulation in the
roof s and/or walls.

4.5.7.1 Ventilative Considerations. Partitions and interior walls usually
lower interior velocities and change airflow distributions by diverting the
air fromits nost direct path frominlet to outlet. The closer the interior
wall is to the inlet, the nore abrupt the change in the airflow pattern and
nore of the air's velocity is dissipated. To maintain high interior
velocities for natural ventilation, interior walls perpendicular to the flow
shoul d be placed close to the outlet (see Figure 39).

Pl acenent of walls or partitions can affect airfl ow beneficially.
Walls can be used to split airflow and inprove circulation creating better
overall roomair distribution in roons with poor exterior orientation (see
Fi gure 40).

Naturally ventil ated buil di ngs shoul d be single-1oaded for easier
cross ventilation. Corridors can be either on the upwi nd or downw nd side,
and may serve a dual function as shading devices if placed on the south,
sout heast, or sout hwest side of an el ongated building facing one of these
orientations. Odor-produci ng spaces such as toilets and kitchens, and noise
produci ng spaces such as mechani cal roons, should be placed on the downw nd
side of the living spaces.

4.5.7.2 Thermal Considerations. Locations of rooms with respect to their
thermal characteristics and requirenents can reduce energy consunpti on.
Spaces which require little heating/cooling or Iight (closets, storage,
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Figure 39
Effects of Interior Partition Locations on Air Flow Patterns

Fi gure 39
Ef fects of Interior Partition Locations on Air Flow Patterns

[retrieve figure]

garages, |aundry roons, nechanical chases, stairways, etc.) can be

pl aced on the east, west, or north exposures of the building to act as
buf fer spaces to mininize east/west sol ar gains.

Rooms with high process heat gain (such as conputer roons)
or high latent heat gain (such as |laundries) should be placed near the
buil ding's ventilative outlets or be separately ventilated in order to
m nimze heat gain to the rest of the building. They should also be
separated fromother ventilated spaces by insulated walls (refer to
para. 3.2).

Rooms can al so be zoned so that activities can take place in cool er
areas during warm peri ods and warner areas during cool periods of the day or
season (refer to para. 3.2).

4.5.7.3 Internal Drapes and Blinds. Internal drapes and blinds are not an
ef fective means of solar control and should not be the building's primary
shadi ng device. Although they block solar radiation, they absorb and re-

radi ate an appreci able amount of it within the room This is true even for
white drapes and blinds. An internal white venetian blind will reduce the
dai ly average solar heat gain by less than 20 percent. Only exterior shading
devi ces should be used as the primary solar control in all cases.
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A building with exterior solar control devices may still require
drapes or blinds for privacy or to control light levels or glare. Since they
bl ock ventilative airflow, their use should be carefully considered. Drapes
tend to block nore air novenent than blinds, but under high ventilation rates
blinds may fall apart or cause excessive noise. \Wen possible, they should be
solidly connected to the floor and the ceiling to prevent blowi ng or rattling,
and should allow air nmovenent even when fully closed. Consider the use of
systens that can be controlled at different heights to allow sone portions to
remai n open while other portions are closed.

4.5.7. 4 Furniture. Large pieces of furniture can have a najor effect on

roomairflow patterns. Itens such as desks and beds can prevent air novenent
bel ow 30 inches (76 cm) or divert airflow away from occupants. These effects
shoul d be consi dered when selecting furniture and |laying out furniture plans.

4.6 Auxiliary Fan Systens. Fans are frequently used to supplenments
natural ventilation. Fans reduce cooling requirenents by exhausting heat from
the building's interior, and by increasing air nmovenent in the |living space to
assist bodily cooling. Refer to para. 2.2 for a description of body and
structural cooling.

4.6.1 Ceiling Fans. This type of fan is effective for bodily cooling on
a roomby-roombasis. Ceiling fans can provi de i nexpensive air m xi ng when
wind driven ventilation is inadequate. Figure 40 shows the typica
distribution of air velocity under a ceiling fan. When choosing ceiling fans
consi der control over speed variability, mnimm and maxi mum speeds, noi se

| evel , power requirements and mninumfloor to ceiling heights.

For naturally ventilated buildings in which high air novenent
(above 98 fpmor 0.5 m'sec) is required for confort, ceiling fans are required

~
-
o
-
"

SECTION PLAN

Figure 41
Air Distribution Patterns for Ceiling Fan
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for each primary occupied space to maintain confort during periods of |ow
wi nds, extreme tenperatures and/or hunidities or during heavy rains when
wi ndows may be shut. Refer to para. 3.1.4e.

4.6.2 Whol e- House Fans. | n some cases wi nd-driven natural ventilation

t hrough open wi ndows may not provide sufficient ventilation to exhaust heat
fromthe building's interior. Constrained building orientation or dense
surroundi ngs may prevent the wind fromcreating pressures across the buil ding.
In such cases whol e-house fans, which typically induce 30 to 60 air changes
per hour, may be necessary as backup units. Whol e-house fans have low initia
i nvestment costs (about $400 to $600 installed) and | ow energy use (between
300 and 500 watts, roughly one tenth the consunption of an air conditioner).

[retrieve figure]

The whol e- house fan
operates by pulls air in through
open w ndows and
exhausts it through the attic (see
Figure 42). Openings in the floor
are sonmetimes used to draw air from
the cool er, shaded underside of an
el evated building. A whol e-house
fan should be centrally located in
t he buil di ng, above a public area

such as a hall or stairwell, so that
it draws in air fromall parts of
t he buil di ng.

Figure 42

Whol e-house fans are Alr Flow from a Whole-House Fan

primarily used for cooling the
buil ding's structure, often by
enhanci ng night ventilation. The
fan is turned on when the outdoor tenperatures drop in the late afternoon or
early evening. |In the norning, the fan should be turned off and the w ndows
cl osed before the outdoor tenperatures begin to rise above the interior

t emperature

4.6.3 Si zi ng of Openings for Whol e-House Fans. The total open w ndow
area shoul d be approximately two times the open area of the fan. The tota
open wi ndow area should be three tinmes the whol e-house fan open area if there
is insect screening at the windows. It is not necessary to open w ndows al
the way to ventilate with a whol e-house fan. They can be opened 4-6 in.
(100-150 nmm) and fixed in a secure position by stops or w ndow | ocks.

The attic vents need to be larger than normal for effective whol e-
house fan ventilation. The free exhaust area should be approximtely tw ce
that of the area of the fan itself, and three tines the area if screening is
used. Openings should be distributed throughout the attic or placed to the
| ee side of the building for adequate ventilation. Refer to Appendix C,
Section 4 for whol e-house fan sizing procedure.

4.6.4 Fans for Body Cooling. Although whol e-house fans can create sone
air notion, especially near wi ndows and near the fan outlet, the interior
velocities created are in general too | ow for body cooling. Therefore, ceiling
fans or portable oscillating fans are recomended for body cooling. It is
possi ble to use both types of fans in conbination in one buil ding.
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Section 5: OCCUPANT AND MAI NTENANCE MANUALS

5.1 Purpose. |In order to maintain the | evel of confort for which the
bui | di ng was desi gned, user-occupants rmust be informed about the specia
nature of their environnent and how to use any unusual occupant-controlled
mechani sns provided in the building. Also special maintenance considerations
that affect natural ventilation and confort should be identified.

5.2 Occupant's Manual. A short, infornative letter about the unique
and special features of the building and their proper use should be sent to
each occupant or posted prominently in each room This letter should contain
i nformation on:

a) The natural ventilation strategy and how it works. For
exanpl e, occupants should be informed that unless outside air tenmperatures are
confortabl e, wi ndows and ot her openings shoul d be closed during the day,
opened at night, and ceiling fans used instead to provide air nmovenent.

b) Proper use of blinds, insulated shades, shutters, fans and
ot her operabl e devi ces.

c) Use of nechanical/air conditioning backup systens.

5.3 Mai nt enance Manual . Requirenents for the maintenance of any
features affecting the ventilative effectiveness of the buil dings nust be
identified and outlined. The basic principle(s) behind the particular feature
shoul d be noted so that the nmintenance personnel will understand why the
specific requirenments nust be followed. This handbook shoul d incl ude

i nformation on the proper care of:

a) Building envel ope--color and other surface requirenents,
schedul es for cleaning, etc.

b) Landscapi ng--pruning and its effect on ventilati on and shadi ng,
wat ering, etc.

c) Mechanical systens--any special considerations.

d) Special features or devices--insul ated shades, ceiling fans,
evaporative coolers, etc.

e) Areas and features which cannot be built up or obstructed
wi t hout adversely affecting occupant confort nust be identified. Planners and
designers of |later additions or nodifications nust be properly informed of
these areas and the possible affects of their actions.
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APPENDI X A

FUNDAMENTAL PRI NCI PLES
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Section 1: PEOPLE AND COMFORT

1.1 Confort Criteria. Thermal confort is nmaintained when the body is
in thermal equilibriumwth its surroundings. The human body exchanges heat
with the environnent through convection, radiation, evaporation, and through
conduction to solid objects. The primary environnmental factors affecting

t hese heat exchanges are: air tenperature, surrounding surface tenperatures
(mean radi ant tenperatures or MRT), humidity, solar radiation fromthe sun and
sky, and air notion. The primary personal factors affecting the heat
exchanges are activity level (equivalent to nmetabolic rate and neasured in
mets) and clothing insulation (neasured in clo). Current research does not

i ndi cate significant differences in the perception of confort due to

di fferences in age (of adults), nationality, or sex.

1.2 The Effect of Air Mwvenent. Air novenent influences bodily heat
bal ance by affecting the rate of convective heat transfer between skin and
air, and the rate of bodily cooling through evaporati on of skin noisture.

1.3 Acceptabl e Confort Zone. The acceptable confort zone shall be as
prescribed by ASHRAE Standard 55. Eighty percent or nmore of building
occupants will find this zone thermally acceptable in still air and shade

conditions. The standard is based on the concept of operative tenperature,
to, in which air tenmperature and radi ant tenperature are |inked as follows:

EQUATI ON: t+o, = (h+c, t+a, + h+r, t+r, )/ (h+c, + h+r, ) (3)

wher e: h+c, is the heat transfer coefficient of air
h+r, is the heat transfer coefficient of nean radi ant
t enper at ur es,
t+a, is the tenperature of the air, and
t+r, is the mean radi ant tenperature.

Figure 4 in Section 2 gives the acceptable range of operative tenperature and
humidity for persons in typical summer (0.35 to 0.6 clo) and winter (0.8 to
1.2 clo) clothing at near sedentary (< 1.2 net) activity levels. See Tables
A-1 and A-2 for ranges of activity levels and typical clothing.

1.3.1 Confort, Humidity, and Condensation. It is possible to have

noi sture condensation in a building below the hum dity maxi mum of 95 percent
relative humidity shown in Figure A-1. ASHRAE Standard 55-1981 has a | ower
maxi mum (0.012 humidity ratio) that is based on avoi di ng condensati on and nol d
growth in ducts of centrally air conditioned buildings rather than on human
thermal confort requirements. |In naturally ventilated buildings, surface
tenperatures are closer to the anbient air tenperature than in the ducts of
mechani cal ly air conditioned buildings. This reduces the potential for
condensation and nold growth, allow ng the higher acceptable humidity limt.

Figure A-1 also gives air velocities required to allow occupants to
feel confortable at tenperature and hunidity conditions above the still air
confort zone; this figure is called a "bioclimatic chart" because it plots the
confort boundaries over an extended range of environmental conditions.
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Table A-1
Met abol i ¢ Rat es

+33333333333333333333313331333331333133313131331313333131331313313131331313)3313)33131)))))
Met abolic Rate (Met) >

Activity

Recl i ni ng
Seated quietly

St andi ng, rel axed
Li ght activity, standing (shopping,

Hi gh activity (heavy machi ne work

EEEEEEEEEEE,

Sedentary activity (office, dwelling,

Medi um activity, standing (donestic work, machi ne work)
gar age wor k)

| ab, school)

ab, light industry)

| e el el
COONNO®

1 Met = 58 watts/m.2- of body surface, or 50 kcal/h * m.2- of body
surface, or 18.4 Btu/h * ft _2- of body surface.

R EEEREEREEEL

-3333333333333333333333333333333333333333133333133133133313313313333313133333131)))))-

Table A-2
Cl o Val ues

+3333333333333333333333333333331333333333333333313333313133133333131331333331313))) »

MEN

)

Under wear :
Sl eevel ess 0. 06
T-shirt 0. 09
Briefs 0. 05
Long underwear top 0.10
Long underwear bottom 0.10

Tor so:
Li ght short sleeve shirt 0.14
Li ght 1 ong sleeve shirt 0.22
Heavy short sleeve shirt 0.25
(+5% for tie or turtleneck)

N R R EE R EER

Li ght vest 0. 15
Heavy vest 0.29
Li ght trousers 0. 26
Heavy trousers 0. 32
Heavy sweat er 0. 37
Li ght jacket 0.22
Heavy j acket 0.49
Foot wear :
Ankl e socks 0.04
Knee hi gh socks 0.10
Sandal s 0.02
Oxford shoes 0.04
Boot s 0. 08

WOVEN
DDDD)

Under wear :
Bra and panties
Hal f slip
Full slip
Long underwear top
Long underwear bottom

Tor so:
Li ght bl ouse
Heavy bl ouse
Li ght dress

Li ght skirt
Heavy skirt
Li ght sl acks
Heavy sl acks
Heavy sweat er
Li ght Jacket
Heavy j acket

Foot wear :
Any | engt h stockings
Pant yhose
Sandal s
Punps
Boot s

0
0.
0.
0

0.

coo

Cooooo0o

05
13
19

.10

R R R R EE R EERE

-333333333333333333333333333333333333133133333331331331333133133133333133133313131)))))-
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B. SAMPLE APPROACHES TQO OBTAINING COMFORTABLE CONDITIONS

Figure A-1
Bioclimatiec Chart with Example Points
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1.4 The Bioclimatic Chart. |If the plotted point falls within the
confort zone, conditions are confortable in the shade and in still air (air
novermrent |less than 5.0 fpmor 0.026 msec). |If the point falls outside the
confort zone, corrective neasures are necessary to bring conditions into the
confort zone. |If the point is to the left of the confort zone, additiona
solar or surface radiation is needed. |If the point is the right of the
confort zone, additional air novenent is needed. |If the point is belowthe

confort zone, additional npisture is needed and if above, dehum dification is
needed. For the follow ng exanples, see Figure A-1.

a) Confort Zone: Point A--78deg.F (25deg.C) and 50 percent

relative

humi dity. No corrective measures needed; confort in shade and still air.
b) Air Mvenent: Point B--90deg.F (32deg.C) and 35 percent

relative

hum dity. Corrective nmeasure: air novenment of 197 fpm (1.0 msec) is
required for human thermal confort.

c) Misture: Point C--86deg.F (30deg.C) and 20 percent relative
humidity. Corrective nmeasure: |ower the tenperature by evaporating water
with the attendant effect of increasing the humidity. Note that confort could
al so be attained by providing air novenent of 98 fpm (0.5 m sec).

1.5 Variations in Clothing and Activity Level. The confort zone
tenperatures of Figure A-1 shall be decreased when the average steady state
activity level of the occupants is higher than near sedentary (1.2 net). The
accept abl e tenperature depends both on the time average activity |evel and on
clothing (clo) insulation (refer to Table A-2). The acceptable tenperature
for activity levels between 1.2 and 3.0 nets can be cal cul ated as foll ows.

EQUATI ON: Total Clo = 0.82 (sum of individual itens) (4)

EQUATI ON: t+active, = t+sedentary, - 5.4 (1 + clo)(net - 1.2)deg.F (5)

or:
EQUATI ON: t+active, = t+sedentary, - 3 (1 + clo)(met - 1.2)deg.C (6)
wher e: t the operative tenperature,

clo clothing insulation level (clo units), and
1 clo = 0.155 m.2- deg. ¢ watt
met = nmetabolic activity rate (met units).

For exanple, in a machine shop where the average activity from Table A-1 is 2
nmets and the clothing is 1 clo, the upper and | ower tenperature boundaries of
the confort zone should be noved to the left as in Equation 7 or 8.

EQUATION: 5.4 (1 + 1 clo)(2.0 - 1.2)

5.4 (2)(0.8) = 8.6deg.F (7)

EQUATI ON: 3(1+1clo)(2.0- 1.2 3 (2)(0.8) = 4.8deg.C (8)
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Section 2: CLIMATE AND M CROCLI MATE

2.1 Cimtic Elements Affecting Natural Cooling. The local climte
affects the building' s energy efficiency, the confort of its occupants, and
its resistance to weathering. The climatic el enents inportant to natura
cooling in buildings are: tenperature, wind, humdity and radiation. Records
of these climatic elements exist in many forms. The Air Forces' RUSSWO
(Revised Uni form Summary of Surface Weat her Observations) or the Navy's SMOS
(Summary of Meteorol ogi cal Observations, Surface) Part C "Surface Wnds" and
Part E "Tenperature and Humi dity" summaries, available fromthe Nationa
Climatic Center in Asheville, North Carolina, are the nost conpl ete weather
data avail abl e, generated fromlong-termhourly records taken from weat her
bureau and mlitary weather stations.

Climatic el enents must be examined in conjunction with each other

The wind is a good illustration of the need to relate climatic elenents to
each other. In humd climtes it is a blessing and dom nates the |ayout,
orientation and shape of buildings. |In arid climates it carries dust, brings

little relief fromheat and nmust be excluded during the daytine.

2.2 Extrapol ati ng Regi onal Wather Data to Specific Sites. The weather
at the building site may differ fromthat at the weather station providing the
climatol ogi cal data used in design. The climatic differences tend to increase
with |arger distances between the two | ocations. Because there are relatively
few first-order weather stations providing the detailed climte data needed
for natural ventilation design, the distance between any given building site
and its closest or nost appropriate weather station will tend to be |arge.
This can introduce error in the predicted buil ding performance.

To reduce this error, estimtes can be made of the differences
between the climtes of the weather station and the building site, and, if
they are significant, adjustments may be applied to the weather station data
to account for the differences. The climatic differences are estimted from
two sources of information. First, if one has access to a nore local climte
record of limted detail or limted period of nmeasurenment, one may conpare
this record with the nore distant detailed record to estimate the overal
di fferences between the sites. Second, the local terrain and ground cover
may have predictable effects on the clinmate.

O the inmportant clinmate el enents for the design of natural cooling
in buildings, hum dity and solar radiation data are not generally subject to
extrapol ati on, reasons given in paras. 2.2.1 and 2.2.2.

2.2.1 Hum dity. There is usually very little hunmidity data avail able
fromlocal second-order weather stations, and there are few generalizations
that can be made about the amount of atnospheric npoisture above a site, based
on a description of the site's physical characteristics.

2.2.2 Solar Radiation. Solar radiation data are usually not avail abl e
fromlocal sources, either neasured directly or extrapolated from cl oud cover
observation. It is possible to quantify the very local effects of site

obstructions bl ocking solar radiation on site hour by hour. This information
is important for accurate conputer simnulations of building perfornmance, but
is not a primary requirement for determ ning or evaluating natural cooling
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strategi es, where the elinnation of solar gains is a precondition to the
analysis. It is therefore beyond the scope of this handbook. Use
Architectural Graphic Standards or the ASHRAE Handbook of Fundanentals to
determ ne the shading fromtrees, buildings and building features. Check the
docunent ati on of the building | oads program being considered for the computer
simulation. |If a |oads program cannot handl e external obstructions, it is
probably better to pick a nore conprehensive conputer programthan to
preprocess the weather data to correct for local site shading effects.

2.2.3 Tenperature. Tenperature varies geographically with el evation and
surface type. Urban areas may have hi gher tenperatures than the surroundi ng
rural terrain. Tenperature data are nost conmonly avail able from
second-order |ocal weather stations. The data are usually in the form of

nont hly averages of daily maxi num and ni ni nrum t enperatures, obtained from
daily readings froma nmax-mn thernometer. Such averages nay be used to

adj ust the bin data or hourly data fromthe weather station, by adding to each
bin value or hourly value the difference between the nonthly averages at the
two | ocations. This technique might also be used to approxi mate an urban heat
i sland of estimated magnitude. Be aware that if the daily tenperature range
(as described by the daily maxi mum minus the daily minimum differs for the
two sites, this technique will not be accurate. Such differences nay occur

bet ween coastal and dry inland |locations. Finally, each bin value or hourly
val ue may be adjusted for altitude differences at the adi abatic | apse rate of
5. 4deg. F per 1,000 ft elevation (1deg.C per 100 m), with tenperature
decreasing with

el evati on.

2.2. 4 Wnd. The nost inportant climte data extrapol ati ons occur with
the wind. As with tenperature, |ocal records nmay be used to adjust the bin or
hourly data. Local records of wind are however far |ess comon than |oca
tenperature records, and are often of dubious accuracy due to poorly
positioned or maintained instrunents. The nost |ikely adjustment will be due
to local site influences. These could be assessed by setting up short-term
nonitoring on site to obtain a |local record, or by estinating the wind effects
of the local site based on some of the principles described below For mgjor
projects, a neteorol ogist should be consulted to make such estinates.

2.2.4.1 Topography. Topography has a pronounced effect on the wind at the
surface. Wnd flow conforns to terrain, changing its strength, steadiness,
and direction as it passes over the uneven ground. Figure A-2 shows the

velocity profiles of wi nd approaching a hill or ridge, at the crest, and on
its leeward side. A strong acceleration is seen near the surface at the top
of the hill, and a flow reversal due to an eddy at low levels inits lee. In

general, the wind acceleration on the windward side of hills and ridges is
fairly predictable, but the extent of shelter in the lee is highly variable,
dependi ng on the roughness of the hill and the stability of the atnosphere.

Wnd may al so be extensively channel ed by topography. Figure A-3
shows two typical wind flow patterns identified in the San Francisco Bay
region. High ground is noted in gray. Local areas of wind turning in excess
of 90 degrees to the gradient wind may be noted. This type of channeling
occurs primarily when the atnosphere is stable, and the fl ows depicted extend
roughly to the height of the surrounding terrain. Simlar flow turning and
channel i ng has been observed in street canyons.
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Figure A-2
Velocity Preofiles of Wind Near a Ridge
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Figure A-3
Two Typical Windflow Patterns Near 5an Francisco

2.2.4.2 Vegetation. Tall vegetation may substantially reduce wi nd speed at
ground level. Trees are very effective at absorbing wind energy rather than
deflecting it as do solid obstructions such as terrain and buil dings. Two
types may be categorized: the surrounding forest and the isol ated w ndbreak
Wthin a forest, the velocity is mninumnear the center of nass of the
foliage in the crowm (approximately 0.75 tines the height); in the absence of
under brush there is a velocity increase anong the tree stens.

The shape of the wind profile in the forest is contingent on the

type of the trees in the forest, their spacing and openings in the crown, and
the distance fromthe edge of the stand from which ground | evel w nd can

67



M L- HDBK- 1011/ 2
APPENDI X A (conti nued)

DENSE PONDEROSA OAK-—-BEEZCH
PINE FOREST DECIDUCUS FOREST

‘\d 1
MMILM‘::}

HEIGHT, IN METERS
\Jhdw;\

i

(b} a1 2 3 %
WIND SPEED, IN METERS PER SECCND

o
&

Flgure A-4
Wind Velocity Profiles Near Trees

penetrate. Figure A-4a conpares wind velocity profiles in a ponderosa pine
stand to those in the open; Figure A-4b shows the influence of foliage from
seasonal wind neasurenents in a deci duous oak-beech forest.

The extent of the sheltered area produced by a w ndbreak varies
with the physical dinmensions and porosity of the barrier. Porous barriers
cause |l ess turbulence and can create a greater area of total shelter than
solid barriers. The nore solid the barrier, the shorter the distance to the
poi nt of mininumw nd velocity and the greater the reduction in velocity at
that point. The velocity, however, increases nore rapidly downw nd of the
m ni mum poi nt than behind a nore porous barrier. Figure 10 in Section 4 of
t hi s handbook shows a cross section of the airflow near a screen of 50 percent
porosity. Figure 10 also shows the effect of varying porosity in shelter at
ground | evel downwi nd.

A porosity of 40 to 50 percent has been found to provide maxi mum
extent of sheltered area. This reduction in |leeward velocity occurs without
appreci abl e di sturbance of the airflow. W ndbreaks with higher porosities
(greater than 50 percent) do not forma turbul ent wake and the airflow pattern
i s dependent on the velocity of the flow These wi ndbreaks provide nore
protection from5H to 20H with velocities reduced to 30 percent of the free
stream velocity, but less protection up to 5H W ndbreaks with | ower
porosities (less than 35 percent) exhibit a turbul ent wake that provides nore
protection up to 5Hwith velocities reduced to 10 percent of the free stream
but provides less protection from5H to 20H with velocities up to 60 percent
of the free stream The |arge-scale eddies within the wake are sensed as
gusts and may be disruptive to outdoor uses in the wake area.
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Addi tional belts downwi nd of each other have been found to have
slightly decreasing effect, presumably due to the increased turbulence in the
lee of the first belts. Sinmilarly, the sheltered zone | eeward of a w de
shelterbelt or forest is | ess extensive than that behind a single perneable
wi ndbr eak.

2.2.4.3 Local Wnds. |In addition to the synoptic w nds caused by |arge
scal e weat her patterns, there are predictable "local w nds" induced by
features of the terrain. The differential heating of |and and water cause sea
and | and breezes in many coastal |ocations. The sea breeze tends to nove

i nshore around m dday as the | and warns and the pressure differences increase.

Figure A-5 shows the pressure distribution and flow causing the
dayti me sea breeze and night |and breeze. Frictional resistance of the
surface often causes the incoming air to damup and forma small scale front

whi ch progresses inland throughout the afternoon. |In locations where there is
not a great tenperature difference between | and and water, the sea breeze
layer will be shallow and the velocities weak. Tall buildings along a

wat erfront can conpletely bl ock such a breeze. On the other hand, the strong
San Franci sco sea breeze is over 660 ft (200 m) deep, predictably exceeds 22
nph (10 m'sec) in the city throughout summer afternoons, and extends 37 mles
(60 km) inland. At night the flowis reversed, but velocities sel dom exceed
4.4 nph (2 msec).

~ AFTERNOON

Figure A-5
Day Sea Breeze and Night Land Breeze

Sl ope wi nds (Figure A-6) are caused by the radiant heating and
cooling of inclined surfaces, which cause tenperature differences between the
air over the inclined surface and air at the sane |evel sonme distance fromthe
slope. This causes heated air to rise along hillsides in daytinme and cool air
to descend ("drain") down slopes at night. Measurenents on slopes surrounding
the Inn Valley, Austria, found upward velocities parallel to the sl ope between
4.4 and 8.8 nmph (2 and 4 m'sec) in the daytinme, and somewhat |ower downward
velocities at night. The vertical extent of the wind | ayer was 330 to 660 ft
(100 to 200 m.
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Figure A-6
Slope Winds

When sl opes are arranged in a valley system a conbination of slope
wi nds and tenperature differences fromvalley to plain cause valley w nds.
These are generally stronger than slope winds, with velocities up to 11 nph (5
m sec). Generally, the strongest wi nds are found in U shaped valleys that have
high ridges lining them and which open onto a broad plain with a considerable
tenmperature difference between the plain and the head of the valley. Valleys
oriented north or south have the strongest daytime breezes due to increased
exposure to the sun.
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Section 3: PREDI CTI NG Al RFLOW AROUND NEARBY BUI LDI NGS AND OBSTRUCTI ONS

3.1 Introduction. The flow of air around buildings is conplex and
hi ghl y dependent on wind direction and buil ding geonmetry. Architectura
features such as eaves, canopies, parapets, w ngwalls, and nei ghboring
bui | di ngs and | andscapi ng may change the fl ow pattern around a building
significantly.

[retrieve figure]

3.2 Airflow Around a Single Sinple Building. Wen noving air
encounters an obstruction such as a
buil ding, a portion of the air
noverment is stopped or slowed (see
Figure A-7). The deceleration
converts the kinetic energy of the
flow to potential energy in the form
of positive pressure. |If the >
obstruction is very streanlined
(such as the wing of an airplane) —_—
the regi on over which this positive
pressure exists is very small. On
the other hand, if the obstruction
is large and unstream i ned, such as
the face of a building the region of
positive pressure is roughly as

| arge as the face of the building.

}

A
X

-
/

Figure A-7
Positive Pressure on Windward Face

As the air is squeezed
around, above, or (if possible) belowthe
buil ding, the velocity accelerates and the potential energy of the positive
pressure build-up is converted back into kinetic energy. When the velocity
exceeds that of the approach flow, the potential energy will be |ower than
that of the ambient flow resulting in negative pressures or suctions.

3.2.1 Airflow Toward and Beyond the Wake. As the wi nd approaches a sharp
corner of the building, it tries to follow the geonetry around the corner, but
cannot due to the nmonentum of the flow. The wi nd separates fromthe buil ding
defining an upstreamlimt of the wake (see Figure A-8). Wthin the wake, the
pressure is negative and there is relatively little air nmovenent. At the
boundary between the wake and the free streamthere is substantial turbulence.
Monment um transfer across the wake boundary tends to blur the position of the
boundary. The free-streamairflow curves in toward the wake fromall sides
until it rejoins the ground or the opposite stream ine downstream of the
obstacle. The point at which the free-streamairflows rejoin defines the end
of the wake cavity (see Figure A-8).

3.2.3 Airflow Pressure Zones and Wakes. |In order for the free-stream
airflows to be drawn back together to rejoin downstream of the obstacle, the
pressures nust be negative within the entire wake. The greater the suction
the faster the free-streamairflows are drawn together. Diagrammtically, the
hi ghest suctions occur where the radius of curvature of the wake boundary is
smal lest. At the end of the wake, where the wake suction approaches zero
(where the wake pressure approaches the anbient pressure) the radius of
curvature of the wake cavity approaches infinity. Since flows within the wake
are small, structures placed and fully engulfed in the wake will not
significantly alter the shape of the wake (see Figure A-9).
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Pressure zones and wake cavity

Negative pressure on flat roof

Figure A-8
Pressure Zones and Wake Cavity

ELEVATION

Figure A-9
Pressure Zones and Shapes of Wakes
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3.2.4 Wake Geonetry. The geonetry of the wake is inportant because it
defines the limts of significant air novement. CQutside the wake, the air
noverment is similar to the free-stream but the area within the wake may be
considered as a cavity of relatively still air, where the pressure differences
needed for building ventilation are unlikely to occur

3.3 Airflow Around Miultiple Buildings. Airflow around groups of
bui |l di ngs or other obstructions is very conplex. The following are a few of
the general airflow patterns that are commonly found to produce strong w nds.
These patterns may be used to benefit the ventilation of buildings in their
path, but the designer should be aware that they m ght al so adversely affect
the confort of pedestrians outside the buildings, or in sem -enclosed | obbies,
corridors, or balconies.

3.3.1 Downwash at the Foot of a Tall Building. Sone of the strongest

wi nds around buildings are found at the windward side and edges of tal
bui | di ngs protrudi ng above the surroundi ng general |evel of developnent. This
ef fect occurs because wi nds al oft are stronger than at ground | evel, causing
hi gher pressures at the top of the building's windward face than at its base.
This pressure difference creates a strong dowward flow on the wi ndward face
(see Figure A-10).

Figure A-10
Downwash at the Foot of a Tall Building

3.3.2 Corner Effect. Strong wi nds occur at building corners as the
airflows fromthe high pressure zone on a building's windward side to the | ow
pressure zone on the | eeward side (see Figure A-11). Accelerated wind is
generally restricted to an area with radius no |onger than the building' s

width. The taller and wider the building, the nore intense the effect. |If
two towers of 30 stories or nore are placed |less than two buil ding w dths
apart, an acceleration will fill the entire space between them
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Figure A-11
Winds at Bullding Corners
3.3.3 Gap Effect. When a building of five stories or nore is el evated on

col ums or has an open passageway through it, air forced through the
openi ng(s) creates a channel of intensified wind in the opening and on its
downwi nd side (see Figure A-12).

3.3.4 Pressure Connection Effect. Pressure connection effects devel op as
the wi nd approaches parallel rows of offset buildings, creating suctions

bet ween themthat draw in downdrafts from exposed wi ndward faces and create
transverse flows along the ground into the wake regions (see Figure A-13).

The intensity of the effect varies with building height, with taller buildings
produci ng nore intense effects. The effects intensify further if the
crossflow channel is narrow and regul ar

Figure A-12 Figure A-13
Winds Through Gaps at Ground Level Pressure Connection Effect

3.3.5 Channel Effect. A street or other open space lined with tightly
grouped sets of buildings can tend to channel the wind if the space is |ong
and narrow (less than three heights) in relation to the heights of the
bui | di ng whi ch bound it (see Figure A-14).
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Figure A-14
Channel Effect

3.3.6 Venturi Effect. The venturi effect (see Figure A-15) occurs when
two | arge buildings are placed at an angle to each other creating a funne
with a narrow opening that is no nore than two or three tines the building
hei ght. Wnds channeling through the opening are accelerated to hi gh speeds.
This effect occurs only when the buildings are at least five stories high,
have a conbi ned | ength of 300 ft (100 m, and when the areas in front of and

behi nd the venturi are relatively open.
_Jﬁ;\N\H\HHEiHi::::atL
Sk

h>15
metars

Q\H

L1+L2) 100 meters |~

Figure A-15
Venturi Effect
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Figure A-16
Pyramid Effect

3.3.7 Pyramid Effect. Pyranmidal structures offer little resistance to
the wind, and generally seemto disperse the wind energy in all directions.
One application of the pyramd principle is the use of tiered configurations
in the design of tall buildings as a way of reduci ng downfl ow, wake and corner
effects (see Figure A-16).

76



M L- HDBK- 1011/ 2

APPENDI X B

CLI MATE ANALYSI S METHOD

77



M L- HDBK- 1011/ 2
APPENDI X B (conti nued)

PAGE 78 | NTENTI ONALLY LEFT BLANK



STEP

STEP

STEP

STEP

STEP

STEP

STEP

Fi gure

AU BRR 0RO
WN -

oo

M L- HDBK- 1011/ 2
APPENDI X B (conti nued)

CONTENTS

DETERM NI NG POTENTI AL FOR NATURAL COOLI NG .

Buil ding Bioclimtic Chart Transferred Onto
Four Overlays . G

The Natural Ventilation Boundary -

Thermal Mass and Thermal Mass with Noctur nal
Ventil ati on Boundari es .

Evaporative Cooling Boundary . . . . . . . . .

Climate Data fromthe National Climatic Data
Cent er ( NCDC)

DETERM NI NG THE APPROPRI ATE COOLI NG STRATEGY .
Annual Summary- - Cool i ng
Mont hly Summari es--Cool ing .

DETERM NI NG NEED FOR MECHANI CAL Al R CONDI TI ONI NG .
Annual Summary--Air Conditioning .
Mont hly Sunmaries--Air Conditi oning

DETERM NI NG NEED FOR AN | NFI LTRATI ON- RESI STANT ENVELOPE.
Annual Summary--Infiltration .
Mont hly Summaries--Infiltration

DETERM NI NG NEED FOR HEATI NG EQJI PMENT .
Annual Summary--Heati ng @ .
Mont hl'y Sunmmari es--Heating . Y
Using Thermal Mass for Heating .

DETERM NI NG THE MONTHLY FEASI BI LI TY OF A COOLI NG STRATEGY
Feasibility of Natural Cooling .

DETERM NI NG NEED FOR CEIl LI NG OR WHOLE- HOUSE FANS .
Procedure

Fl GURES
Overlay 1--Ventilation .

Overlay 2--Thernmal Mass and Nocturnal Ventilation
Overlay 3--Evaporative Cooling .

Overlay 4--Deternining the Air Condi ti oni ng Reqw rements .

Bi oclimati c Chart

Bui | di ng Bi oclimtic Chart-- Rel at|onsh|p of Confort Zone

Bet ween the Bioclimatic Chart and the RUSSWO SMOS
Psychrometric Summaries . . .

Det ermi ni ng the Cooling Strategy .

Det er mi ni ng Requi rement for Open or
Infiltration-Resistant Envel ope .

Det er mi ni ng Heati ng Requirenment

Prelimnary Climtic Analysis . .

Climatic Anal ysis Summary Ver ksheet

79

81

81
81

82
82

82

87
88

90
91
94



M L- HDBK- 1011/ 2
APPENDI X B (conti nued)

PAGE 80 | NTENTI ONALLY LEFT BLANK



M L- HDBK- 1011/ 2
APPENDI X B (conti nued)

CLI MATE ANALYSI S

Thi s appendi x presents a nethod for determ ning the nost suitable
natural cooling strategy for a particular site. The method al so determ nes
the need for an open or an infiltration-resistant envel ope, and whether a
backup mechani cal systemis required.

STEP 1: DETERM NI NG POTENTI AL FOR NATURAL COOLI NG

1.1 Building Bioclimatic Chart Transferred Onto Four Overlays. The
overlays (Figures B-1, B-2, B-3, and B-4) plot the range of tenperatures and
humi dities for which the natural cooling strategies should be used in building
design. They nust be copied onto clear acetate by the user and carefully
checked for exact size reproduction prior to use as described bel ow

Several strategies allow design of building envel opes for climte
control. The appropriateness of a building's climate control strategy under
any set of ambient tenperature and hunidity conditions is determ ned by an
anal ysis of weather data and the requirements for human confort, as given on
the bioclimatic chart (Figure B-5). Plotting the climatic limts for each
climate control strategy onto the bioclimatic chart produces a new di agram
the Building Bioclimatic Chart (Figure B-6). The Building Bioclimatic Chart
i ndi cates that whenever ambi ent outdoor tenperature and hum dity conditions
fall within the designated linmts of a control strategy, then the interior of

a building designed to effectively execute that strategy will remain
confortable. The boundaries indicated on Figure B-6 are appropriate for
resi dences and other buildings with small internal gains. For buildings with

| arge internal gains, such as offices and sone factories, the boundaries need
to be shifted to the left. Different strategies nay be used alone or in
conjunction with air conditioning and conventional heating. They are:

a) solar heating,

b) solar gain controls,

c) ventilation, shown at 100 and 200 fpm (0.5 and 1.0 m sec),
d) thermal mass (low | evels of ventilation),

e) thermal mass with nocturnal ventilation (low ventilation in the
dayti me and high ventilation at night), and

f) evaporative cooling.

1.1.1 The Natural Ventilation Boundary. The natural ventilation boundary
(Figure B-1) is based on the assunption that indoor air tenperature and water
vapor pressure are identical indoors and out, and that the nean radi ant
tenmperature of the building interior is approximtely the same as that of the
air. Both assunptions are sufficiently valid if the interior is wel
ventilated, the building envelope is well insulated and well shaded, and the
exterior is light colored to restrict solar heat gain.
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1.1.2 Thermal Mass and Thernmal Mass with Nocturnal Ventilation
Boundaries. The thermal mass boundaries (Figure B-2) are based on an upper
confort limt to vapor pressure and on the average outdoor daily tenperature
SW ng.

1.1.3 Evaporative Cooling Boundary. The evaporative cooling boundary
(see Figure B-3) refers only to direct evaporative cooling. The boundary is
based on the nmaxi mum wet bulb tenperature acceptable for confort and the
cooling capacity of air.

1.1.4 Cimte Data fromthe National Cimatic Data Center (NCDC). Obtain
climte data (RUSSWO or SMOS, Part E) from National Oceanography Conmand

Det achment (NOCD), Federal Building, Asheville, North Carolina 28801-2696,

tel ephone (704) 252-7865 or the NCDC at (704) 259-0682 for the weather station
nost simlar to the building site. This is usually the closest station, but
in pronounced terrain there may be | arge changes over a small distance. See
Appendi x A, Section 2, for a description of climte data extrapol ation.

RUSSWO or SMOS, Part E shoul d include:

a) Psychronetric summary--annual and nmonthly, and
b) Means and standard deviations of dry-bulb tenperature--annual

I f both RUSSWO and SMOS summari es exist, choose the one with the | ongest
period of record. Request full size (not reduced) copies.
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WET BULB TEMPERATURE DEPAESSION (F)
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Figure B-1
Overlay l--Ventilation
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STEP 2:

I nspect the frequency of hours within the natural
boundaries on the overlay to deternine the percentage of time that the natural
apply. This step may be used to determnine the nost

cooling strategy will

DETERM NI NG THE APPROPRI ATE COCLI NG STRATEGY

appropriate cooling strategy(s) for the climate or to deternine if a zoned
buil ding is appropriate (see Figure B-7).
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C. Evaporative Cooling
Figure B-7
Determining the Cooling Strategy
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2.1 Annual Summary--Cooling. Using the annual psychronetric summary
and the overlays, (Figures B-1 to B-3) sumthe percentage of tinme within the
boundary for each strategy and the confort zone. A 197 fpm (1.0 nisec)
ventilation rate conprises zones 1 to 3. \When summi ng the percentages, count
four 0.0 percentages as equivalent to one 0.1 percent throughout the nethod.
This is necessary because percentages |l ess than 0.05 are rounded to 0.0 in the
climate data sunmaries. The average of such rounded val ues is assumed to be

0. 025.

In general, hot-humid climates require provisions for ventilation
for bodily confort, and hot-arid climates require either high thermal mass or
evaporative cooling for bodily cooling, with nocturnal ventilation for
structural cooling. Refer to Section 2 for further description of bodily and
structural cooling.

2.2 Monthly Sunmaries--Cooling. Followthe same procedure using the
nont hly psychronetric summaries to observe what periods of the year that the
natural cooling strategy will apply. |If nore than one cooling strategy is

i ndi cated, then a zoned or seasonally adjustable envel ope may be desirable.
Refer to para. 3.2 of the main text for further discussion of zoned and
seasonal | y adj ustabl e buil ding envel opes.

STEP 3: DETERM NI NG NEED FOR MECHANI CAL Al R CONDI TI ONI NG

3.1 Annual Summary--Air Conditioning. Using the air conditioning
overlay (Figure B-4) and the annual psychronetric chart, sumthe percentage
frequency of hours hotter or nmore humid than the natural cooling strategy(s).
On the overlay, this is the area above the boundary for the strategy (zone 7).
If the total hours above the boundary exceeds 5 percent annually, an air
conditioning systemw ||l be needed and the buil di ng envel ope nmust be capabl e
of restricting air infiltration to less than 0.5 air changes per hour. This
el i mi nates porous wall constructions such as |ouvered walls and jal ousie

wi ndows whi ch cannot be shut tightly.

3.2 Monthly Sunmaries--Air Conditioning. For seasonal requirenents,
repeat the sane procedure using the nonthly charts to determ ne which nonths
will require nechanical air conditioning for nore than 10 percent of the time.

I f mechanical air conditioning is required for |less than 10 percent of the
time during the month, then the natural cooling strategy is viable for that
nonth and the air conditioning systemcan be turned off. 1In zoned buil dings,
naturally ventil ated spaces will be confortable for that nonth.

I f nmechanical air conditioning or an infiltration-resistant envel ope is
required, skip Step 4 and go to Step 5.

STEP 4: DETERM NI NG NEED FOR AN | NFI LTRATI ON- RESI STANT ENVEL OPE
Skip this step if an air conditioning systemis to be used. |If an air
conditioning systemis used, infiltration nmust be linmted to 0.5 air changes

per hour.
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4.1 Annual Summary--Infiltration. Using the annual psychrometric
chart, determ ne the percentage tinme bel ow 67deg. F (19deg. C). See Figure B-8.
| f

nore than 10 percent of the annual hours are |less than 67deg. F (19deg.C), then
an

i nsul ated buil ding capabl e of holding infiltration to under one air change per
hour is required. This elimnmnates porous wall constructions such as | ouvered

wal | s which cannot be tightly shut. Operable |ouver wi ndows which can be shut
may be acceptable, but fixed open | ouvers should be avoi ded.

The upper limt of the climatic data bin directly bel ow the confort
zone is 67deg. F (19deg.C). The 10 percent exceedence criterion may seem high
but
t he col dest periods of the day occur when the occupants are in bed under
bl ankets. The insulation of blankets extends the confort zone to | ower
tenmperatures, so the anpunt of time that disconfort is experienced is
consi derably | ess than 10 percent.

4.2 Monthly Summaries--Infiltration. |[If an infiltration-resistant
envel ope is required, then this procedure may be exam ned using the nonthly
psychronmetric sumraries to deterni ne possible seasonal variations.
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Figure B-8
Determining Requlirement for Open or Infiltration-Resistant Envelope
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STEP 5: DETERM NI NG NEED FOR HEATI NG EQUI PMENT

5.1 Annual Summary--Heating. Using the annual psychrometric chart,
determ ne the percentage of tinme bel ow 61deg. F (16deg.C). See Figure B-9. |If
nor e

than 10 percent of the annual hours are |less than 6ldeg.F, auxiliary heating
wil |

be required. |In addition, the building envel ope nust be capabl e of hol di ng
infiltration to less than 0.5 air changes per hour, which elininates jalousie
wi ndows and ot her openi ngs which cannot be tightly shut.

The 60deg. F val ue corresponds to the upper Iimt of the bin below a
typi cal balance point of a free-floating residential building with roof and
wal | insulation and air exchanges restricted to 0.5 ACH.

5.2 Monthly Sunmaries--Heating. Repeat the sanme procedure to determ ne
seasonal requirenments for heating using the monthly psychronetric charts. |If
heating is required for nore than 25 percent of the tine during the nonth,

then the natural cooling strategy will not be applicable and the auxiliary
heating systemw ||l be used during that nonth.
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Figure B-9
Determining Heating Requirement
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Any cooling strategy involving |arge openings in the building
envel ope will not be appropriate during nmonths when appreciable heating is
requi red unl ess the openings can be closed to thermal and infiltrative | osses.
For one possible method, refer to para. 3.2 in the main text.

5.3 Using Thermal Mass for Heating. The natural cooling strategy using
thermal mass might also act to reduce auxiliary heating requirements if the
heat | osses occur during the daily mninumtenperatures, and are relieved the
same day by a substantial tenperature rise

STEP 6: DETERM NI NG THE MONTHLY FEASI BI LI TY OF A COCLI NG STRATEGY

6.1 Feasibility of Natural Cooling. The cooling strategy shall be
eval uated as foll ows:

a) |If the chosen natural cooling strategy is applicable for four
nonths or nore (i.e., heating and air conditioning are required for less than
8 months), then the strategy is effective and nmust be used in the building
desi gn.

b) |If the npst suitable strategy is natural ventilation, then go
to STEP 7 (section 8) to determ ne whether ceiling fans are required.

c) |If the nunmber of nmonths when air conditioning and heating are
required is greater than 8, then the natural cooling strategy may be used
seasonal ly or zonally to reduce | oads on the required nechanical systens. In
this case, para. 3.2 and Section 4 of this handbook may be used in conjunction
with M L-HDBK-1190 and DM 3. 03 for design recomendations and specifications.
A life-cycle cost analysis can be used to deternine whether the natura

cooling strategy will be cost effective and shoul d be used.
STEP 7: DETERM NI NG NEED FOR CEI LI NG OR WHOLE- HOUSE FANS
7.1 Procedure. It nmay be necessary to include back-up ventilation

using a ceiling or whol e-house fan to ensure confort when w nd-driven
ventilation is inadequate. Ceiling fans can increase the interior ventilation
caused by wind through the windows. |f the wi ndow sizing (refer to Appendix
C, Section 1) provides a ventilation rate of 98 fpm (0.5 m sec) during periods
when 197 fpm (1 msec) is required, ceiling fans can be used to provide the
additional ventilation required for confort.

Fans are required in all major occupied spaces of naturally
ventil ated buil di ngs when confort cannot be achi eved by natural ventilation
alone. The requirenent is determi ned by the follow ng procedure:

a) If an SMOS summary is available, use Part E "Percentage
Frequency of Air Tenperature versus Wnd Directions" for the two hottest
nonths of the year as deternmined in STEP 3. |If the total percent tinme that is
cal m and above 81deg.F (deg.C)*** is greater than 10 percent for either nonth,
t hen
fans nust be installed.
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b) If only a RUSSWO summary is avail able, use the two hottest
nont hs of the year as determined in STEP 3. From Part C, "Surface W nds",
determ ne the total percent calmfor these nonths, as foll ows.

(1) Add the percentage of tinme within the natural ventilation
boundary (STEP 2) and the percent above the boundary (STEP 3) for each of the
two nonths to determine the total time above the confort zone boundary.

(2) Miltiply the percent tinme calmby the total tinme above the
confort zone boundary for the nonth and divide by 100.

If result is greater than 10 percent for either nonth, then fans
must be install ed.

Proceed with schematic site and building design, using the
appropriate concepts and design strategies as discussed in Sections 2, 3,
and 4.

Figure B-10 is a flowhart of the climatic design process. Figure

B-11 presents a bl ank worksheet and exanpl e worksheets for four climates in
Hawai i .
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Climate Data Summaries
Psychrometric Summaries

Building Bicclimatic
Chart Overlays #1-3

h 4

{ Detarmination of Applicable

Cooling Strategy(s) |
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Figure B-10
Preliminary Climatic Analysis
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Climatic Analysis Summary Worksheet
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Figure B-11
Climatic Analysis Summary Worksheet
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Section 1: AR MOVEMENT BY NATURAL VENTI LATI ON

1.1 W ndow Si zi ng _Pr ocedure.

1.1.1 Requi red Total Wndow Areas. This procedure is used to determ ne
required total wi ndow inlet and outlet areas based on a specified interior air
velocity. It is valid for roons with only one interior partition, or open

roonms in one to six story buildings without large interior gains. This
procedure is based on work done at the Florida Sol ar Energy Center and
docunented in Chandra, et al. (1983), Qutdoor Testing of Small Scale Naturally

Ventilated Models. Figure C-1 illustrates w ndow sizing neasurenents.
G w ¥ W
WIND ||
Figure C-1

Examples of Proper Width for Window Sizing Procedure

(1) Required air velocity rate, V V =))))) fpm
fromdCimte Analysis.

(2) Cross-sectional area of the room CS
Hei ght of room H H=)))) ft
W dth of room across flow, W W= )))) ft
CS=Hx W CS =))) ft.2-

(3) Required airflow rate, CFM CFM = )))) cfm
CFM = V x CS

(4) Bui I ding ocation: 3)1333331331331333133333133133)3))03))))) (city)

Weather Station location: 3)33)33333333333333133133)0)))))
Using Climate Anal ysis, exam ne
worst two naturally ventilated nonths separately.
Desi gn nonths: )))) ))))

(5) Prevailing wind direction for month, WD. VW = )))) =)D
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Pi ck predom nant wind direction associated with the 82deg. F to 86deg. F band

for the

nonth. (This range roughly corresponds to conditions when ventilation is

effective.

C--"Surface Wnds."

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(b) OPTION 2: If no SMOS exists for the |ocation
Pi ck predom nant wind direction for nonth.

W nd speed for nmonth, W&
From SMOS or RUSSWO Part C--"Surface

to direction chosen in Step 5 for the nonth.

I nci dence angl e on wi ndward face,
al pha, fromsite plan and prevailing
wi nd direction, (see Figure C2).

From Table C-1 or C 2 determne:
(a) Wndward pressure coefficient, WC
(b) Leeward pressure coefficient, LPC

Pressure coefficient differential, PCD.
PCD = WPC - LPC

For the surrounding

nei ghbor hood and the proposed
buil di ng type, determ ne from
Tabl e C-3 the pressure coefficient
correction factor, PCCF

Cal cul ate the revised pressure

coefficient differential, PD.
PD = PCD x PCCF

Obtain terrain correction
factor, TCF, from Table C-4.

Conmput e revi sed meteorol ogi cal w nd W

speed in feet per mnute, W
W= W5 x TCF x 101.2

Cal cul ate required open effective
wi ndow area, A
A= (1.56 CFM / [Wx (PD)1/2]

use

WS = ))))) knts

W nds", pick nean wi ndspeed correspondi ng

a = ))))) deg

WPC
LPC

PCD

PCCF

PD

TCF

RUSSWO Part

= ))))) knts
= ))))) deg

J))) =)
J))) =)
J)D =)D
J))) =)D
2D =)D
J))) =)D

=) fpm=3>3>) fpm

A=) ft.2-=33)) ft.2-

Sel ect an open inlet area, A+i, > A A+i ,=))))) ft.2-=)))) ft.2-

Note: if equal inlet and outl et
area are desired, A+i, =1.41A

106



M L- HDBK- 1011/ 2
APPENDI X C (conti nued)

Y
1
|

- [
1
]
I
£
!
!

e = WING INCIDENCE ANGLE

o

are;

1. Inlet with wingwall assist, PC = +0.40
2. OQutlet with wingwall assist, PC = -0.25
3. Roof outlets (e.g., Venturi type), PC = -0.30

Notes: Recommended Pressure Coefficlient, PC, values for other apertures

Figure C-2
Pressure Coefficient Planes and Wind Incidence Angles
for One- to Two-Story Builldings

Table C1

Typi cal Average Surface Pressure Coefficients on the Walls

of a Residential Scale (one-to Two-Story) Building

+333333333333333333333333333333331333333313331333331333331331333331331333331331313))) »

* Wnd Angle " Surface Pressure Coefficients, (PC

* (Figure C2) a b c

* 0 +0. 40 -0. 40 -0.25 - 0.
* 22.5 +0. 40 -0.06 -0. 40 - 0.
* 45 +0. 25 +0. 25 -0.45 - 0.
* 67.5 -0.06 +0. 30 -0.55 - 0.
* 90 -0. 40 +0. 40 -0. 40 - 0.

40
60
45
40
25

EEEEEERE,

-333333333333333333333333333333333333333313331331331331333133133133333133133333131I))))-

107



M L- HDBK- 1011/ 2
APPENDI X C (conti nued)

Table C- 2
Typi cal Average Surface Pressure Coefficients
for Two- to Six-Story Buildings

+333333333333333333333333333333133333333333333331331333133133133333131331333331313))) »

*For Buil dings with Square Fl oorpl ans

* Wnd Angle " Wal | Surface Pressure Coefficients, (PC
* (Figure C3) a b c d
* 0 +0. 80 -0.70 -0.30 -0.70
* 15 +0. 80 -0.90 -0.50 -0.60
* 45 +0. 50 +0. 50 -0.50 -0.50
* 90 -0.70 -0.80 +0. 70 -0.30

*For Buildings with Rectangul ar fl oorpl ans:

R EEEEEEE R EEEEEEE

* Wnd Angle " Wal | Surface Pressure Coefficients (PC

* (Figure C3) a b c

* 0 +0. 70 -0.70 -0.40 -0.70
* 45 +0. 60 +0. 40 -0.50 -0.40
* 90 -0.50 +0. 80 -0.50 -0.20

-333333333333333333333333333333333333133331333331331331333133133133333133133333331)))))-

a = WIND INCIDENCE ANGLE

Figure C-3
Pressure Coefficient Planes and Wind Incidence Angles
for Two- to Six-Story Buildings
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Table C-3
Pressure Coefficient Correction Factor, PCCF

+333333333333333333333333333333133333333333333331331333133133133333131331333331313))) »

1)
2)

3)

OO WNELO

or

R EEEEEEEEEEEEEEERE,

Wal | height of typica

upwi nd buil di ngs, h

Gap between proposed buil ding and adj acent upw nd

buil ding, g
Ratio, g/h

0

0

0.
0.59
0

0

1

nore

PCCF for Building Types

PRPOOOO
0
[

SRR C ©°C

=) ft

=) ft

= 23333
3 4 5
00 0. 00 0. 00
23 0.31 0.17
54 0.72 0.39
79 1.06 0.61
98 1.32 0.74
17 1.57 0.87
.34 1.80 1.00

R EEEEEEEEEEEEEEEEE,

-33333333333333333333333333333333333333331333331331331333133133133333133133333331I))))-

LU LV A

TYPE &

Common one-story building on ground, or lower floor of 2-story building.
Cne-story bullding with extended eaves and wingwalls.

Building elevated on stilts or second floor of common building.

Type 2 building elevated on stilts or second floor with extended eaves

and wingwalls.

For the first floor of a common 2-
coefficients for buildings taller than 6 stories must be obtained from
an appropriate wind tunnel test.

to 6-story building. Pressure

Figure C-4

Building Type Description
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Table C-4
Terrain Correction Factor (TCF)

+333332333333333333333333333333333333333333333331333331331331331313131333331331313))) »

* Terrain Type Ventil ation *
* 24- hour Ni ght -only *
* 1 Cceanfront or >3 mles fromwater 1.30 0.98 *
* 2. Flatlands with isolated, well-separated *
* buil dings (e.g., farm and) 1.00 0.75 *
* 3. Rural or suburban 0. 85 0.64 *
* 4. Urban or industrial 0.67 0.50 *
* 5. Center of large city 0. 47 0. 35 *
=222232333333333333333133331113131313331113I333311113I3333111I3I3331111III1IID0IIII))))))-
Table C-5
Resi st ance Factors (RF)

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

*Resi st ance Fact or: WPF *
* 1. Insect Screening, |PF *
* Screen_Type Typical |PF *
* a. No screen 1. 00 *
* b. Bronze, 14 wires/inch 0.80 *
* c. Fiberglass, 18 wires/inch 0. 60 *
* 2. Wndow Porosity, WF *
* W ndow Type Typical WPF *
* a. Single or double hung 0. 40 *
* b. Awni ng, Hopper, Jal ousie, or *
* proj ecti ons which sw vel open on *
* hori zont al pivot 0. 60-0.90 *
* c. Casenent 0. 50-0. 90 *

-333333333333333333333333333333313333333333333313313313331331331333331331333331331I)I))-

Choose the Interior Partition Factor, PF, for the situation most

similar to building design. Connections between rooms are as open as
pessible (i.e., floor to celiling openings similar to transoms above open
doors) . Factors are averages for the room; some room areas will have much

higher or lower alr velocities.

nT I il I

.87 .9 T4 .82 -81 .25

Figure C-5
Intericor Partition Resistance Factors
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Cal cul ate open outlet area,A,.. A =)D)) ft2 =))))) ft?
A= AXxX A [(A?- Y
I ncrease open areas cal cul ated RF =) =)

above for resistance due to insect screens,
partially open wi ndows, partitions, etc.
Fi nd Resi stance Factor (RF) from Table C-5.

Cal cul ate TOTAL (not open) inlet and outlet w ndow areas,

TA, TA,.

TA = A/RF

TA =)))) ft?2 = Total Req'd Inlet Area for worst nonth.

TA =)))) ft? = Total Req'd Inlet Area for 2nd worst

TA, = A,/ RFT

A, =)))) ft? = Total Req'd Qutlet Area for worst nonth.

TA, = )))) ft?2 = Total Req'd Qutlet Area for 2nd worst nonth.

Required velocity, V =33))>)3)))))))) Weather Station = 3333>3333333333)))))

Worst month = 33333333)3))3))3))3))))) 2nd worst nonth

223333333133333)3))))

Wndspeed, W5 = 1>))33))30))))0))3))))) Wndspeed, W5 = 1113333)133)))20000)))))
Wnd direction, WD = 3)>>)3))3)33))))) Wnd direction, W = 3)}>>))3)))))3))))

Open i nl

et reqd, TA =))))))))))> Open inlet req'd, TA = 3333331311

Open outlet req'd, TA, = )>)3))3))))) Open outlet req d, TA, = 333331101

1.1.2

Check for Required Airspeed. This procedure is used to check

adequacy of the proposed design. \When the proposed schematic design is
detail ed enough to include site plan, building |ocation, room di mensions,

wi ndow details, and shading system the follow ng procedure can be used to
det ernmi ne whether the proposed design will provide the required interior air

speed.

(1)

(2)

(3)

(4)

Required air velocity rate, V \%
fromClinmte Analysis.

2 fpm

Cross-sectional area of the room CS H=)))))) ft
Hei ght of room H

W dth of room across flow, W W= )H)))) ft
CS = HW CS =)))))) ft?
Required airflow rate, CFM

CFM = VCS CFM = ))))) cfm

Bui Iding Iocation = 33>333313333313333313333)13)33)))))(ci ty)
Veat her Station location = 33>33333133333313333313333)1333)))
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From Cli mate Anal ysis, exam ne Mont h: D)D)
worst two naturally ventilated Mont h: D)D)
nont hs separately.

(5) Prevailing wind direction for nmonth, WD. VD= ))))DDD) = DD

(a) OPTION 1: SMOS Part E--"Tenperature versus "Wnd Direction".
Pi ck predoni nant wi nd direction associated with the 82 deg. to 86
deg. F band for the nonth.

(b) OPTION 2: If no SMOS exists for the |ocation, use RUSSWO Part
C--"Surface Wnds." Pick predom nant w nd direction for nonth.

(6) W nd speed for nmonth, W5 WS = )))) knts = )))) knts
From SMOS or RUSSWD Part C--"Surface W nds,"
pi ck nean wi nd speed corresponding to direction
chosen in Step 5 for the nonth.

(7) I nci dence angle on wi ndward face, alpha. alpha
(See site plan and Figure G2 or C3).

D)) deg >>))))) deg

(8) From Table C-1 or C 2 determne:

(a) W ndwar d pressure coefficient, WPC WPC

2213313
JII3313)
JII3313)

DDDDDDDDD)
DDDDDDDDD)
DD DDDD)

(b) Leeward pressure coefficient, LPC LPC

(9) Pressure coefficient differential, PCD PCD
PCD = WPC - LPC

(10) For the surroundi ng nei ghbor hood PCCF
and the proposed buil ding type, deternine
from Table C-3 the pressure coefficient
correction factor, PCCF for the appropriate
buil ding type (Figure C4).
Bl dg. type no. >>>) h =333 g =)3))
h/'g = 333>

(11) Cal cul ate the revised pressure PD
coefficient differential, PD
PD = PCD * PCCF

23133333) = )3313)3))

DDDD) 23)3))

(12) Obtain terrain correction factor, TCF
TCF, from Table C-4. Terrain type D))

DDDD) 23)3))

(13) Conput e revi sed nmeteorol ogi cal w nd W= ))))) fpm=)))))) fpm
speed in feet per minute, W
W= W5 * TCF * 101.2

(14) Cal cul ate required open effective A=) ftz2 =)
ft.2-

wi ndow area, A

A=(1.56* CFM / [W* (PD)¥Y
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(15) Calculate the inlet w ndow area W =))) ft2 = ))) ft?
for the proposed design, W.

(16) Correct using resistance factor, RFi, RFE: =522 =)
for partially open, w ndows, w ndow
type, screens, etc., fromTable C-5 and Figure C6.

(17) Calculate the effective open inlet are, Ai. A =))) ftz =))) ft?
A =WxRF

(18) Cal cul ate required open outlet area, Ao. A, =))) ft2 =))) ft?2
A= AX A [(A2- A)Y

(19) Cal cul ate the outlet w ndow area W =))) ftz =))) ft?2
for the proposed design, W.

(20) Find the resistance factor, RF, RF, = O)))))) = D))

for the outlet openings from Table C-5.
(21) Cal cul ate the effective outlet opening,

A..

A, = W x RF,.

(22) Conpare the required outlet opening with the
ef fective outl et opening:

A =D)) ft2=))) ft?

Worst Month: 3331333333))))) 2nd worst nonth: }>))>)3))))
Ao =333 As = IIII00000000)0))
Ac = 3)33330303030030300)) Ac = 3)33030300000000)»

If A, < A, then the required air speed will be obtained and confort can

be expected. If A, > A, then the required air speed will not be

obt ai ned.

If required air speed is not obtained, possible nethods to obtain the
required air speed are to:

a) I ncrease the size of the openings.

b) I ncrease the effectiveness of the openings by changi ng wi ndow
type, renoving screens, or renopving interior partitions.

C) I ncrease the pressure coefficients by spacing buildings farther
apart, rotating the building, relocating wi ndows, elevating the building, or
addi ng wi ngwal | s.

1.2 ASHRAE W nd and Thermal Buoyancy (Stack Effect) Formulae. The two
driving forces producing natural ventilation in a building are wind pressure
and thermal buoyancy (the stack effect). The following is a summary of
formulae for calculating interior airflow

1.2.1 Flow Due to Wnd--Single Opening. Factors affecting ventilation

wi nd forces include average velocity, prevailing direction, seasonal and daily
variation in velocity and direction, and | ocal obstructions such as nearby
buil dings, hills, trees, and shrubbery. For a space with only a single

openi ng, use Equation 8.
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EQUATI ON: Q = 0.02 CAV, (8)
\Wher e Q = the volunetric flow rate, cfm (n¥ sec)
C = unit conversion factor, 88.0 for Qin cfmand 1.0 for Qin
n¥/ sec
A = the area of opening, ft2 (n%)
V., = the mean velocity at a reference point in the free w nd

at a height equal to that of the building, nph (msec).

1.2.1.1 Estimating Quantity of Inlet Air. The quantity of air forced
through ventilation inlet openings, assunming inlet and outlet areas are equal
can be estimated by the Equation (9).

EQUATI ON: Q = CKAV (9)
wher e Q = airflow, cfm (n#/ sec)
C = unit conversion factor, 88.0 for Qin cfmand 1.0 for Qin
n¥/ sec
K = effectiveness of openings, 0.50 to 0.60 for perpendicul ar
wi nds and 0.25 to 0.35 for diagonal w nds
A = free area of inlet openings, ft?m?
\% = nmean external wi nd velocity, nph (nfsec)
Equati on 9 does not take into account the air danmi ng action of the wall. For

a nore precise estimation of airflow due to wi nd which does not require w nd
tunnel testing for each building, but uses discharge and pressure coefficient
data from previous wi nd tunnel tests, use Equation 10.

EQUATI ON: Q= GA (G- Co) * Vig? 1/2 (10)

wher e Q volunetric flow rate

G di scharge coefficient, commonly 0.65, appropriate for
smal | openings near the center of walls.
When openings are near the edge of a wall in the downw nd space, the discharge

coefficients increase to 0.7 and 0.8, with [arger values for bigger openings
(10-20 percent of the wall area.) For openings simlar in size to the
cross-section of the downstream space, discharge coefficients of 0.8 to 0.9
are possible.

A = area of opening
C: = windward pressure coefficient
C. = leeward pressure coefficient
V., = velocity at reference height (pressure coefficient

measur enent)
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1.2.2 Fl ow Due to W nd--Openings in Series

1.2.2.1 Fl ow Vol unme. To cal culate volune of flow for openings in series
use Equation 11.

EQUATION.  Q = [(Gu - Go + 1) Vigl (11)

DI233)005333)00I000000000)))) 1/ 2
[ 1/ (Cn® A2 +1/ (Cpp®* A?) +. .. +1/ (Ci®™ AP) ]

wher e Co = pressure coefficient near nost w ndward opening
Cu = discharge coefficient near npst w ndward opening
G = pressure coefficient near next nost w ndward openi ng
Coo = discharge coefficient near next nobst w ndward opening
A = area of nost w ndward opening
A = area of next nobst w ndward opening
Ve = wind velocity at reference height at which pressure

coefficients were taken.
1.2.2.2 Fl ow Vel ocity. To determine the mean flow vel ocity near the

openi ngs, use Equation 12.

EQUATION: V.

Q/ effective area of opening = Q/ A, cos al pha (12)

o

wher e V, = nmean flow velocity near the opening, ft/mn (n sec)
Q = volunetric flowrate (from Equation 8), cfm (n#/ sec)
A, = area of opening, ft? (nf)
al pha = angl e of incidence of the wnd

1.2.2.3 Di scharge Coefficient for Varying Wnd Angles. The discharge
coefficient for varying wind angles is given by Equation 13.

EQUATI ON: G, = G (perpendicul ar wi nds) cos al pha (13)

1.2.3 Fl ow due to thermal forces. |If there is no significant internal
resi stance due to a partitioned interior, and assum ng i ndoor and out door
tenperatures are close to 80deg.F (26.7deg.C) and inlet and outl et openings
are

equal , the flow due to stack effect is given by Equation 14.

EQUATI ON: Q=CKA[g delta h (t; - t)) / t;]% (14)
wher e Q = airflow, cfm (n#/ sec)
C = unit conversion factor, 60.0 for Qin cfmand 1.0 for
Qin n¥sec
K = discharge coefficient for the openings, 0.65 for
mul ti pl e openings and 0.40 for single opening in a room
A = free area of inlets, ft2 (nm)
g = gravitational constant, 32.2 ft/sec? and 9.81 ml sec?

delta h hei ght frombottomto top of opening for roons wth
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si ngl e openi ngs, and average hei ght difference
bet ween bottom of the inlets and top of the outlets
for rooms with nmultiple openings, ft (m
average i ndoor air tenperature, degrees F (degrees C
tenmperature of outdoor air, degrees F (degrees Q)

ti
to

For further discussion, see DM 3. 03.

1.2.4 Conmbi ning Ternms. As a rough rule of thumb, when flow due to the
stack effect and flow due to winds are equal, the actual conmbined flowis 30
percent greater than the flow caused by either force al one.

1.3 W nd Tunnel Testing. Wnd tunnels are used to determine the
airflow rates through interior spaces of buildings for each relevant w nd
direction. The airflow rates are expressed as ratios of interior velocity
over a "reference velocity" obtained from historical climatol ogical records.
VWhen conmbined with the climte's probability distributions of wind speed, w nd
direction, tenperature, and humidity, the acceptability of natural ventilation
can be determined. This is discussed in the Climte Anal ysis Method, Appendi x
B. 1In certain cases, the wind tunnel will be used to produce nean pressure
distributions, as functions of a reference wi nd speed and direction. For such
cases, the nean airflow rates through interior spaces of the building are
conput ed anal ytically rather than being obtai ned experinentally.

Presented in this section are the ninimumrequirenments for wnd
tunnel facilities, instrumentation, and wi nd tunnel testing procedures to
ensure the acceptability of the obtained airflow rates or pressures.

1.3.1 W nd Tunnel Test Facilities. Because the objectives of wind tunne
testing for natural ventilation studies are nean airflow rates or nean
pressure distributions, the turbul ence characteristics of the atnospheric
boundary | ayer need not be fully nodel ed. The principal requirenent is that
the mean velocity profile, expected at the building site, be nodeled
accurately in the wind tunnel. An appropriate set of target mean velocity
profiles are given by the logarithnic |aw (Equation 15):

EQUATI ON: Uz) = 2.5 u * In(z/z,) (14)
wher e Uz) = mean velocity at elevation z above grade, ft(m sec),

u = the shear velocity, nph (nmf sec)

z, = the roughness length, a nmeasure of surface roughness,

ft (m.

Appropriate val ues of roughness |engths for various terrain categories are
given in Table C 6.

1.3.1.1 Variations from Theoretical Mean. |If experimentally obtained nmean
velocities fromthe theoretical target mean velocity profile is less than
0.10, then the nean velocity profile is assuned to be nodel ed acceptably. A
presentation of the experinentally obtained nean velocity profile (or
profiles) nust be included in the docunmentation of the wind tunnel testing.
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Table C-6
Typi cal Terrain Categories and Roughness Lengths

+333333333333333333333333333333133333333333333331331333133133133333131331333331313))) »

Terrain Category Definition Roughness Length (m
I Open wat er 0. 005
Il Open terrain 0. 07
11 Subur bs at consi derabl e 0. 30

di stance from t owns,
spar se devel opnent
wi th hedges and trees

IV Towns, densely built-up 1.00
subur bs, wooded terrain

EEEEEEEEEEEEEEEE,

\% Centers of large cities 2.50

EEEEEEEEEEEEEEEE,

-33333333333333333333333333333333333333333333313333133313133133333133133333331))I))-

1.3.1.2 Profile Linmitations. It is not necessary to nodel the entire mean
velocity profile through the atnospheric boundary |ayer up to the gradient

hei ght (the hei ght above which effects of the earth's surface roughness are no
| onger felt), but only the portion two tinmes the height of the building and
its nearby surroundings.

Since the turbulent structure of the atnospheric boundary | ayer
need not be nodel ed accurately, there is no requirenent for a mnimum w nd
tunnel air speed (or mnimmw nd tunnel Reynolds nunber). There are,
however, m ni mum wi nd speed requirenents for airflow rates through nodels.
Refer to para. 1.3.2.3 of this Appendi x.

1.3.2 W nd Tunnel Moddels. Discussed in this subsection are the m ni num
requi rements for nodels used in the wind tunnel tests.

1.3.2.1 Model Detail. The nodel and full-scale building nmust be
geonetrically simlar. Al significant detail and relief rmust also be

nodel ed. This requires a certain feel for the problemto determ ne what is
and what is not significant detail. A 1-in. (25.4 nm deep relief at
full-scale may not have any effect on natural ventilation, but a 4-in. (101.5
mr) deep relief may. On the other hand, in certain pockets where flowis

mnimal, a 1-ft (0.3 n) deep relief my not be significant. |If a detail is
estimated to have a significant effect upon the pressure | oss through a
buil di ng (such as an insect screen), it should be included in the nodel. |If a
detail might affect the flowin or out of an opening, it should be included in
the nodel. |If the person conducting the experiment has little feel for what
is and what is not needed, err on the side of excessive detailing. A nodel
cannot have too much detail, but can have too little.
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Since airflow rates through interior spaces of buildings are to be
studi ed, interior furnishings having significant bl ockage shoul d be nodel ed.
Fur ni shi ngs havi ng significant bl ockage include easy chairs, sofas,
bookshel ves, desks, beds, cabinets, dressers, bathroomfixtures and kitchen
fixtures. |Itens such as |anps, tables, and dining roomchairs nost likely
woul d not have to be nodel ed.

1.3.2.2 | mredi ate Surroundings. It is inmportant to nodel all nearby
bui | di ngs and structures, expected foliage, and variations in terrain that
exceed a few feet in height. Wth lowrise buildings it is typical to nodel
all such features within a radius of five times the height of the subject
bui | di ng, and the rough massing of significant buil ding and obstructions
beyond that for a m ni mum of 500 feet (150 m) for any upw nd direction tested.
For buil dings above 4 stories, the radius within which detailed nodeling is
needed can be reduced. The aerodynam c effects of features beyond this

m ni mum are nodel ed by the nmean velocity profile sel ected.

Trees are al so nodel ed with overscal ed pores and foliage el ements,
usual |y made of screening or furnace air filter material

1.3.2.3 Model Size and W nd Tunnel Speed. The mi ni num nodel size and
reference wi nd tunnel speed are governed by a set of nininum Reynol ds number
requi rements. The Reynol ds nunmber is a measure of the ratio of inertial to
vi scous forces. Mddel dinensions and velocities are usually |less than

full -scal e val ues, however nodel viscosity typically equals full-scale
viscosity (if air is the testing fluid). Therefore, relatively speaking,
airflow through nodels is much nore viscous than it is through the full-scale
building. 1In nearly all full-scale building flows, the flow patterns and
pressure | osses are dominated by inertial rather than viscous effects. Air
flow rates in the nodel of such a building nust therefore be sufficiently
great that the flowis dominated by inertial effects. This is guaranteed by
mai nt ai ni ng an appropriate m ni mum Reynol ds nunmbers for each of the flow
situations in the nodel.

1.3.2.4 Reynol ds Number for Flow Around Bluff Bodies. The Reynol ds nunber
for flow around bl uff bodies such as building exteriors, RB, shall be greater
t han 20, 000.
EQUATI ON: R = Lg Us / v (16)
wher e Lg is the typical building dinmension (m,

U, is the typical approach velocity (m sec),

v is the kinematic viscosity of the air (1.7 X 10°° n¥ sec)

1.3.2.5 Reynol ds Nunber for Fl ow Through W ndow Openings. The Reynol ds
nunber for flow through wi ndow openi ngs, RW shall be greater than 300.

EQUATI ON: Ry= Ly U,/ v (17)

wher e Ly is the m ni mum w ndow di mension (n), and
Uyis the nean velocity through the wi ndow (nifsec).
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1.3.2.6 Reynol ds Number for Flow through Ductways. The Reynol ds nunber for
flow t hough a | ong rough duct such as a long hall or corridor, R+D,, shall be
greater than 2, 000.

EQUATI ON: R, = Lp UJ v (18)

wher e L, is the minimum cross-sectional dinension of the duct (n), and
U, is the nean velocity through the duct (m sec).

1.3.2.7 Reynol ds Number for Flow in a Room The Reynol ds nunber for flow
in aroom R, shall be greater than 20, 000.

EQUATI ON: Ry = Lg U4 v (19)

wher e Lg is the minimminterior roomdinmension (m, and

U; is the maxi mum air speed in the room usually equal to U,

1.3.2.8 Reynol ds Nunber for Fl ow Through Screens and Louvers. The Reynol ds
nunber of the flow through nodel ed and geonetrically simlar screens and
| ouvers will never nmeet the minimumcriteria given above. Therefore, ful

size insect screens are typically used on nodels; and |louvers are typically
nodel ed to a | arger scale than the building so that the mininum]louver

separation is 0.15in (4 nm. |In both cases, the opening dinmensions are stil
small relative to building dinmensions, so nodel/full-scale flow patterns wll
still be simlar. Pressure |oss coefficients through roons, w ndows, halls,

doors are assumed to be equal for nodel and full-scale (if m ni mum Reynol ds
nunber requirements are nmet). Use of full-scale insect screens and oversized
| ouvers ensures that the respective nodel and full-scale pressure |oss
coefficients are equal

1.3.2.9 Reynol ds Nunbers-- Reducing Margin of Error. Satisfying the above
m ni mum Reynol ds numnber requirenents does not guarantee Reynol ds number

i ndependent results but errors will be minimzed. It is good practice to use
nodel s that are as |large as possible, linmted by the wind tunnel dinmensions,
and to use wind velocities as great as possible, limted only by the w nd

tunnel capacity.

1.3.2.10 Mbdel Size Linitations. Mdel size is |imted by the boundary

| ayer size and wi nd tunnel size. As nmentioned earlier, the boundary |ayer
need not be nmodeled to its gradient height, but need only be nodeled to a

hei ght that fully engulfs the nodeled building in question and all the nearby
buil di ngs. The thickness of the boundary | ayer should be at |east 200 percent
of the highest building nodeled. |f the npdels are bul ky, they may be further
restricted in size by a mninmmw nd tunnel bl ockage requirenent. The
projected frontal area of all buildings nodel ed shoul d never exceed 10 percent
of the wind tunnel cross-sectional area.

The Reynol ds numnber restrictions on nodel size often conflict with
the nodel height Iimt, the bl ockage requirement, and the requirenment that a
significant area around the building be nodeled, particularly if the building
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in question is a highrise building. For such cases when a definite conflict
exists, two or nore nodels are required. The first is a small-scale solid
nodel (wi thout openings) of the building in question including all features of
t he surrounding area that need to be nodel ed. The second and additiona
nodel s are | arge-scale nodels of the interior spaces to be naturally
ventilated. The latter nodels should be | arge enough so that all Reynol ds
nunber constraints are satisfied, and shoul d experience approach fl ows and
pressure differentials simlar to those observed on the snmall scal e nodel .

1.3.3 Instrunmentation. The instrunmentation nmust be able to measure mean
air velocities with accuracy (+2 percent is common) over the range of

vel ociti es expected for the wind tunnel being used. Omidirectional

t enper at ure- conpensated therm stor-type air speed probes are sensitive,
reasonably durable, and relatively inexpensive. Their frequency response is
danped, but is usually adequate for ventilation studies. Probe dianeters of
1/4-inch (6 M) or less are readily available, permtting easy airflow
measurements within interior spaces of the building of the nodel. (Holes can
be drilled in walls, floors, and ceilings to pernmit the insertion of the
probe, and can be taped cl osed when not in use.)

1.3.3.1 Vel ocity Measurements. For certain studies, when wind directions
are known, Pitot-static tubes may be used to measure nean velocities. The
Pitot-static tube nay be attached to a pressure transducer or a manoneter.
Air speeds nust be relatively high if a Pitot-static tube (or other pressure
variant) is used. For whichever velocity instrunentation is used, the
accuracy of the system over the range of velocities encountered in the study
shoul d be docunent ed.

1.3.3.2 Pressure Measurenents. \When nmean pressure neasurenents are
required, they may be neasured with pressure taps and any of the pressure
transducers typically accepted for the neasurenment of pressures for the design
of glass and cladding in buildings. Such a transducer has a frequency
response in excess of the needs for natural ventilation studies. Since nean
pressures are desired, |ower-cost nmanoneters may be substituted. Extrenely
low differential pressures may be neasured accurately with an al cohol-filled
manonmeter read with a measuring m croscope.

1.3.4 W nd Tunnel Test Procedures. The ratios of interior airflowto
exterior wind should be deternined for each critical wind direction. A
critical wind direction is one that occurs a significant proportion of the
time (over 5 percent of the tine during the period that ventilation is
required). Two procedures are suggested to obtain interior airflow ratios.

1.3.4.1 Procedure 1--Direct Velocity Measurenent. In the first procedure,
interior airflow velocities are nmeasured directly. This nethod is applicable
for those cases when the nodel is sufficiently large so that all pertinent
Reynol ds numnber requirenents are satisfied, and the nodel is sufficiently
small so that all significant nearby features can be nodeled within the w nd
tunnel test section. A wind tunnel nmean free streamreference wind velocity
is obtained for each critical wind direction (usually, weather stations record
wi nd speeds from ei ght, and sonmetines sixteen, directions).

Ref erence nean wind velocities traditionally are taken at an
el evation of 33 ft (10 n) above grade. A reference wind velocity at any
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| ocation or at any elevation is appropriate as long as it is well defined.
Mean interior airflow velocities are measured throughout the interior spaces
to be naturally ventilated. |If the entire three dinensional flowfield is to
be deternmined in the interior spaces, then a sufficient nunber of point
measurements must be recorded to define that flow field.

O ten, however, air exchange rates are desired. To neasure an air
exchange rate, only the airflow rates into, or out of, a confined space need
be measured. When the inlet, or outlet, consists of a single opening, the
airflowrate may be deternined froma single nmeasurenment, and is equal to:

EQUATI ON: Q=UAC (20)
wher e Uyis the mean air velocity at the opening center (msec),

A is the area of the opening (n¥), and

C is a coefficient, 0.8 to 0.9, determ ned experinmentally or

theoretically for a set of similar openings to account for the
nonuni f orm mean vel ocity distribution over the opening
di mensi ons.

For either case, the interior wind speed velocities, U+i,, are given in terms
of the dinensionless velocity ratio:

EQUATI ON: G =V, /Ug (21)
wher e Ues IS the reference velocity.
1.3.4.2 Procedure 2--Indirect Velocity Measurenment. The second procedure

applies when a small scale nodel is to be used in conjunction with a |arge
scal e nodel of the interior spaces. For each critical wind direction a
reference wi nd tunnel nmean free streamvelocity is measured on the small-scale
solid nodel. 1In addition, a mean pressure differential fromthe inlet to
outlet location is neasured for each interior space under consideration

The large-scal e nodels of the interior spaces are then used to
deternmine interior airflow rates for a given pressure differential across the
| arge-scal e nodel. The large-scale nodel is placed within the wind tunnel
t he openings are bl ocked, and the nean pressure differential is measured
across the nodel fromthe assumed inlet and outlet. The openings are then
opened, and the airflow rates, and/or three dinmensional flow filed are
nmeasured as before. Interior air speeds for the small-scale nodel, U+ns,, are
then conmputed in the follow ng manner.

Across each interior space on the small scale nodel the tota
pressure differential is given by:

EQUATI ON: delta P, = (1/2 P UG, (22)

wher e Cn is a total pressure coefficient.
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Simlarly for the |arge-scal e nodel:

EQUATI ON: delta P, = (1/2 p U,?Cn (23)

The total pressure coefficient nmeasured on the |large- scale nodel is assuned
to equal that on the snmall-scale nodel, and that on the full-scal e building.
The interior wind velocities on the |arge-scale nodel Unl have been neasured,
as well as the pressure differentials, WPns and Wenl. Dividing one equation
by the other |eads to:

EQUATI ON: Us = (delta P, / delta P") 1/2 U, (24)

Interior air velocity ratios (the final answers) are then obtained as:

EQUATI ON: Cin = Ug /Uy (25)
wher e U, is the interior air velocity of the small-scal e nodel for
the direction n, and
Cn is the ratio of interior air velocity to a reference nean

free-streamvel ocity.

1.3.4.3 Procedure for High-Rise Buildings. The second procedure is
particularly appropriate for the determnmination of interior airflowrates in
hi ghri se buildings conposed of typical floors, or typical living units. This

met hod may becone cunbersone when many different interior space nodels are
required for a single building. An alternative nmethod has been suggested by
Vickery (1981) to streanline the deternmination of airflow rates in highrise
buil di ngw with many different interior spaces.

Starting with mean pressure distributions obtained froma
smal | -scal e nodel, interior airflow rates are conputed analytically. Each
interior space is in essence a closed conduit. Basic |laws of closed-conduit
flow can be used to determine airflow rates through each space, given the
pressure differential across the conduit, and the pressure | oss coefficients
t hrough halls, through openings, and around corners. A nunber of such conputer
nodel s have been devel oped. Refer to paras. 2.3 to 2.3.3 of this Appendix.

1.3.5 Use of W nd Tunnel Air Flow Rates. The airflow rates obtained from
wi nd tunnel tests alone do not determ ne whether or not a building can be
naturally ventilated. Interior airflow rates nust be combi ned with other

information, particularly probability distributions of directional reference
velocities, tenperature, humdity, and solar radiation, in order to determne
the appropriateness of naturally ventilating a space. See Appendices B and C,
para 1.1 for the mninmumclimtic considerations.

1.4 Field Mddeling. Researchers at the Florida Solar Energy Center
(FSEC) have proposed testing small scale nodels outdoors in the natural w nd
to observe airflow through naturally ventilated buildings. Their limted
testing (Chandra et al., 1983) shows excellent correlation between a one-story
buil ding and a nodel tested in this manner on the actual building site.
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Al t hough this nmethod has not gone through rigorous testing to date, it may
provide an alternative to wind tunnel testing for small scal e buil dings.

1.4.1 Model Requirenments. The nodel, supported by a plywood base the
same size as the building's footprint, is mounted on a threaded flange fitted
on a threaded pipe. It can then be freely rotated for various w nd

i nci dences. A wind vane is attached above the nodel to indicate relative wnd
direction. The nodel can be built out of plexiglass for ease in view ng
during testing, although solar heating must be avoided. Aluminumfoil on the
roof is reconmrended for this. A scale of 1 : 24 is reconmended. The nodel
must be nounted and tested so that the height of the windows in the nodel is
the sane as the height of the wi ndows of the proposed building at full scale.

1.4.2 Applicable Buildings. There is no sinulation of the ground pl ane
nor any match of the approach flow roughness |ength to the nodel height as in
wi nd tunnel testing. Instead, the nodel encounters a uniformvertica

velocity gradient with turbulent flow. The fluctuati ons of velocity and fl ow
direction give a useful if qualitative assessnent of the ventilation in the
building. This type of testing is limted to residential scale buildings and
is not recormended for buildings taller than one story. |In taller buildings
this type of testing will overestimate the effects of surroundi ng objects
since the surroundings are not matched to nodel height.

1.4.3 Types of Tests. There are several possible approaches:

a) Snoke can be introduced into the nodel for flow visualization
(as is comonly done in wi nd tunnel testing).

b) A laser can be used with a glass rod to produce a planar |ight
source. The flow of snoke along a single plane may then be observed and
recorded with a low Iight |level video canera. This nust be done at night.

c) An ommidirectional tenperature-conpensated therm stor-type
ai rspeed probe can be used to measure interior velocities. C oudy-sky
condi tions are reconrended to minimnze radiation errors.

For exanpl es of these, refer to Chandra et al. (1983), pp. 45-53.
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Section 2: | NTERI OR TEMPERATURES

2.1 Pur pose
2.1.1 Internal Gain and Interior Tenperature Rise. The ventilation
met hod and overlay in Appendi x B assunmes that internal gains fromsun, |ights,

appl i ances, and occupants are not high enough to increase the interior
tenmperature. This is usually an appropriate assunption for residential and
light commercial applications with effective sun control and roof insulation

If internal gains are likely to be large (as in high-rise office
buil dings), then it will be necessary to determine the rise in interior
tenmperature resulting fromthese high internal gains. The rise in tenperature
will be a function of the rate of internal gains and the rate of heat renoval.
The primary route of heat renmpval for this strategy will be by ventilation
al t hough conduction through parts of the buil ding envel ope nay play a role.

2.2 Equati ons

2.2.1 Tenperature Rise. The tenperature rise can be estimted based on
the follow ng relationship, which holds when averaged over tine:

EQUATI ON: heat | oss by ventilation = internal heat gain (26)
or:
EQUATI ON: (ACH) (Thermal Mass of Air) (Bldg. Vol) (delta T) = Q+internal , (27)

wher e ACH = air changes per hour
Thermal Mass of Air = 0.018 Btu/l b/deg. F
Bl dg Vol = Building Volume in ft _3-
delta T = tenperature difference in deg.F
Q+internal , = Q+occupants, + lights + appliances + sol ar

Rearrangi ng and restating:

EQUATI ON: delta T = Q+internal , / (ACH (0.018) (Bldg Vol) (28)

2.2.2 Ventilation Boundary Adjustment. |In the ventilation design
procedure in Section 2, the ventilation strategy boundaries are conpared to
climate data on the psychrometric sunmary chart. These boundaries can now be
adjusted to account for the higher tenperatures indoors. The boundary can be
noved to | ower tenperatures to represent the outdoor conditions under which
the hotter interior tenperatures lie along the ventilation strategy
boundari es.

EQUATI ON:  The new out door T+boundary, = original T+boundary, - delta T (29)
Therefore if delta T is subtracted fromthe T+boundary, at the 0.5

or 1.0 nfsec boundary on the original overlay, the additional percentage of
tinme
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that confort is exceeded can be rapidly determ ned on the annual psychronetric
summary by counting the percentage of tine between the original boundary and
the new interior tenperature line. |f the total percentage of tinme exceeds

t he acceptabl e percentage, either Q. ena Should be reduced or Q.

shoul d be increased.

Thus, to determine the required air changes per hour to keep the
interior tenmperature below the top of the confort zone at the 0.5 nfsec
boundary, solve for ACH.

EQUATI ON: ACH = (Quoma) ! (0.018) (Bl dg Vol.) (delta T) (30)

wher e Qnterna 1S an assuned (estimated or cal cul ated) val ue
Bldg Vol is known (fromthe prelimnary design), and

del ta T = Tout - Ttop of 0.5 nisec boundary

2.3 Conmputer Mddels of Interior Tenperatures. The use of a conputer
allows a nuch nore detail ed analysis of the interior environment of buildings.
Currently avail abl e conputer prograns for thernmal analysis include: DOE-2,
BLAST, CALPAS3 and TRACE. These can perform hour-by-hour analysis of the
detail ed | oads i nposed on the building by weather, occupancy, |ighting,

equi pment, and the shape and thermal properties of the building envel ope.

The nmechani cal engi neer shoul d eval uate the expected internal |oads
and deterni ne whether they cause the confort zone to be substantially
exceeded. |If so, he should consider conputer simnulation for nore precise
eval uation. Conputer nodeling progranms and information sources are |listed
bel ow

2.3.1 Program I nputs and Qutputs. Programinputs include a detailed
description of the physical parameters of the building, its expected
occupancy, and an appropriate weather tape. Qutputs include expected
tenperatures and hunmidities on an hourly basis and as summuari es.

2.3.2 Program Linmitations. To date, such prograns do not predict the
airflow patterns or velocities within buildings. They are generally unable to
predict even the bulk ventilation rate through spaces caused by w nd
pressures. They also do not nodel the detailed radiation characteristics of
the interior. These limtations severely affect the utility of such nodels
for design of naturally ventilated buil di ngs.

2.3.3 Conputer Prograns for Thermal Analysis. Currently avail able
conputer prograns and information sources are |isted bel ow

DCE 2: Nati onal Technical |Information Service (NTIS)
U.S. Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22161
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BLAST: U.S. Arny Construction Engineering Research Lab (CERL)
P. 0. Box 4005
Chanpaign, Illinois 61820

CALPAS3: Berkel ey Sol ar Group
3140 Martin Luther King Jr. Wy
Ber kel ey, California 94703

TRACE: Trane Air Conditioning Corporation

3600 Pammel Creek Road
La Crosse, W sconsin 54601
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Section 3: OCCUPANT COVFORT

3.1 The Bioclimatic Chart. The bioclimatic chart, (see Figure 4), can
be used to determ ne whether confort will be achieved at a given tinme when the
interior air velocity, air tenperature, and humidity | evels are known.

The procedure for determining confort using the bioclimatic chart is the sanme
as that described in Appendix A, para. 1.4, except that expected interior
conditions rather than the exterior climatic conditions are plotted. The
effects of the building envel ope and the internal gains due to people, |ights,
equi pment, and solar gain are factored into the expected interior tenperature
and humidity levels based on the daily average, nonthly average, specific hour
of the day, or other long-termclimte data (see Appendix C, para. 2.2). |If
the plotted point falls at or bel ow the expected interior air velocity, then
confort can be expected for that space under the specified conditions.

3.2 The J.B. Pierce Human Thernoregulatory System Mbdel. The J.B

Pi erce two-node mathematical nodel of the human thernoregul atory systemis the
nost appropriate conputer nodel for predicting human confort under natura
ventilation conditions. The nodel is a "rational" index, derived in a |ogica
manner from established principles of heat transfer physics. |t describes
through enpirical equations the effects of the body's thernoregul atory
controls. (Refer also Appendix A, Section 1.)

The nodel has been tested agai nst human experinents and found to be
effective at conditions near the confort zone with subjects under lowto
noderate activity. It may underestimte convective (air novenent) heat | oss
at higher wind velocities because it does not differentiate between cl ot hed
and exposed skin areas of the body.

The nodel is of the body only, requiring nanual input of climatic
conditions. To use it to predict percentages of tine that a building will be
confortable, the designer nmust nodify it to read hourly weather data files or
the hourly output of a thermal | oads program
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Section 4: WHOLE- HOUSE FAN S| ZI NG PROCEDURE

4.1 Assunptions. Whol e-house fans shoul d be sized by assuming that 30
to 60 air changes per hour (about 0.5 to 1.0 per nminute) are to be provided to
t he buil di ng depending on the severity of the climate.

4.2 M ni mum Required Airflow, CFEM Calculate the mininmumrequired cfm
usi ng Equation 31.

EQUATI ON: CFM = 0.5 x buil ding vol une (31)
wher e: volunme = ft2 * ceiling height
4.3 Fan Selection. Select a whol e-house fan which has a cfmrating

equal to or greater than that cal cul ated above. < Note that this should be the
whol e- house fan cfmrating at 0.1-inch water static pressure (SP) drop and not
the free air cfmw thout any pressure drop. |If the cfmrating does not state
the pressure drop, assume it is for free air. For fan selection, derate the
free air cfmby 25 percent to get the 0.1-inch SP rating.
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WORKED EXAMPLE OF THE CLI MATE ANALYSI'S AND W NDOW S| ZI NG PROCEDURE
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Section 1: BU LD NG IN HOT HUM D ENVI RONMENT, OAHU, HAWAI |

1.1 Purpose. This Appendix contains a worked exanple of the climate
anal ysis. presented in Appendix B and the wi ndow sizing procedure presented
in Appendix C, para. 1.1. |Its intent is to present the data necessary for
using this handbook and to provide a sinple exanple to foll ow

1.2 The Exanple Project. The building used for this exanple is a
barracks (Building #1031) at the Marine Corps Air Station at Kaneohe Bay on
OGahu, Hawaii. It is an existing two-story building in the mddle of a conplex

of two three-story barracks buildings. Figures D-1 through D-5 show pl ans,
el evations, a cross section, and typical room plans of the barracks.

1.3 Cimte Analysis. Figures D-6 through D8 present exanples of the
SMOS Psychronetric Summaries and Figures D-9 through D-10 present surface w nd
data. These data were obtained fromthe National Climatic Center and used to
performthe Climte Analysis.

Figure D-1
Site Plan of Kaneohe Bay Marine Corps Air Station
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Elevations of Building #1031
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Figure D-6
Psychrometric Summary/Month all
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Figure D-7
Psychrometric Summary/Month Jan
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Figure D-38
Psychrometric Summary/Month Jan
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Figure D-9
Surface Winds/Month Aug
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Figure D-10
Surface Winds/Month Sep
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Figure D-11
Climate Analysis Summary Worksheet
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1.3.1 Results of the Cimate Analysis. The results of the climte

anal ysis are shown on the Climate Analysis Summary Worksheet (Figure D-11). In
t he Kaneohe Bay climate, ventilation is the nost suitable strategy for cooling
(Step 2). On an annual basis, confort can be achieved using 197 fpm 1.0 nisec
ventilation for 99.9 percent of the year, and using 98 fpm (0.5 nifsec)
ventilation for 96.6 percent of the year. No nechanical air conditioning
(Step 3) or heating system (Step 5) is required, and the buil ding envel ope
does not need to be infiltration resistant (Step 4).

If 0.5 msec ventilation is used, only Septenber will have a
significant (over 14 percent) unconfortable period (Step 6). Since snmaller
wi ndow areas will be permitted if 0.5 msec ventilation is used (as opposed to
1.0 msec), this exanple will use 0.5 m' sec ventilation as the cooling

strategy with ceiling fans providing additional ventilation during Septenber
and any tinmes when the outside wind speed is too |low for confort.

1.4 W ndow Si zi ng Procedure. Since this is an existing building which
is being nodified, this exanple uses the wi ndow sizing procedure to check the
adequacy of the proposed w ndow sizes (Appendix C, para. 1.1.2) rather than to
predict the sizes that should be incorporated into the design. Both of these
functions of the wi ndow sizing procedure are the same up to Step 15.

(1) Required air velocity rate. V= 985 fpm= 0.5 nmsec

From Cli mate Anal ysis

(2) Cross-sectional area of the room CS

Hei ght of room H H = 8.5 ft

W dth of room across flow, W W = 9.5 ft

CS=H* W CS = _80. 75ft?2
(3) Required airflow rate, CFM

CFM = V x CS CFM = _7953. 8cfm
(4) Bui | di ng | ocation = Kaneohe Bay, Hi (city)

Weat her Station |ocation =__Kaneohe Bay, Hi

From Cinmate Anal ysis--exani ne worst two

naturally ventil ated nonths separately.

Desi gn nont hs: Sept. /_August
Prevailing wind direction for nonth, WD. W =__ ENE /_ ENE

a) OPTION 1: MOS Part E--"Tenperature vs. Wnd Direction". Pick
np
predom nant wind direction associated with the 82deg.F to

86deg. F
band for the nonth.
(b) OPTION 2: If no SMOS exists for the |location, use RUSSWO Part
C--"Surface Wnds." Pick predom nant wi nd direction for nonth.
(6) W nd speed for nmonth, W& W5 =_9.5 kn = 10.3 kn

From SMOS or RUSSWO Part C--"Surface Wnds."
Pi ck nean wi nd speed corresponding to direction
chosen in Step 5 for the nonth.
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(7) I nci dence angl e, al pha, on windward face, al pha = 47.5deg = 47. 5deg
fromsite plan and prevailing
wind direction (see Figure C2).

(8) From Table C-1 or C-2 determnine: (used 45deg.)
(a) Wndward pressure coefficient, WC WPC =_+0.6 = +0. 6
(b) Leeward pressure coefficient, LPC LPC = -0.5 = -0.5
(9) Pressure coefficient differential, PCD. PCD = 1.1 = 1.1

PCD = WPC - LPC

(10) For the surroundi ng nei ghborhood and the PCCF = 0.61 = 0. 61
proposed building type, determ ne from
Table C-3 the pressure coefficient
correction factor, PCCF.
Bl dg type No._5 h =_23 ft g =_65 ft
h/fg =_ 2.8

(1) Cal cul ate the revised pressure PD =_0.67 = 0.67
coefficient differential, PD
PD = PCD * PCCF

(12) otain terrain correction factor, TCF, TCF = 0.85 = 0.85
from Table C 4.
Terrain type__suburban

(13) Conput e revi sed net eorol ogi cal w nd speed W=_817 fpm = _886fpm
fpmin feet per mnute, W
W= Ws * TCF * 101.2

(14) Cal cul ate required open effective A= 18.5ft?2 = 17.0 ft2
wi ndow area, A
A=(1.56 * CFM [/ [W?* (PD) Y7

(15) Cal culate the inlet window area for the W =_ 72 ft2 = _72ft?
proposed design, W .

(16) Correct using resistance factor, RF , RF = 0.56 = 0.56
type, screens, etc., from Table C-5.

(17) Cal cul ate the effective open inlet A = _40 ft?2 = _40ft?
area, A .
A =W * RF

(18) Cal cul ate required open outlet area, A, A, = _21 ft2 = _19ft?
A= AX AT [(A2- A2

(19) Cal cul ate the outlet wi ndow area for the W =_ 40 ft2 = 40 ft?

proposed design, W.
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(20) Find the resistance factor, RF, , RF, =__0.56 = _0.56
for the outlet openings from Table C-5.

(21) Cal cul ate the effective outlet opening, A = _22.4 ft2 =22.4 ft?2
A=W R,

(22) Conpare the required outlet opening with the effective outlet
openi ng.
Worst Month: Septenber 2nd worst nonth: August
A = 21 A = 19
A = 22.4 A = 22.4

If A, < A, then the required airspeed will be obtained and
confort can be expected.

If A, > A, then the required airspeed will not be obtained.

1.4.1 Results of the Wndow Sizing Procedure. The procedure was
performed for the nonths of August and Septenber. The required open effective
wi ndow area (Step 14) is 17.1 ft2 (1.6 nf) in August and 18.5 ft2? in

Septenber. Assunming fly screens of 14 strands per in. (porosity 0.8), and
that the window wall consists of fixed |ouvers for the | ower four feet
(porosity = 0.6) and operable louvers for the upper four feet (porosity =
0.8), the required open outlet area (step 18) is 19 ft2 in August and 21 ft?2
in Septenber. The actual effective outlet area based on the proposed design
(Step 20) is 22.4 ft2 Since the actual effective outlet area is greater than
the required outlet area, it can be expected that the design will be capable
of producing 0.5 nfsec ventilation in the roonms and will be confortable for
all months except for about 14 percent of Septenber.

Ceiling fans producing 197 fpm (1.0 m'sec) ventilation for a
substantial area within the roomw || provide confortable conditions during
the periods when the outside wind speed is too | ow and during heavy rains.
These ceiling fans would al so provide confort during the 14 percent overheated
period of Septenber.
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GLOSSARY

Absorption. The conversion of radiation inpinging on a material's surface to
thermal energy within the material. Al radiation incident on opaque
materials is either absorbed or reflected.

Bioclimatic chart. A diagram of tenperature, humidity, radiation, and air
noverment used to display the human confort zone under a w de range of
envi ronnental conditions.

Bodily cooling. Any means of using climate elenments to cool the occupant
directly. Natural ventilation directed across the human body may cool it by

i ncreasi ng convective and evaporative heat loss fromthe skin. Bodily cooling
is distinct fromstructural cooling.

British thermal unit (Btu). The anpbunt of heat required to raise the
temperature of one pound of water by one degree F

Building bioclimatic chart. An expansion of the bioclimatic chart in which
the limts for well-devel oped executions of climate control strategies are
plotted in addition to the confort zone.

Co. Awunit of nmeasurenent used to describe clothing insulation |level. One
clo is equivalent to 0.155 m.2-(deg.C)/watts.

Confort. see Thermal confort.
Condi ti oned and unconditi oned spaces. The need for air treatment such as heat

addi ti on, heat renoval, noisture renmoval or pollution renmoval for a space, vs.
the lack of need for such air conditioning in a space.

Conductivity. A neasure of heat energy transfer through solids caused by a
di fference in tenperature.

Dewpoi nt tenperature (DP). The tenperature at which a given concentration of
noi sture in the air begins to condense. The dewpoint tenperature of any
tenmperature and humidity conbination is found on the psychrometric chart at
the left end of the horizontal |ine passing through that tenperature and

hum dity conbi nati on.

Direct gain. Solar heat liberated within the building after passing through
gl azi ng.

Direct radiation. Shortwave radiation that has travelled a straight path
(without refraction or reflection) fromthe sun to the earth's surface.

Diurnal swing. The difference between maxi mum day and m ni mum ni ght
t emper at ur es.

Dry-bulb tenmperature. A nmeasure of sensible heat as read on a standard
t hernoneter and indicated on the psychronetric chart by vertical lines.
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Envel ope-domi nated buildings. A building in which the |oads created by the
external conditions are greater than the | oads created by internal sources.

Fenestration. The design or placenent of wi ndows in a building.

First-order weather station. A mjor weather station at which a full set of
surface observations are taken on an hourly or three-hourly basis.

Heat capacity. The ability of a material to store heat for a given change in
its tenmperature. Anpng building materials, dense materials have hi gh heat
capacities.

Hunmidity ratio (W. For any tenperature and humidity conbination, the ratio
of the nass of water vapor to the mass of the dry air with which it is mxed.
It is shown on the horizontal |ines of the psychronetric chart and read al ong
the right-hand vertical axis. It is also known as absolute humidity.

Infiltration. Unwanted air exchange between the buil ding interior and
exterior, resulting from pressures caused by wind and interior-exterior
temperature differentials. The primary difference between the usua
definitions of infiltration and ventilation is that infiltration is
undesi rabl e and uncontrol |l ed, whereas ventilation is desirable and
controll abl e.

Infiltration-resistant envel ope. A building envel ope designed to limt air
changes to less than 0.5 per hour. An infiltration-resistant envelope is
required in buildings that have mechanical air conditioning or heating
systens, and in climtes where the tenperatures drop | ow enough that
unrestricted air nmovenent woul d cause unconfortably |ow conditions within the
bui | di ng.

Insulation. Capacity of materials to retard heat fl ow

Life-cycle cost (LCC) analysis. The total cost of a systemover its

econom cally useful life. It includes the appropriate sunmation of all costs
expected to be incurred as a result of choosing and inpl enmenting any
particul ar plan or design over the life of the facility.

Load. The energy required within a building space to maintain interior
envi ronnental conditions.

Mean radiant tenperature. The uniform surface tenperature of an imaginary
bl ack encl osure that exchanges the same heat by radiation as the actua
non- uni form envi ronment .

Met. A unit of human netabolic rate. One net is equivalent to 58 watts/ m.2-
of body surface, or 50 kcal/h*m.2- of body surface, or 18.4 Btu/h*ft _2- of
body surface.

Natural cooling strategy. A method for building cooling that does not use
purchased energy sources.
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Ni ght sky radiation. This termis usually used to refer to the |oss of |ong-
wave radiant energy fromrelatively warm buil ding surfaces to the cool er sky.
The loss is greatest on clear nights when there is little water vapor in the
at nosphere to intercept the outgoing radiation

Normal . When referring to direction (as of wind), this term nmeans
"perpendi cular" or "at right angles."

Qperative tenperature. The uniformtenperature of an inmagi nary enclosure with
which man will exchange the same dry heat by radiation and convection as with
the actual environnent.

Passive system A systemthat uses non-nechani cal neans to satisfy space
| oads.

Pressure coefficient. The ratio of the pressure on a building surface to the
pressure of wind brought to a halt on the windward face of a flat plate. This
latter pressure is the maxi mum pressure to be extracted fromthe force of the
wi nd, and is also known as the 'stagnation pressure'

Psychrometric Chart. A graphic representation of air tenperature and hunidity
rel ati onships on a chart.

R-value. A nmeasure of building insulation, or resistance to heat flow driven
by tenperature differences. The higher the R value, the better the

resi stance to heat flow. R-values for building materials, air spaces, air
films, etc. are established and used to calculate the overall thermal

resi stance of building envel ope conponents such as walls and roofs.

Reflectivity (albedo). The ratio of reflected radiation to received
radiation. Reflectivities differ for shortwave (solar) and | ongwave
(terrestrial) radiation.

Relative humidity (RH). The ratio of vapor pressure in an air-water mxture
to vapor pressure at saturation (the dew point tenmperature). RH is plotted on
t he psychronetric chart as curved lines fromlower left to upper right.

Revi sed Uniform Summary of Surface Wather Cbservations (RUSSWO . A weat her
summary distributed by the National Climatic Center containing detailed
summari es of different weather variable for nunerous weather station
wor | dwi de. A revision of the SMOS sunmary.

Second- order weather station. M nor weather stations at which a linited
nunber of climatic variables are collected daily. Cimtic data from such
stations are presented primarily as nonthly nmeans and extrenes.

Shelter effect. A phenonenon in which the air speeds on the | eeward side of
an obstruction are | ower than those of the free streamdue to the influence of
t he obstruction on the airfl ow

Solar altitude. The vertical angle between the sun's position in the sky and
a horizontal plane. The angle is |lowest at winter solstice and hi ghest at
summrer sol stice.
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Sol ar _angle of incidence. The angle that the rays of the sun make with a line
perpendi cular to a surface. It determ nes the percentage of direct sunshine
i ntercepted by that surface.

Solar azimuth. The horizontal angle between the sun's bearing and a
north-south line projected on a horizontal plane. The sun passes the horizon
at a different point each day. The arc of the sun is smaller in winter

| arger in summer.

Stack effect. The nmovenent of air into and out of a space due to tenperature
di fferences. \When the tenperature is higher inside, differences in air
density produce a negative inside pressure and inward air flow at low | evel s
within the space, and a positive inside pressure and outward air flow at high
| evel s within the space.

Structural cooling. Cooling of the building structure directly rather than

t he body of the occupant. Structural cooling by natural ventilation involves
directing air flow across the building's interior surfaces to renove heat
stored in the building. This in turn can cool occupants indirectly.

Sunmary of Metereol ogi cal Observations, Surface (SMOS). A weather summary
di stributed by the National Climatic Center containing detail ed sumaries of
numer ous weat her variabl es for numerous weat her station worl dw de.

Thermal confort. A state in which the human body is in thermal equilibrium
with its surroundings. Mjor factors are. air tenperature, surrounding
surface tenperatures, humdity, solar radiation, air novenment, clothing |eve
and activity |evel.

Thermal capacity. See Heat Capacity.

Thermal mass. The heat capacity of a given mass or volune of materi al
Conmonly used to describe the heat absorption and retention of massive
bui | di ng el ement s.

Turbul ence. The fluctuating component of wind velocity. Experienced as gusts
or passing eddies.

Ventilation. Airflow through and within an internal space stinulated by two
means: 1) the distribution of wind pressure gradients around a building and
2) pressure differences caused by tenperature gradi ents between indoor and
out door air.

Wake. The area of turbulent air directly to the |leeward side of an
obstructi on.

Wet -bul b tenperature. The tenperature of a thernometer bulb covered with a
wet wi ck and exposed to nobving air. It is a neasure of the noisture content
of the air. On the psychronmetric chart it is plotted as |ines sl oping
downward fromleft to right and |abelled at the upper |eft.

Wngwall. A projection fromthe building facade that may act to direct w nd
or provide shading.
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Zoning. A building configuration in which sone areas are separated from ot her
areas to neet a programmatic requirenent. In naturally ventilated zoned

buil dings, this often results in a building which has a naturally ventil ated
section and a separate air conditioned section.
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