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PREFACE

Since the beginning of time, living species have had to find ways to adapt to the natural environment. While some adaptation can be achieved physiologically or the need for it can be reduced through migration, many species, particularly humans, have also developed physical structures to help adjust the natural conditions to form an environment that can not only support life but also provide comfort. These constructions are the beginning of architecture, but for building to achieve this status, it must also embrace an emotional expression of intention or, as some would say, a sense of poetry.

Over time, designs intended merely as a way of providing functional adaptation to the natural environment often acquired an aesthetic quality that transcended their initial purpose. At times, perhaps when the intentions of these designs were no longer understood, the designs were applied to conditions for which they were not applicable or no longer relevant. As such, these designs acquired an intrinsic value in terms of their compositional or artistic expression rather than their functional potential.

With the development of modern technology, reliance on direct architectural intervention became less critical. The developing architectural form often was possible only because technology could not only adjust the natural environmental conditions but could also correct for the additional imposition of the architecture. The assumption was that technology made anything possible, and the intention of architectural design was no longer focused on environmental adaptation. For this reason, many designers felt that they were free to pursue poetic expression while relying on others to develop technological methods that could support this freedom. Unfortunately, this practice has given rise to a serious disconnect from the basic intentions of design.

The unfortunate result is that today architecture often seems to be part of our environmental problems rather than part of the necessary solution. Architectural design should be able to contribute to the solution of our environmental problems in a manner that is both effective and poetic. But for this to happen, architectural designers must be aware of the basic concepts and principles of the various environmental issues that are critical to sustaining life on this planet. While we as designers can embrace technology and utilize it to enhance our efforts, we must begin by understanding what is intended rather than focus on what is possible, particularly in terms of utilizing technology. Based on this belief, the title selected for this textbook was Environmental Issues for Architecture, for we must understand these issues if we are to realize the environmental contributions that can be achieved through effective architectural design. At the same time, we need to be knowledgeable about technology so that we can successfully integrate its potential into design. Architecture can then achieve its purpose and enhance the physical design.

As an architectural educator, it is important that I avoid the temptation of prescribing specific solutions to complex problems. Instead, my challenge in lectures and in the studio is to attempt to instill in my students an awareness of the~critical issues that must be addressed, an understanding of the concepts and principles that underlie these issues, and a commitment to work to resolve them through responsible design. In this vein, I have written this book with the hope that it might inspire future designers to appreciate the potential that environmental issues have for architecture and to support that inspiration with the understanding and skill that can help them achieve this potential.

This intention was the basis for a conference held many years ago in Boston for architecture faculty teaching technology. The gathering started with a keynote address by Jerrold Zacharias, a professor of physics at MIT. He began his presentation by swinging one of two disks that hung behind a projection screen located above a huge chalkboard. As this disk swung back and forth, the second disk began moving in what appeared to be a somewhat erratic manner. Professor Zacharias began to compare the two motions and then suggested that we could analyze them mathematically in order to figure out what was causing the erratic movement. He then proceeded to fill the chalkboard with mathematical equations and finally exclaimed, “Now we know what’s happening!”

As a nonengineer with a somewhat lazy mathematical mind, I had pretty much ignored his presentation, thinking instead about the wonderful things that I could do in Boston, but I continued to pay enough attention to be amazed that Professor Zacharias could fill the chalkboard and solve the problematic equation just before running out of space. I was also astonished that so many in the audience, who like me were teachers in architectural schools, seemed not only to be able to follow the presentation but apparently even relished the mathematical experience.

After Professor Zacharias’s announcement that we now understood the conditions of the swinging disks, much of the audience, whom I assumed had an engineering background, initially seemed to agree. But then after a few moments of silence, it became apparent that while the equation had been solved, what was causing the two disks to move was still not clear. And then, at the right moment of~bewilderment, Professor Zacharias raised the screen; there, to the amazement of the audience, was the explanation—a simple double pendulum with a stick connecting the two.

Professor Zacharias then talked about pendulums and vibrating strings, explaining that a guitar string is plucked and, depending on the type and length of the string, different pitches of sound can be produced. He then explained that with a violin, the desire is to sustain numerous repeated plucks of the strings; this is why a bow is used. Rosin is put on the bow, and as the bow is pulled across the strings, the rosin grabs a string and pulls it. Since the rosin cannot “hold on,” as the bow is pulled across the string, a series of repeated plucks is established.

Once again, the audience seemed to understand. But again, Professor Zacharias would not let it rest. He said, “That’s not the issue. The problem is that most of us didn’t understand that there was a problem!”

While not necessarily problems, the various issues addressed in this book need to be understood in context with architectural design. In an attempt to help you grasp the connections between environmental issues and architecture, the discussion of each issue includes a short historic review to help you make connections with the general development of architecture that have occurred over time, especially since the Industrial Revolution. In addition, the order in which the various issues are organized is somewhat different from the traditional way in which environmental concerns are presented in most textbooks on environmental technology. While it is true that thermal issues are very important and have a major impact on design, this book begins with discussions of lighting and acoustics. This tends to parallel somewhat the way we actually experience space—through seeing and hearing. The expectation is that this order of presentation will further help you realize that Environmental Issues for Architecture can contribute to the foundations for architectural design. But since there is more than one way to approach design and since each issue is presented somewhat independently, you may consider each environmental issue in any order that makes sense to you.
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CHAPTER 1

INTRODUCTION

INTRODUCTION

ENVIRONMENTAL AESTHETICS

THE INTENTIONS FOR ENVIRONMENTAL DESIGN

CONCLUSION

INTRODUCTION

This book presents basic information about the major environmental issues that impact on architectural design and attempts to do so in a manner that can guide and support the design process. These presentations are not intended merely to cover “required” information before they must be addressed, which for too many design projects done in school is during preparation of the presentation drawings. Unfortunately, the inclusion of environmental considerations often tends to be merely applied “window dressing” intended to make a project appear more “architectural.” While there are legitimate reasons why an expansion of items addressed occurs at presentation time, an understanding of environmental issues, particularly in terms of concepts and principles, must be present at the beginning of the design process so that it can inform the initial schematic explorations. A response to the critical environmental issues must be at the core of any effective design, not merely an applied accommodation added later.

With an increased understanding of the basic concepts and principles of the different environmental topics, we should be better able to grasp the connection between these critical issues and effective architectural design. Although the presentation of these issues might at times be mathematical, these issues are definitely not external to effective design, nor should they be considered only as corrective measures that allow one to do something illogical in terms of design. In fact, an understanding of these principles is fundamental to design.

Unfortunately, the obvious significance to design of some of the material covered in this book might not become fully apparent until later in your studies or perhaps not until later in your design careers. But as with most of what we study, if we understand the underlying principles, these explorations of environmental issues will continue to be of value as we progress in our studies and throughout our professional careers.

ENVIRONMENTAL AESTHETICS

Nature can only be mastered by obeying its laws.

Roger Bacon (Thirteenth-century English philosopher and scientist)

Esthetic judgment constitutes the quintessential level of human consciousness.

James M. Fitch (Architectural historian and theorist)

The commitment of environmental designers (interior designers, architects, landscape architects, and urban designers) to the enhancement of the human experience can best be realized through designs that are both aesthetically pleasing and socially meaningful. In this effort, perhaps the most confusing task is to assign the proper significance to each concern so that the resulting design responds appropriately to the imposed conditions. To accomplish this effectively, designers must have an understanding of science and technology in addition to sensitivity for composition and form.


Science is much more than a body of knowledge. It is a way of thinking. This is central to its success. Science invites us to let the facts in, even when they don’t conform to our preconceptions. It counsels us to carry alternative hypotheses in our heads and see which best match the facts. It urges on us a fine balance between no-holds-barred openness to new ideas, however heretical, and the most rigorous skeptical scrutiny of everything—new ideas and established wisdom.1

Carl Sagan (Renowned American scientist)

Many erroneously believe that science is based primarily on complex mathematical computations, and because of this, there is often a tendency to assume that science is imbued with a notion of certainty. On the other hand, art is generally considered to be nonspecific and nonscientific. As a result, designers often tend to avoid specific limitations, especially if they are expressed through the use of numbers, as if the acceptance of specificity might imply that they are not really concerned with the poetry of design or, even worse, that they are not really creative.

Calculations, the use of mathematical formulas, are merely a way to model certain aspects of the physical world. Math is a language that provides a simple way of expressing ideas, but many designers are uncomfortable with the mathematical language and cannot appropriately appreciate or effectively use a mathematical model. While rejection of mathematics is unfortunate, since it deprives designers of an effective means of modeling certain conditions, it is untenable if it encourages designers to concomitantly reject science or to go as far, as some do, as to exclaim, “Don’t confuse me with the facts!”

Science is the ever-unfinished task of searching for facts, establishing relationships between things, and deciphering laws according to which things appear to occur. The main intention of science is to extract from the chaos and flux of phenomena a consistent, regular structure––that is, to find order. Similarly, effective environmental design should be committed to the discovery of pattern, structure, and order and to giving them viable expression in physical form.

Today there is some confusion over what is or should be the basic intentions of environmental design. This confusion is probably the result of various changes that began developing as long as 150 years ago with the general industrialization of the construction field. This industrialization has tended to separate the design process from what James Marston Fitch called “the healthy democratic base of popular participation.”2 As a result, the designer is now typically isolated from the consumer, increasing the “prevalence of the abstract, the formal, and the platitudinous in architectural design.”3 It is becoming increasingly clear that an attitude within many segments of the various design professions is “one of complacent laissez faire whose esthetic expression is a genial eclecticism. The result is a body of work as antipopular and aristocratic in its general impact as anything ordered by Frederick the Great or Louis XV.”4

While many of the prominent voices in the design field seem to be consumed by a theoretical dialogue on stylistic intentions and priorities, the traditional leadership role that environmental designers have traditionally contributed has been significantly reduced. In fact, in many situations, oblivious to their fundamental responsibility to ensure that environmental development is nurturing and sustainable, the work of many designers continues to degrade rather than enhance the natural environment. At a time when the design professions should be actively involved in supporting rational, sustainable development, continued infatuation with a narrow set of design parameters might reasonably be interpreted as equivalent to rearranging the deck chairs on the Titanic.

Rather than narrowing our options, design professionals should be pursuing ways both to maintain traditional involvement in environmental design and to increase the level of participation through an expansion of professional services. We should take the opportunity to build upon the problem-solving methodology of the design field and substantially extend its realm of engagement. We should reinterpret the basic notion of what constitutes environmental design practice, and sustainable development provides a means to accomplish this.

The ultimate and quintessential role of environmental design is the interpretation of ideas through physical form for human habitation, and designing is the actual act of interpretation. The idea of the designer as a creative individual operating intuitively and independently in this effort of interpretation, although romantic, is unsubstantiated by fact and is a notion that inhibits realization of the architectural potential. While designing is obviously a critical responsibility of professional practice, there are numerous activities with which designers have regularly been involved and upon which designing relies. Just in terms of traditional architectural practice, these usually include promoting and selling architectural services; educating the public, clients, and future professionals; preparing a project brief; developing contract documents; selecting contractors and determining costs; and inspecting construction progress. In addition to these activities, there are a number of allied services that are frequently associated with architectural practice.

Although these various activities collectively constitute the overwhelming portion of architectural practice, a presumption remains, even among many practicing architects, that designing is the most dominant aspect of professional architectural services. In reality, designing accounts for only around 10% of the actual effort expended in fulfilling the demands of most architectural practices! While the actual act of interpretation is critical, all efforts necessary to accomplish this interpretation are essential and crucial to the architectural endeavor, not merely the interpretation itself.

Regrettably, a distinction is sometimes made between the value and importance of “designing” and the “nondesign” efforts of contemporary environmental practice. This establishes an unfortunate hierarchy within the design professions that is extremely divisive and can undermine collaboration, which is essential for effective design that is responsive to the multiplicity of concerns in our complex world. While distinctions in the areas of involvement will remain, any assumed hierarchy will continue to be extremely disruptive to the environmental design professions. To remain effective, we can no longer indulge ourselves with a biased, myopic view of what is actually an extremely diverse responsibility that demands multiple skills and abilities.

Too many recent “prestigious” buildings have been designed in response to a rather narrow value system. While some of these buildings are clearly attractive, too often they are void of functional meaning or any significant social connotation. Only with an understanding of the technological propriety, tempered by a process of socialization, can the environmental design professions move from their recent role of “agent and spokesman for the elite”5 to achieve more meaningful contact with and support for the popular community.

An understanding of technological propriety can only come from a sound theoretical scientific foundation. As Gary Stevens stated in The Reasoning Architect:

. . . although architecture is usually thought to be the product of acts of inspired creation, it is also the product of acts of inspired reason; to demonstrate that science and mathematics are portions of our intellectual culture that cannot be set apart from architecture and left to the engineers to worry about, but are the concern of all of us.6

A distinction is often made also between art and craft. These dichotomies are in fact quite recent, about 200 years old, but as long as we do not take the boundary as hard-and-fast, and admit into each parts of the other, they are useful distinctions if only because scientists and artists do see themselves as carrying out quite different sorts of activities.

Though they may be different, it does not necessarily lead to the conclusion that they are opposed. The two can be unified in the one individual or pursuit.7

It is unfortunate, and perhaps even harmful, that in our society, art and science have come to be seen as opposites and antagonistic to one another. Perhaps this tension between the two cultures of art and science is most evident in the environmental design disciplines––that is, in architecture, broadly defined to include physical design extending from consideration of interior space to the urban environment. This confrontation between art and science is especially disturbing since effective environmental design depends on a collaboration of the two.

The wide-ranging criticism of science in architecture is based on the notion that science demands that design be predicated on the application of a set of operational rules that are devoid of any concern for humanistic values. But this criticism is founded on a fundamental confusion about the meaning of humanism and the nature of science. As expressed by Jacob Bronowski:

The scholar who dismisses science may speak in fun, but his fun is not quite a laughing matter. To think of science as a set of special tricks, to see the scientist as the manipulator of outlandish skills–– this is the root of the poison that flourishes in the comic strip. There is no more threatening and no more degrading doctrine than the fancy that somehow we may shelve the responsibility for making the decisions of our society by passing it to a few scientists armoured with a special magic. [This is a] picture of a slave society, and should make us shiver whenever we hear a [person] of sensibility dismiss science as someone else’s concern. The world today is made, it is powered by science; and for any [individual] to abdicate an interest in science is to walk with open eyes towards slavery.8

Gary Stevens said:

[T]he fundamental fallacy … is in regarding creativity and reasoning as two watertight compartments of the human intellectual makeup. Since architecture is clearly a creative activity, it [is assumed to follow] that architecture cannot be about reasoning, and from this it is a straightforward step to conclude that it must not be about reasoning. The critique perpetuates the wholly wrong idea that creativity in architecture is the domain of design and design alone and that all the other components of architectural knowledge are just so many dry facts that are sometimes handy to the architect but preferably left to the consultant. The result of such attitudes, among other consequences, is that architects are doing less and less in the construction process, as the masters of all these dry facts chip away slowly but steadily at the architect’s role.9

Only with an appreciation for human values and a committed sensitivity for nature, including both an understanding of its technological potential and an awareness of its ecological fragility, can we hope to achieve environmental design of significance and quality. But confusing any attempt of designers to address environmental concerns appropriately is their apparent failure to grasp the proper meaning of certain common terms: visual, aesthetic, and taste.

To address environmental concerns appropriately as we fulfill our commitment to design, we must grasp the proper meaning of aesthetics and taste, recognizing that they are based on more than personal choice and opinion.

Aesthetic Judgment

Aesthetic judgment deals with the issue of “beauty” as distinct from “moral” or “useful” issues, but “beauty” is not limited merely to visual concerns. Unfortunately, James Fitch’s claim that “esthetic judgment constitutes the quintessential level of human consciousness”10 is confusing since it seems to be directly opposed to his stand against the obsession that many in the environmental design professions had, and still have, with visual aesthetics. However, any confusion that comes from this pithy comment derives from a narrow interpretation of aesthetic judgment and beauty. Since beauty entails a combination of qualities that pleases the aesthetic senses, “esthetic” judgment, as expressed by Fitch, is based on an interrelationship between all the physical senses, not just the visual. Aesthetic judgment also depends on personal interpretation of these sensations.

Assuming that aesthetic judgment is based only on visual phenomena leads to a serious misconception of the multidimensional aspect of aesthetic theory. “Far from being narrowly based upon any single sense of perception like vision, our response to a building derives from our body’s total response to and perception of the environmental conditions which that building affords.”11 There are many examples of building types where the aesthetic judgment is clearly based on nonvisual concerns as well, and sometime perhaps instead of visual concerns. Even in the most beautiful symphonic hall, a building type that is primarily intended for the appreciation of auditory sensations, one cannot be truly aesthetically pleased if the acoustics are inadequate. In a ballet theater, one cannot be satisfied if one is unable to see the performance properly. There are also situations in which external issues impose on aesthetic judgment. For example, while an owner might recognize that a building incorporates certain positive physical qualities, if the costs far exceed expectations and/or the capacity to pay, it is questionable if there would be substantial appreciation, aesthetic or otherwise, of the structure.

It is inappropriate to attempt to qualify environmental design merely from visual phenomena. While we can, of course, analyze a building in terms of its compositional aspects, we should not confuse this with a comprehensive investigation of its overall aesthetic quality. Although we can derive information on certain nonvisual aspects of a structure from visual observation, we should not confuse issues.

An exploration of the broad issue of aesthetic judgment begins to clarify that there is an important distinction between architecture as object and architecture as experience. As object, architecture tends to exist external to us, and can be observed and interpreted dispassionately and objectively. It is beyond us. It exists for itself. However, as experience, the architectural object has significance only in that it provides the basis for a perceptual experience. It becomes part of us, and the actual physical substance of the object is not of paramount importance. Rather, it is only the effects of the object that are truly significant. Of course, the physical reality is important, but this importance is derived primarily from what it implies rather than what it might be physically. Its value and strength exist in its expressed ideas and in its meaning.

The distinction between architecture as object and architecture as experience is similar to the distinction between what can be referred to as “design from outside” and “design from within.” While it would be desirable to further explore and clarify these differences, this is beyond the scope of this book; however, hopefully we can agree that the human-caused modification of the physical environment that we call architecture must be considered in terms of a complex composite structure formed of numerous distinct, yet interacting, elements including, but not limited to, its visual characteristics.

Aesthetic Taste

Taste deals with the value system on which we establish our aesthetic judgments. These judgments are based on established values that are developed by and representative of a culture. Since they are statements of cultural consciousness, aesthetic criteria are relative and are dependent on a particular culture. So, while there are specific individual responses that must be considered, aesthetic judgment is greatly affected by its particular social and cultural background. “Esthetic standards are expressions of social agreement, of a common outlook or attitude towards [a] particular aspect of human experience.”12 These standards may, and probably will, vary not only according to the society, but even within a society, according to the particular group or class, establishing a differentiation between what is called popular taste and high style.

While there is a sharp distinction between popular taste and high style, there is also an extremely important relationship between the two and a joint subordination of them to the exigencies of society as a whole. In certain situations, the connection between the two is complete. As Fitch mentioned, with handicraft methods of production, the aesthetic standards were constantly disciplined by the production method itself. Initially, the designer, producer, and consumer were one and the same, and there was no such thing as bad taste. With early societies basically isolated from other communities, there were no comparative values applied externally to an object, and it was on this basis that the unique aspects of primitive art evolved.

As society progressed from the primitive stage, a distinction between popular taste and high style started to emerge. It became more apparent and ultimately, following the Industrial Revolution, with an increase in automation, popular taste and high style tended to become totally separated and, at times, even in direct opposition to one another. Today, such opposition is often a conscious positioning by those choosing to suggest that their value set, which is obviously assumed to be high style, is different from and superior to that which is generally accepted.

Perception of the Physical Environment

In his book American Building: The Environmental Forces That Shape It, James Marston Fitch wrote about our perceptual experience. He suggested that while there might be a dominance of visual sensations or significance for our thermal experiences, our spatial perceptions are strongly influenced by all of our senses. Fitch listed six senses upon which our environmental perceptions are based: visual, auditory, olfactory, tactile, gustatory (taste), and proprioceptive (interactive). While the first five are reasonably understood, the proprioceptive or interactive sense is not commonly recognized. According to Fitch, this sense is activated by stimuli produced within the organism by movement of its own tissues. As intriguing and provocative as this sixth sense might be, another interpretation of the phenomena of perception was provided by Pierre von Meiss:

Be warned: for a person who has the use of all his senses, the experience of architecture is primarily visual and kinaesthetic [using the sense of movement of the parts of the body]. …That does not mean that you are allowed to be deaf and insensitive to smell and touch. That would be to deny oneself the fullness of sensations. Isn’t it sometimes a failure on a single one of these points which are deemed to be of secondary importance which destroys all visual qualities? Aesthetic experiencing of the environment is a matter of all our senses and there are even some situations where hearing, smell, and tactility are more important than vision; they are experienced with extraordinary intensity. As designers we must never forget that! Let us try to imagine the echo in the spaces that we are designing, the smells that will be given off by the materials or the activities that will take place there, the tactile experience that they will arouse.13

While Fitch considered perception to be based on the five senses augmented by the proprioceptive or interactive sense, von Meiss reduced the number of basic senses by dropping the sense of taste and added the kinaesthetic sense as his special augmentation. More likely, our perceptions of the physical world are the result of the five physical senses of sight, sound, touch, smell, and taste, modified by our prior experiences, our expectations, and our intellectual capacity. Further, in agreement with both Fitch and von Meiss, our perceptions of the physical environment are established by the interaction of all of our senses. As Fitch said: “Far from being narrowly based upon any single sense of perception such as vision, our response to a building derives from our body’s total response to and perception of the environmental conditions the building affords.”14

As an extension of his classification of the senses, Fitch distinguished seven factors or areas upon which our environmental perceptions of the physical environment are based. He identified these as the thermal, atmospheric, aqueous, luminous, sonic, world of objects, and spatio-gravitational. (For a further explanation of this, refer to the first chapter in Fitch’s book.) While Fitch’s division is helpful, especially since he used these to organize his book, assigning a chapter to each, in the discussion of environmental issues, the presentation is not generally organized on the basis of our perceptual experience. Rather, we usually organize the issues by the standard engineering subdivisions. These include HVAC (heating, ventilating, and air conditioning) or ECS (environmental control systems), lighting, and acoustics, plus the additional areas of plumbing, fire safety, electrical service, communications, movement systems, and others. This book uses these classifications, although the order in which they are arranged is somewhat different. Rather than begin with thermal issues and ECS, the discussion starts with lighting and then acoustics, and then addresses thermal issues, although there is no need to read the chapters in this order. The other issues are addressed afterward.

This arrangement aligns more closely with how we utilize our various sensations in developing spatial perception and, because of this, how we generally begin to develop an architectural design. In our discussion of the various environmental issues, we will explore basic physical phenomena and address how architectural design can be a means of addressing these, and since early design explorations tend to be more spatial than fully experiential, it makes sense to begin with lighting and acoustics since these issues most closely relate to how we predominantly develop our sense of space.

However the discussions of the various environmental issues are arranged, we should realize that our perceptual experiences are the result of all of our senses, although we tend to rely on each in different ways. Obviously, spatial perception is highly dependent on vision, followed perhaps by hearing, but it is also affected by thermal and atmospheric conditions. Olfactory senses also can have an effect that can be quite powerful, but generally this is because odors tend to trigger recollection of previous experiences, and often these do have spatial connotations. The tangible experience of touch can also influence how we experience space since it provides information on both the texture and substance of the materials, and these attributes are connected with issues of quality. However, it is usually sufficient to observe a texture or surface that we have touched previously to reconstruct the experience and then incorporate this in forming our perception. As for taste, although it is involved in assessing atmospheric conditions, we usually do not lick the space. However, as with touch, we might have actually had a taste. As infants, we probably did rely on taste as we initially explored our world, and these memories still have an impact on our interpretations.

THE INTENTIONS FOR ENVIRONMENTAL DESIGN

[The] ultimate task of architecture is to act in favor of human beings––to interpose itself between people and the natural environment in which they find themselves. … The successful interposition between people and their natural environment furnishes the material basis of all great architecture. To wrest the objective conditions for our optimal development and well-being from a Nature that only seldom provides them, to satisfy our physiological and psychological requirements at optimal levels–– this, beyond question is the objective basis of any architecture that is both beautiful and good.15

James Marston Fitch

The main intention of environmental design, which includes urban design, architecture, interior design, and those other fields that deal with design of the physical environment, is the ordering of the physical environment to serve humankind. In order to serve humankind effectively, environmental design must be fundamentally scientific. Going beyond a dictionary definition,16 science can be explained as the ever-unfinished task of searching to discover facts, establishing relationships between things, and deciphering the laws according to which things occur.

The ultimate intention of environmental design is to achieve an environment that can support the fullest measure of human endeavor without the imposition of excessive external stress or, at the other extreme, the deprivation of necessary minimal sensory stimuli. To achieve this goal, designers must rely on science, although unfortunately, some design professions are unprepared to do this. Many designers do not adequately understand certain critical factors that significantly impact on the environment and, therefore, are unable to respond to them properly.

According to Fitch, this isolation from critical information is partially the consequence of the spread of industrialization and the resulting isolation of “design from the healthy democratic base of popular participation.”17 With increasing industrialization, the traditional connection between users and designers was set aside. The result of this division was the “increasing prevalence of the abstract, the formal, and the platitudinous in architectural and urban design.”18 It is probably fair to say that the aesthetic concern that has been the motivating force in the design of most of the recent prestigious buildings is an aesthetic void of any significant “functional-democratic connotations.”19 This has resulted in “a body of work as antipopular and aristocratic in its general impact as anything ordered by Frederick the Great or Louis XIV.”20 The environmental design professions must go beyond their current role as agents for the elite to provide meaningful professional service to the popular community. This demands that designers go through a process of socialization evolved from a broad theoretical foundation gained from a scientific education.

Some time ago, Dr. Jacob Bronowski presented an address to the Royal Institute of British Architects entitled “Architecture as a Science and Architecture as an Art.” In this talk, Bronowski stated that “the architect bears the same responsibility for making science as well as art visible and familiar, and for having each influence and enter into the other. Architecture remains the cross-roads of new science and new art. If the architect is willing to make them one, by learning to live naturally in both, there will at last be fine modern buildings, and citizens wise enough to see that they survive.”21 Or as Fitch stated: “Modern architectural problems can no more be solved by carpentry than can spacecraft be built by village blacksmiths.”22

To be effective, environmental design must maintain or establish a symbiotic relationship between the physical structure and its occupancy. In this sense, occupancy includes both a human component and an operational component. As environmental designers, we can expect to achieve an appropriate and effective design expression only if we have a proper understanding of the technical issues that relate to environmental issues.

In An Outline of  Philosophy, while commenting on mathematical modeling of the physical world, Bertrand Russell wrote, “Physics is mathematical not because we know so much about the physical world, but because we know so little; it is only its mathematical properties that we can discover.”23 Paraphrasing this comment to address the problems that face architecture today, we might suggest that architecture is evaluated on the basis of visual aesthetics, not because we know so much about design, but because we know so little. It is only the composition of form that we can readily observe and, therefore, attempt to control.

Another interpretation derived from Bertrand Russell’s quotation is that, in general, we tend to be more attentive to those issues that are initially most apparent to us, not necessarily those issues that are most significant. Since we tend to deal first with obvious issues, we frequently avoid or miss those that are more difficult and may be more significant. As designers, we should recognize this and attempt to avoid the trap. We must be able to consider objectively all issues that impact on our task, not just the ones that we think of first or those in which we are interested. If we are to establish our design standards on a relatively firm factual base, we need to develop a more systematic and detailed investigation of the actual relationship between humankind and the physical environment.24

We should also recognize that we bring to the design task a great deal of valid understanding based on our prior experience. We should use this understanding or preconditioning, which some might choose to refer to as common sense, and build upon it. While our prior conceptions can guide us when we undertake the study of a new issue, they should not interfere with our expanding into new areas of understanding. We must be careful to keep our preconditioning from limiting our willingness to acquire new, sometimes conflicting, information and formulating new concepts and ideas. In fact, they might give some relevance to these new concepts and ideas.

As designers, our ultimate concern should be the experiential reality of the physical environment that results from all of our senses.

Other Thoughts

The term primitive refers to being at the beginning, being original. According to Amos Rapoport, “Primitive 
building … refers to that produced by societies [which are] defined as primitive by anthropologists.”25 While these buildings might appear to us as rather elementary, “they are, in fact, built by people using their intelligence, ability … and resources to their fullest extent. The term primitive, therefore, does not refer to the builders’ intentions or abilities, but rather to the society in which they build.”26 That is, a primitive building can be very sophisticated, especially from the vantage point of the builder!

According to the anthropologist Robert Redfield, primitive refers to a culture that is isolated and self-contained, if not in terms of other primitive cultures, then in terms of some higher culture. Primitive cultures have no knowledge of an outside higher culture. They are limited to their own devices. In the primitive society, there is a diffused knowledge of everything by everybody. In a primitive culture, there are prescribed ways of doing or not doing everything.

The term vernacular is distinct from primitive. Vernacular refers to a culture that coexists in association with a higher culture. Therefore, vernacular is related to folk and peasant, terms that clearly imply a distinction of cultural levels. In a sense, vernacular carries the connotation of popular taste.

In vernacular design, models are used as the basis of design, but these models are individually modified. They are not copied directly, as is done in primitive design. As mentioned before, in primitive design, individual adjustments of the prototype are not available. But while there is an important distinction between primitive design and vernacular design, this distinction is not as significant as that between vernacular design and high-style design. In vernacular design there is a “lack of theoretical or aesthetic pretensions; [and] working with the site and micro-climate; respect for other people and … the total environment, [human] made as well as natural; and working within an idiom and allowing variations only within a given order”27 is the acceptable standard. In high-style design, aesthetic pretensions tend to dominate, and concern for the environment is subjugated to the more ethereal concerns of the designer. Another distinction between vernacular and high-style design is that vernacular design has an additive and open-ended nature, whereas high-style design is basically closed and complete. Vernacular buildings can readily accept change and adapt to variations. This tends to contribute to the particular charm of such buildings. High-style buildings, on the other hand, cannot change or adapt without being conceptually modified.

With vernacular design, tradition is a regulator that helps establish the aesthetic norm. But today, the regulatory nature of tradition has basically disappeared, especially in the United States. It has been supplanted by stylistic pretensions that are not, unfortunately, generally concerned with adaptation to the natural environment. Even with all of the rhetoric concerning the need to change our ways and become better stewards of the environment, our actions tend to continue to impose on nature rather than work with it. While there are obviously many who are dedicated and committed, the majority seem unwilling to take even modest steps that could help in the near term, so it is our responsibility to lead as best we can.


Figure 1.1 DIAGRAM OF NEEDS AND MEANS

James Marston Fitch stated that design should be the process of balancing the outward-pressing needs with the inward-pressing means that are available. While this balance was readily achieved in simpler times with limited needs and means, the increased complexity of needs and the expansion of the various means that are now possible have led to an explosion of possibilities and design chaos.
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Needs and Means

In vernacular design, the major intention is to achieve an honest solution to the fundamental requirements expected of the building. The designer, who is also usually the builder and the user, does not impose contradictory and extraneous considerations on the design. Rather, the designer attempts to accomplish a natural symbiosis with nature. In simpler times this natural symbiosis of vernacular design was easily achieved, generally through an intuitive process that resulted in a positive response to imposed requirements. This process should not be thought of in terms of blind trial and error. It was a logical process that depended on an understanding of the demands expected of the proposed building and the means available to meet these demands, as well as on a wealth of prior experience.

With the unbelievable expansion of knowledge that has occurred since the beginning of the twentieth century, an expansion considered to double every 15 years,28 and with the increase in expectations and demands of our contemporary society, the intuitive design process cannot sustain effective architectural development. Today the architectural design process must be consciously rational and scientific. In American Building, Fitch presented this thesis––the requirement for a rational and scientific design method. He suggested that prior to the general proliferation of design requirements and potentials that resulted from the industrial/technological revolution of the last 150-plus years, the building profession was disciplined and ordered by what Fitch called a “clear and comprehensible reference frame of needs and means.”

As shown in the left-hand diagram in Figure 1.1, the needs that a building was to address, which were outward-pressing requirements, were relatively simple and basic, and they were readily defined. Also the means by which it was possible to respond to these needs, which were inward-pressing limitations, were easily identified and offered minimal opportunities for choice. Today, however, as indicated in the right-hand diagram, the balanced interface of needs and means has been exploded with the increase in both technological capability and programmatic demands. Without a balanced interface, chaos reigns supreme and the adaptation of the physical environment in humankind’s favor, the primary objective of environmental design, cannot be achieved effectively.

Things have become more complex, and the challenge for environmental design is to embrace this complexity. We must develop a clear understanding of both sides of the needs–means interface and use this to reestablish a sustainable future where needs and means are again brought into balance, as indicated in Figure 1.2.


Figure 1.2 DIAGRAM OF NEEDS AND MEANS BACK IN BALANCE

With a clear understanding of the needs that environmental design must address and a solid grasp of not just what is possible but, more importantly, what is appropriate to address these complex needs, a balance between the two can be reestablished.
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CONCLUSION

The aim of environmental design is to achieve a nurturing environment that can support the fullest measure of human endeavor without imposing excessive external stress. The aim is to establish what Fitch called the third environment, in which there is a symbiotic relationship between the physical environment and the occupancy. If a designer’s standards for judgment are to be firmly based, with more substantiation than is currently provided, the designer needs to understand the fields of physiology, psychology, 
anthropology, history, economics, and others. Architecture needs to have a broad knowledge base and a well-developed understanding of humankind’s actual physical and emotional relationship with the environment.

Let us begin by learning more about the environmental issues that impact on architecture.
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CHAPTER 2

LIGHTING PRINCIPLES

VISUAL PHENOMENA

BASIC PRINCIPLES OF LIGHTING

PURPOSE OF ARCHITECTURAL LIGHTING

PHYSICAL NATURE OF LIGHT

LIGHT SOURCES

BASIC SOURCES OF INTERIOR LIGHTING

ILLUMINATION

VISUAL PHENOMENA

Visual phenomena obviously deal with what is sensed by the eye; however, even in the area of design, they are not limited to issues of composition. Rather, visual experience relates to the broader issue of visual communication that extends well beyond mere visual sensation and enters into the realms of perception and conception that depend on interpretation of information gained through the visual senses. Visual communication is probably the major means by which information is transferred, although as we mature, verbal communication tends to supplant the dominance of visual data. However, even then, much of the verbal information is acquired through the visual senses—that is, through reading.

While we understand that our visual sensations allow us to discern the physical composition of the environment, we should recognize that these sensations also provide us with considerable data that convey important additional information about the environment. For example, we can often identify the function or purpose of a space from what we see, even when the space is devoid of people and furniture, or we can recognize the appropriate paths by which one may easily move through a space. We can even perceive the acoustical qualities and perhaps the thermal qualities of a space, and we can determine certain characteristics of the enclosing materials, such as whether they are soft or hard or whether they are smooth or rough. For instance, irregular light and dark areas on a surface are indicative of a rough surface texture, with the amount of irregularity of the light related to the relative degree of surface roughness.

Such interpretations of visual data are based on an understanding acquired from prior experience. Since individuals are unlikely to share similar previous experiences, common visual experiences do not typically result in identical interpretations. Each individual’s interpretation of a particular visual condition is the result of the actual visual sensations of that condition combined with his/her own preconditioning. While we should be aware of the lack of uniformity in individual past histories and how these differences might affect spatial interpretations, we should also recognize that people often share many common experiences, especially with those within their own culture.

Understanding that people rely extensively on their previous experiences, we should realize that it is possible to establish visual statements that might suggest conditions that do not physically exist. For example, in this age of synthetic materials, the visual message of a rough-textured surface may be derived from a surface that is actually smooth, such as contact paper or plastic laminate (i.e., Formica), or an actual rough or irregular surface, such as one that might result from a poor finishing job of a gypsum board ceiling, can be rendered as a smooth, flat surface if the lighting is bilateral and eliminates all shadows. This is an important factor: as designers, we can manipulate the visual message to make it either consistent with or somewhat independent of the actual physical reality.

The complex processes used in visual communication are obviously very significant in establishing appreciation or lack of it for the physical environment. However, while not intending to diminish the significance that visual sensations have in formulating our spatial experiences, we might question the appropriateness of overemphasizing the importance of the visual qualities of design to the almost total exclusion of all other environmental qualities. We might also wonder about the current proclivity that certain design professionals seem to have for supplanting direct spatial experience with abstract, conjectural verbal commentary, sometimes referred to as talkitecture, which often seems to have very little connection with the actual physical realities.

As designers, it is important to understand visual perception and use this in the design process. The visual experience is a significant part of spatial perception, and understanding how this experience is formed should inform how a design intention might develop in terms of the placement, configuration, texture, and color of those objects that define the physical environment, not just in connection with the design of the lighting system. While the principles of composition are critical to this task, unless the visualization process is also considered in the development of a physical design, it is unlikely that the intended spatial perceptions will be achieved.

Reality or Illusion

When we “see” an object, unless it is actually emitting enough electromagnetic radiation that lies within the visible spectrum, what we actually sense is light that is reflected off the object, not light that actually comes from the object. That is, contrary to our normal way of thinking, we really do not see the object since we cannot sense any visible radiant energy that it emits. What we sense is actually the “negative” or the electromagnetic radiation that the object rejects, and we use this sensation to achieve our perception of the object. The image of the object received on the retina is also inverted since it is turned upside down in passing through the lens of the eye.

In terms of color perception, the visual process is similarly convoluted. When we see an object and assign a color to it, we are really identifying the object by the color that it does not possess. Since the object absorbs certain colors and rejects others, the color of the object that we sense is actually the color that it rejects or reflects. That is, the color we call an object is that which it is not. As if this were not confusing enough, let us consider what happens when we observe something through glass.

Looking through glass is also not what it at first appears to be. The general theory suggests that when we look through glass, we really see only a reproduction of the original visual image that impinges on the glass since the specific light rays that are reflected off the object that we “see” do not actually pass through the glass. Rather, these rays are absorbed by the glass, which, in turn, emits new light rays. This sets up a chain reaction, somewhat like the movement of billiard balls. So again, we actually see a reproduction and not the real thing, but for all practical purposes, there really is no difference in terms of our experience. Of course, if the visual sensation is a construct that is not based on a physical reality, perhaps this also does not make much difference in our experience. Interestingly, in addition to establishing this magical experience of sight, the absorption and reemission of radiation in glass, or in any transparent medium, is what also causes the light to bend as it moves from one density to another (see Figure 2.1).


Figure 2.1 REFRACTION OF LIGHT

Light bends as it passes obliquely between the interface of two media of different densities. The light rays bend toward normal when the density increases and away from normal as it decreases, with the amount of the angular change related to the coefficient of refraction of the medium through which it passes.
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We are told that the cause for this bending of light is that the speed of light is reduced as light enters glass; but the speed of light is supposedly one of the fundamental constants of the universe, so how can it change? The more complete explanation is that the actual speed of light remains constant, but the absorption and reemission of the radiation in a transparent medium requires time, and this adjusts the apparent or effective speed of light. This delay in passing through the transparent medium causes the light to bend, assuming that it enters at an oblique angle. The light bends when it enters and again when it leaves the glass because of the difference in the effective speed that occurs between the light rays at the interfacing planes of the denser glass and the air.

This bending is analogous to what occurs when a wagon rolls obliquely across a smooth concrete area onto grass. As diagrammed in Figure 2.2, as the first front wheel of the wagon leaves the smooth paved area, it slows down and the wagon turns slightly. The amount of turning is dependent on the difference between the speed of the wheel on the paved surface and on the grass and on the length of time that the first wheel is on the grass while the second wheel is still on the pavement, which is related to the angle of approach.


Figure 2.2 ANALOGY OF BENDING BY REFRACTION

Refraction of light is similar to what happens with a wagon moving across a paved surface onto grass. Assuming it comes at an angle, when one front wheel runs onto the grass, its speed is reduced while the other front wheel continues at a higher speed, which forces the wagon to turn.
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Even when not looking through glass, vision still relies on a similar reproductive process. The eye has an exterior covering called the cornea, a lens that focuses the entering light upon the retina and is itself filled with a transparent fluid called vitreous humor. As a result, the light rays that the eye initially receives do not actually strike the retina, so all visual perceptions are based on reproduced electromagnetic radiation. Since we do not see objects directly but rather experience energy fields that are merely influenced by the objects, it seems reasonable that, as designers, our major concern should be focused on the energy fields as the source of visual stimuli rather than on the physical objects themselves. We should be predominantly concerned about how the physical elements of a design affect the energy fields that are experienced instead of being obsessed with the tangible reality of the design. That is, if our primary concern is for a perceptual experience, our regard for the physical reality should be in terms of how it determines the energy fields, especially in terms of lighting, upon which perceptual experience is established rather than on the physical reality itself. Or to say it otherwise, it is important to understand that the way an object is illuminated has a critical impact on how it is visually perceived. Recognizing this, perhaps rather than continue to assume that the purpose of lighting is merely to render the environment in a way that supports the perception of its actual reality, our intention might be to use lighting as a way to modify the appearance of physical reality and thereby create an illusion.

Perception also depends on interpretation, and there are a number of intriguing examples of how what we think we see is not substantiated by actual conditions. Figures 2.3 to 2.5 show several classic optical illusions.


Figure 2.3 PERPENDICULAR LINES

Which of the images includes two lines of equal length? Interestingly, by comparing the two images with a square that has side dimensions equal to that of the vertical line, which is obviously equal in both images, we not only get verification of which image has lines of the same length, we also perceive the results in a way that mere measurement of the line length does not provide.
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Figure 2.4 CHANGING SHADOWS

Are all of the light gray squares the same shade? While there might be some variation among the shades of the light or dark squares, clearly the light and dark squares are different from each other—or are they?
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Figure 2.5 THE 7% RULE

Things are not always as they appear. While both of the larger triangles are comprised of two different-sized smaller triangles and two L-shaped blocks, when they are arranged differently, there is an extra grid square in the bottom 13 × 5 triangle. How is this possible?
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Which of the perpendicular lines in Figure 2.3 are the same length––those in the left image or in the right image? Since the vertical line in the left image is clearly longer than the horizontal line, the equal lines must be in the right image, and these lines do appear to be the same length. However, since the vertical lines in both images are of the same length, by placing a square with sides of this length around each image, we can clearly show that the left image includes equal-length lines.

In Figure 2.4, the image on the left shows a checkerboard on which a shadow is cast by a cylinder. As we observe the various squares in the shadow of the cylinder, the A and B squares are clearly different colors, with the A square darker gray and the B square lighter gray. We perceive this, in part, since we know that the squares alternate on a checkerboard, but also because we accept that the lighter gray should be darker in the shadow of the cylinder. However, as we can readily observe in the image on the right, which has added dark gray bands to link the A and B squares, these two squares are the same gray.

Figure 2.5 contains two triangles on a grid. Each of these triangles contains the same four subcomponents, but these components are arranged differently in the two triangles. Interestingly, in the lower triangle, even though the same four components are used, there seems to be an extra square in the grid that is not covered by the rearranged components. How could this be possible, especially since these two triangles were actually developed by physically rearranging the different components?

The clue to solving the puzzle is provided at the right of the image. The top component of the upper triangle is itself a triangle. This smaller triangle has a base that extends for five grids and a height that is two grids, which, based on trigonometry, means that the slope of the hypotenuse of this smaller triangle is 66.4°. The upper triangle also includes another subtriangle, with a base of eight grids and a height of three grids, which relates to a slope of 68°.

The nontriangular subcomponents together include a total of 15 units of the grid. In the top composite triangle, they overlap and fill three five-unit rows, which is a total of 15 squares in the grid. In the bottom composite triangle they are allocated to two rows or 8 units, which means that the 15 units cannot cover all 16 grid units. The “extra” square in the grid is not the result of changing the way the L-shaped blocks are arranged but of the different slopes of the subtriangles.

What we do not observe is that, since the hypotenuses of the two subtriangles in each figure are not at the same slope, the hypotenuse of each of the two larger triangles is not a straight line. This is not apparent to the eye, partly because of what is sometimes referred to as the 7% rule, which states that when similar dimensions or angles have less than a 7% divergence, the difference is generally not perceived since our desire for order attempts to equalize conditions.

Another example of our tendency to perceive what we believe is there is provided by Figure 2.6. This image appears to be an inverted copy of the Mona Lisa by Leonardo da Vinci. While most people easily recognize this famous painting, few realize that the image has a serious flaw, but it is not because it is upside down. In fact, being inverted tends to conceal the flaw, which is that the eyes and the mouth in the image are inverted with respect to the overall orientation of the image.


Figure 2.6 LA GIOCONDA

The Mona Lisa presents an image that is quite familiar, although sometimes what we assume we see is not actually what we do see.
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Whether reality or illusion, environmental design is concerned with establishing a physical environment that is perceived primarily through the visual sensations derived from the impact of the various spatial definers (e.g., walls, floors, and ceilings) on the visual field. The way these spatial definers are illuminated clearly influences the way they are seen, and this, in turn, impacts on the spatial perception. While this is a cue that the design of the electric lighting system is important, we should understand that it actually has perhaps more to do with spatial design and how the physical components should be arranged so that they are seen in a way that will produce the intended spatial experience. Unfortunately, many designers do not adequately understand the processes by which we see, even though the visual experience is clearly the dominant force of architectural design.

As James Marston Fitch said:

The paradox is that, despite contemporary architects’ obsession with the visible aspects of their work, they often have little knowledge or understanding of the visual performance field. This is expressed in many ways. For all the new means at their disposal, their use of color––either as pigment or as light––is both more timid and less expert than in many previous periods. For all their extravagant use of glass, they seldom recognize the basic optical fact that glass is only transparent under certain objective conditions. For all their wide use of [electric], non-daylit illumination, all too many buildings are poorly lit with improper fixtures for the task.

The field of lighting design has changed tremendously since the first energy crisis of 1973. All facets of technology have improved, including more efficient lamps, improved fixtures, and various controls to reduce waste. Laws, codes, standards, and basic operational economics have reduced the luminous power density of most buildings substantially. However, notwithstanding these changes and increased knowledge of insolation and orientation, many new buildings still display serious malfunction, expressed in glare, overheating, and faulty integration of natural and [electric] light sources. In short, the architect pays at once too much and too little attention to the visual world–– too much to its formal superstructures, far too little to its experiential foundations.1

Too often it seems that designers, having only a limited understanding of visual perception, are incapable of realizing the potential of light and using it as an important part of the design palette. Instead, they increasingly turn to excessive spatial contortions as the way to develop spatial interest and excitement or, unwilling to take this tack, merely accept that spaces will be rather mundane and dull. If some designers do not seem to understand the basic principles of visual perception, then perhaps failure to recognize the tremendous significance that nonvisual stimuli can have on our perception of the physical environment is to be expected, but hopefully not accepted.

BASIC PRINCIPLES OF LIGHTING

Over the last 40 years, considerable effort has been expended on determining the appropriate criteria for effective interior lighting. Prior to the Arab oil embargo in the early 1970s, the general tendency of the lighting profession was to continually increase levels of illumination. While several voices were questioning the logic of this approach to lighting design, the overwhelming momentum in the lighting industry was for higher and higher lighting levels to support greater and greater levels of visual performance. The Illuminating Engineering Society of North America (IESNA), which is the main professional organization in the lighting field, was calling for performance efficiencies2 of 99%. According to the IESNA, this necessitated illumination levels of 
more than 100 foot-candles for general office work and more than twice that, 250 to 500 foot-candles, for detailed tasks such as drafting. Fortunately, in response to the general awareness of our energy limitations, the IESNA considerably reduced the recommended levels of illumination.

Four Factors That Affect Vision

While lighting levels have been reduced from those promoted by the IES prior to the 1970s, there is currently no clear agreement as to the amount of lighting that might be appropriate for various tasks. However, there is a general consensus that vision is improved when there is an increase in various factors:


1. Level of illumination

2. Contrast between a visual object and its background

3. Size of a visual object

4. Time of exposure



Level of Illumination: Up to certain levels of illumination, providing more light for a visual task generally improves vision. With an increase of illumination there is an increase in visual stimulation, which usually supports improved vision. However, with excessive levels of illumination, adaptation might actually result in a reduction of actual stimulation of the retina, resulting in decreased vision. For most visual tasks that are not highly demanding, 10–20 foot-candles of illumination, which correlates with 100–200 lux, is all that is actually required for adequate vision. While vision does tend to improve with higher illumination levels, there are data that suggest that above 30 foot-candles there is a diminishing benefit provided by increased levels of illumination and that above 120 foot-candles visual effectiveness might actually decline, especially if the illumination is not appropriately controlled.

Contrast Between a Visual Object and Its Background: Contrast is perhaps the single most important factor in visual acuity, especially when the outline or silhouette of the object provides the primary source of information. While providing an appropriate contrast is important, for ease of vision the average level of brightness within the visual field should be relatively in balance. Average brightness is what is provided within a particular portion of the field of vision to which our eyes adapt. For example, rather than the contrast between the letters in this book and the paper on which they are printed, which is critical to being able to distinguish the letters, the average brightness of this page of print is based on the combined effect of the black letters and the exposed white paper.

Any major difference in average brightness between adjacent surfaces should be avoided. This has often been stated in terms of ratios between the visual task and the surround, with recommendations that the ratio between brightness levels should not exceed 3:1 within the near surround, which is within the area of visual attention. It is also suggested that the task brightness be at a higher level than the background brightness, although this is not as critical as maintaining the 3:1 ratio. Within the total field of vision, the recommended maximum ratio should be 10:1, again with the task preferably at the higher level.

While contrast is effective in defining an object, contrast in brightness can also establish emphasis since the eye is naturally attracted to a level of luminance (brightness) that is significantly higher than the average brightness within the field of vision. A 10:1 ratio of brightness between two different surfaces will be clearly noticeable, with the brighter surface usually interpreted as being about twice as bright. A brightness ratio of 100:1 will produce a perceived emphasis on the brighter surface.

Size of a Visual Object: As the size of the visual image increases, the visual task becomes easier. With a reduction in the size of the task, the illumination level, the contrast, and/or the exposure time would have to increase in order to maintain comparable vision.

Time of Exposure: As the time available for a visual task increases, it generally becomes easier to discern things. With a reduction in the available time, the illumination level, the contrast, or the size would have to increase in order to maintain comparable vision, but additional time cannot always resolve inadequate illumination, contrast, and/or object size.

While we need to be aware of the interaction among these four factors, perhaps the most important thing to realize is that once minimal levels of illumination have been provided, improved visibility and visual comfort can often be more readily achieved by adjusting the contrast, increasing the size of the visual image, or expanding the time available for the task rather than by increasing the illumination level. For example, an original intention in suggesting increased illumination levels for the work environment was to enable effective reading of a fifth carbon copy generated by a manual typewriter. Today typewriters are hardly ever used, but if they are, they are probably electric rather than manual, and if we were intent on producing carbon copies, an electric typewriter will produce a stronger imprint and better copies. But rather than carbon paper, reproductions are now generated by photocopiers, and if the copy is not clear, it makes more sense to fix the copy machine than increase the level of illumination.

Although not one of the four basic factors of lighting control, another important aspect of visual perception is that in normal conditions the major plane of sight is horizontal. That is, we tend to look straight ahead, not up or down, and because of this, vertical surfaces comprise the most significant portion of the visual field. In most spaces, the walls are generally the dominant surfaces and, as a result, are the primary surfaces upon which spatial perceptions are based. This is especially true in normal-sized spaces. In large spaces, the ceiling and floor tend to become more visually dominant.

Sometimes lighting is identified as being either natural or artificial. Although there are differences between light emitted from the sun and light electrically generated, particularly in terms of wavelength composition, the significant distinction is the source of the light rather than the light itself. That is, light is a form of energy, particularly electromagnetic radiation with a wavelength between 380 and 760 nanometers. As a form of energy, it exists, and since it does, regardless of the manner in which it is generated, there is no such thing as artificial light. There is daylight and electric light, and sometimes even gas light, but whatever its source, light is light.

It is dubious whether the notion of artificial light is ever appropriate, but perhaps it is legitimate for light that is represented in a graphic manner or maybe when a sensation of light is experienced mentally independent of physical sensation. When light exists, it is real even though the characteristics of the light might differ.

PURPOSE OF ARCHITECTURAL LIGHTING

In addition to understanding these basic principles of lighting, it is also important to recognize that architectural lighting has a twofold purpose: spatial and task. Spatial lighting generally deals with visual ambiance, while task lighting deals with visual performance, and although at times these two roles of lighting continue to be handled together, they are distinct.

The role of spatial lighting is to define and enhance the spatial qualities of the physical environment. These qualities might be derived from the actual physical characteristics of the space, or they might not; in the latter case, the lighting system would attempt to modify the real physical configuration in order to achieve an intended effect. While spatial lighting basically involves illumination of the spatial definers, task lighting generally deals with lighting an implied surface on which a visual task is to be performed. This implied surface is assumed to be a horizontal illumination plane, often referred to as a work plane. This plane is usually set at 30 inches above the floor, which is the typical height of a desktop. The role of task lighting is to make a visual activity possible without imposing unnecessary effort. Of course, if the visual activity is to experience an aspect of the space, such as might occur in a building lobby or along a stair, then task lighting might be spatial lighting; however, normally the task is assumed to be something like reading or drafting, which requires illumination on the horizontal work plane.

As shown in Figure 2.7, in the early days of electric lighting, the electric lamps were often left exposed. While these exposed lamps could produce an interesting delineation of a space, the brightness of the lights could be a problem, especially when the lighting level was increased to provide better task lighting. In order to avoid this, indirect lighting was frequently used. The bright light sources were concealed from view, with the emitted light intentionally bounced off a room surface, usually the ceiling, to be reflected down to the illumination plane. As a result, with both of these early lighting methods, exposed lamps that outlined a space and indirect lighting, spatial lighting was often the means of providing task light. As the design of lighting fixtures improved, emphasis was placed on developing adequate light on the illumination plane, with spatial lighting often provided merely from the reflected task lighting, somewhat the reverse of indirect lighting. Unfortunately, the distinction between the two roles of lighting was not generally considered in the lighting design, and the approach was to light all areas to achieve the lighting level for the intended visual task level, letting the resulting reflected light serve as the source for spatial lighting. With expanding awareness of the fragility of our natural environment and the negative effects of excessive energy consumption, the approach to lighting design is changing. Lighting all areas to task levels is being supplanted with a more focused approach to task lighting. These higher levels of illumination are now more typically provided only for those areas where the tasks are actually performed, with reasonable general levels of illumination now often achieved through intentional spatial lighting.


Figure 2.7 PLUM STREET TEMPLE

This image of Plum Street Temple, located in Cincinnati, Ohio, and designed in 1866 by James Keyes Wilson, shows exposed incandescent lights that tend to outline the physical structure. This space, which is the home of American Reform Judaism, was originally illuminated by gas but was electrified around 1900.
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Whatever the motivation is, task lighting and spatial lighting should be approached distinctly in order to achieve the desired results. The lighting of a lecture hall in which digital presentations are shown is an example of a condition where the two should be handled separately. For example, taking notes demands an adjustable lighting system that can illuminate the tablet-arm surfaces so that students can see their notes during a presentation. In order not to affect the slides, this task lighting on the table arms should not spill off and illuminate the enclosing surfaces of the room, especially the screen. The spatial lighting system would be the system used to illuminate these surfaces. If there is a chalkboard on the front wall, the system for task lighting might also be part of the spatial lighting system.

If the enclosing surfaces of a space, such as the lecture hall, are illuminated, the space will appear to be brightly lit, even though there might not be adequate light for a particular task on the implied illumination plane. On the other hand, if there is proper illumination on the horizontal work plane that does not spill over onto the walls, the space might be perceived as not being adequately lit, although for the particular task, it is. But while these two purposes of lighting are different, spatial lighting can affect our expectations, which, in turn, can affect our visual performance.

Nela Park in Cleveland, Ohio, is the home of General Electric’s Lighting and Electrical Institute. It began with the formation of the National Electric Lamp Association, primarily due to the efforts of Franklin S. Terry, from the Sunbeam Incandescent Lamp Company of Chicago, and Burton Gad Tremaine, who had business connections with the Fostoria Incandescent Lamp Company in Ohio. In the early days of electric lighting, without standardization, it was difficult for the various competing companies to gain a share of the lighting market, especially when contending with the major player in the lighting industry, the General Electric Company.

While we all know that Thomas Alva Edison was instrumental in the development of electric lighting, we might not realize that another sign of his innovative genius was his ability to form various companies to produce and support his invention. In 1889, Edison consolidated all of his companies under the Edison General Electric Company. Then in 1892, through a merger with the Thomson Houston Company, the General Electric Company was formed. Charles A. Coffin became the president of this new company, continuing in this position until 1913.

Coffin believed in competition, supposedly having different parts of GE compete against each other to improve the company’s overall performance. His penchant for competition was well known, so the leaders of the smaller lighting companies came up with the audacious idea of approaching Coffin with a proposal that he endorse the formation of an association to standardize lighting components that would provide a more level field for broader competition. Coffin agreed, and the National Electric Lamp Association (NELA) was formed in 1901, with GE providing 75% of the financial backing although remaining a silent partner. While NELA essentially operated as an independent agency of the lighting industry, standardizing things and engaging in research, as a result of a U.S. government antitrust investigation, the major position of GE and the nonindependence of NELA were exposed. As a result, GE acquired the remaining 25% of NELA and converted it into its own research arm.

General Electric’s Lighting and Electrical Institute at Nela Park provides resources and education support. This facility includes several demonstration lighting installations that dynamically adjust to show different lighting applications. While these demonstrations are quite effective in showing the different results that can be achieved, they also clearly show that work plane illumination and effective spatial lighting are best accomplished by different but coordinated lighting designs for each purpose.

Intentions of Lighting Design

William M. C. Lam, architect and lighting consultant, has been concerned with the architectural intentions of lighting design. He has presented his ideas in numerous publications, specifically in a series of articles entitled “Lighting for Architecture,” originally published in Architectural Record and then reissued in Environmental Control, an Architectural Record Book edited by Robert E. Fischer. In a more recent publication, Perception and Lighting as Formgivers for Architecture, Lam again presented his ideas along with a number of well-documented case studies. Lam classified lighting according to six different objectives, one of them dealing with task lighting and five, with spatial lighting.



1. Light to see by: enough light for the purpose

2. The light you see: lighting for mood or atmosphere

3. The light you see: lighting for emphasis or to direct movement

4. The light you see: lighting to express intended use

5. The light you see: lighting to complement structure

6. The light you see: lighting to modify the appearance of space



Lam categorized lighting systems by the character of the lighting or the objective that the lighting achieves. While each of his six lighting categories has a particular emphasis, there is often an overlap among them. For example, the lighting design for a church that creates a mood conducive for a religious space might also establish a sense of movement toward the altar (see Figure 2.8). While Perception and Lighting as Formgivers for Architecture concentrates on electrical illumination, the lighting categories apply equally to day lighting.


Figure 2.8 FIRST BAPTIST CHURCH, COLUMBUS, INDIANA

This church, designed by Harry Weese in 1965, is a simple space with a dramatic use of light. The intense daylight grazing down along the brick wall draws the eye forward and upward, while the deep, dark recesses in the wall impart a sense of wonder. The spiritual quality of the space comes from the manipulation of the light and would exist even without the prominent crucifix. There is natural up-light along both sides of the nave, further enhancing the special character of the 
chapel.
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Figure 2.9 LIGHT FOR THE PURPOSE

These two images are examples of light for a purpose. The image on the left is of a refrigerator with the light set forward near the line of the door. This is actually an improvement over more traditional lights that were set back in the box, leaving most of the items in silhouette. While the forward location does illuminate the items, it is obvious that the light is not very effective on the lower shelves. The image on the right is of an illuminated sign, which is clearly an example of light for a purpose.
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In a slightly reordered manner, Figures 2.9 to 2.15 and associated commentary expand on the effects that Lam’s various categories of lighting might have on one another.

Enough Light for the Purpose

While increasing lighting levels can improve vision, rather than merely increase light levels, it is usually more appropriate to provide a suitable level of illumination, in an appropriate manner, and to adjust other factors to enhance visual perception. Rather than rely on changes in lighting, the more practical approach to improve visual performance often involves altering the task. The return on increased lighting levels continually declines, and if excessive, it is also probable that higher lighting levels might actually reduce visibility (see Figure 2.9).

Lighting to Express Intended Use

The lighting system can suggest the desired use of a given space or even an area within a space. For example, the lighting system can define the circulation areas as distinct from the places of gathering. It is also possible to vary the lighting within the same room to denote a different intended type or level of activity. For instance, a restaurant for a fast-turnover lunch crowd can be converted into an intimate dining room by adjusting the level and type of illumination. During the day, a high level of cool light that illuminates the occupants will produce spatial vitality, whereas during the evening, low-level, warm light that illuminates the space rather than the occupants will suggest a relaxed, intimate environment (see Figure 2.10).

Lighting for Emphasis or to Direct Movement

Our attention is naturally drawn to higher levels of illumination. When a surface is brighter than other objects in the visual field, our attention is drawn to it. This difference in brightness levels offers the designer a means of establishing desired responses. However, it is important to recognize that it is the comparative brightness rather than the specific brightness that is operative. The control of lighting levels to establish emphasis can also result from induced movement, either implied or actual. For example, the spotlight during a theatrical performance draws our attention. Comparably, the bright lights over an information desk might actually stimulate us to move through a lobby. In addition to providing increased levels of illumination, lighting can direct movement by the use of repetitive light sources, such as a series of boulevard lights, or by the use of a moving light source, as is used on a theater marquee (see Figures 2.11 and 2.12).

Lighting for Mood or Atmosphere

The character of a space is predicated in large part on the lighting. While the physical objects that define the space are, of course, critical, the lighting has a significant impact on its perceived character. For example, within a given space, low levels of candlelight will produce an atmosphere quite different from that experienced under high levels of fluorescent lighting. And if the lighting is inverted and directed upward, such as is frequently done with landscape lighting, a very special ambiance is established. Although mood or atmospheric lighting might be considered in connection with spatial character, it also has a relationship with perceived physical factors, such as the size or even the noise level of the space, both of which can have an effect on the ambiance of a space (see Figure 2.13).


Figure 2.10 LIGHT TO EXPRESS INTENDED USE

These two office building lobbies were designed by the same architect, Eero Saarinen, at the same time. The distinct character of these spaces, each of which relates to the type of activity that occurs in the building, is developed in large part by the lighting.
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Figure 2.11 LIGHT FOR EMPHASIS

Generally, attention is automatically drawn to brighter objects or surfaces within the visual field. For the distinction to be effective, there should be at least a 10:1 ratio between the point of emphasis and the general visual field.
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Figure 2.12 LIGHT TO DIRECT MOVEMENT

Although both the Throne Room and the Hall of Mirrors at Versailles are very similar spaces in terms of form—a long linear space with a barrel-vaulted ceiling and comparable proportions—the different approach to lighting in each establishes a distinct spatial character that was appropriate for the particular purpose of the space.
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Figure 2.13 LIGHT FOR MOOD OR ATMOSPHERE

Las Vegas is a place of fantasy where electric lighting is clearly a major part of the design palette.
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Figure 2.14 LIGHT TO COMPLEMENT STRUCTURE

When considerable effort is expended to develop interesting structural components to define architectural space, it makes sense to enhance the articulation of these components through effective lighting. (Images courtesy of Claire Shafer)
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Figure 2.15 LIGHT TO MODIFY THE APPEARANCE OF SPACE

As is apparent from these two images, changes in lighting can dramatically alter the appearance of a space. While this change clearly occurs each day when daylight is supplanted with electric light, various manipulations of light at any time can produce a significant change in spatial character.
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Figure 2.16 LIGHT AS SPACE

While illuminating a space, which essentially means illuminating the physical elements that define that space, is often assumed to be the main objective of architectural lighting, in fact light itself can actually define space. Perhaps the most familiar example of this is the space that is created by a spotlight during a theatrical performance.

[image: ch02fig016.eps]


Lighting to Complement Structure

While a designer often expends considerable effort establishing the intended physical juxtaposition of spatial defining elements, without appropriate illumination the results might not be visually appreciated. For example, if all surfaces are the same color and illuminated to the same level, it would be difficult to identify the spatial limits of a room, let alone the configuration of the space. All surfaces would tend to blend together, and surface articulation would not be accentuated. Clarity of spatial proportions and dimensions would be lost. On the other hand, by effectively delineating the physical qualities of a space and accentuating the compositional elements, a well-designed lighting system can dramatically enhance the design intentions.

Although this category of lighting is identified in terms of structure, we should not assume that this is limited to the physical components of a structural system. While the dramatic example of “light to complement structure” from the Milwaukee Art Museum (Figure 2.14) clearly does entail supporting structural elements, this category relates to any physical element that articulates spatial enclosure.

Lighting to Modify the Appearance of Space

Lighting that can be effective in expressing structure can also be used to alter the appearance of a space. For example, with an increase in the level of illumination, the apparent physical dimensions of a space also tend to increase. The brighter a space, the larger it generally appears. In addition, by accentuating a wall by lighting it intensely, the apparent physical configuration of a space can be modified such that a square room may be perceived as rectangular, or vice versa. Another interesting way of adjusting the appearance of space through lighting involves changing the way glazing is seen. When the view is the side with higher lighting levels, glass becomes black; when the view is from the other side, the glass is transparent (see Figure 2.15).

Light as Space and Light as Object

While not included as one of Lam’s categories, light can also provide the primary means of defining space, independent of any physical delineators (see Figure 2.16). As a powerful energy field, light can not only define space, it can also project a sense of physical substance. Seeing light reflect off dust particles or smoke suggests that it has a physical substance, but perhaps the most dramatic expression of this characteristic of light was incorporated in the circus performance by the great clown Emmett Kelly, Sr., in his tramp-clown character Weary Willie (see Figure 2.17).


Figure 2.17 EMMETT KELLY, SR.

In his circus act, the great clown used light in a way that made it essentially a physical object. (Photo by H. W. Hannau)
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Between acts of the wonderful three-ring Ringling Brothers Barnum and Bailey Circus, Kelley would entertain the audience while the remnants from the previous acts were cleaned up and things were prepared for the next performances. Cleaning up often meant removing animal droppings, and Kelly made this part of his act, although rather than sweep up droppings, he would sweep the light from the spotlight into a waste pan. At the end of his performance, he would start sweeping his spotlight inward. The light would get smaller and smaller, and then, when it was time for the beginning of the next acts, he would sweep the light away and the next performances would start. In Kelly’s act, light essentially became a physical object.

PHYSICAL NATURE OF LIGHT

The intention of any effective lighting design is to help establish the desired visual ambiance while also providing the appropriate illumination levels required for the various tasks that are to be performed. To develop such a design, we must be knowledgeable about the various means of generating light. But since there are continual changes and additions to available light sources, we should understand the basic physical principles upon which all light sources are based rather than merely attempt to learn what light sources are now used.

While life experience and general science courses provide a reasonable grasp of the basics, a review of the physical principles of light can help establish a more solid base upon which we can utilize light as part of our design palette as we attempt to create architecture as experience rather than merely architecture as object.


Figure 2.18 WAVELENGTHS OF ELECTROMAGNETIC RADIATION

The range of electromagnetic radiation extends from the long wavelengths used for radio broadcasts to the minute wavelengths of cosmic rays. A narrow range within this extreme spread is associated with visible light, and within this limited range, the distinct colors of the spectrum are defined by the specific wavelengths of 
radiation.
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As shown in Figure 2.18, light is electromagnetic radiation, a form of energy that extends from long-length radio waves to extremely short, high-intensity cosmic rays. While cosmic rays have wavelengths of only approximately 10 × 10−14 meters, radio waves are around 100 meters in length. Within this immensely wide range of wavelengths (a ratio of 10 trillion to 1), there is an extremely narrow range of electromagnetic radiation to which the human eye is sensitive. The portion of radiation that we call light has wavelengths between 3.8 × 10−7 and 7.6 × 10−7 meters. Vision relies on radiation within this narrow band of electromagnetic radiation entering the eye and stimulating the light-sensitive rods and cones on the retina.

Since the visible portion of electromagnetic radiation has extremely short wavelengths, they are usually measured in units called nanometers (380–760 nanometers) or angstroms (3800–7600 angstroms). There are 10 million nanometers or 100 million angstroms per meter. The shorter wavelength of light is at the violet end of the spectrum and the longer wavelength is at the red end of the spectrum.

While the human eye is sensitive to electromagnetic radiation within this limited range of wavelengths, unless there is an adequate amount of stimulation, the eye will not be able to sense it. The minimum level of stimulation to which the eye is sensitive occurs at an intensity of 1.5 × 10−11 watts per square foot, which can also be indicated as 1.0 × 10−8 foot-candles or 1.0 × 10−7 lux. Above this minimal intensity of energy, which is called the threshold level, the normal human eye will be sensitive to electromagnetic radiation between 380 and 760 nanometers, although sensitivity is greatest at the mid-range, at around 550 nanometers.

Foot-candles and lux, which are units of lighting intensity used, respectively, in the imperial and SI measurement systems, are adjusted to the sensitivity of the human eye. As a result, the conversion from watts per unit area to foot-candles or lux entails color correction that modifies the energy intensity to a perceived intensity.

If the amount of radiation increases excessively, it can damage the eye. The level of radiation considered excessive is generally accepted as the level of illumination that the direct sun provides, which is 10,000 foot-candles or 100,000 lux. This upper limit is 1 trillion or 1.0 × 1012 times the threshold level and is equal to approximately 15 watts per square foot.

Whatever the actual numbers may be (it is not important to memorize these interesting numerical figures), the human eye has an extraordinarily wide range of sensitivity. Within this range, which varies according to the wavelengths of light, our visual sensitivity is not based on arithmetic but rather logarithmic progression. As a result, approximately a 10-fold increase in intensity is required for the eye to perceive a doubling of the lighting level. This follows what is referred to as the Weber-Fechner Law, which suggests that human sensory response is based on changes in the ratio of the stimulus, not on the actual quantity of the stimulus. This is a very important fact that should have a major impact on our approach to design. As will be discussed later, doubling the actual energy level of lighting or sound will produce a change that is barely noticeable.

The speed of light is accepted as one of the basic constants of nature. This constant is the product of the wavelength times the number of waves, or cycles, that pass a given point in a unit of time. This can be expressed by the formula
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where:

c = is the constant or speed of light

f = is the frequency in cycles per second

λ = is the wavelength

The speed of light is 186,000 miles per second or 300,000 kilometers per second. Since the various wavelengths of light all travel at this constant speed, a set number of waves, based on the length of the wave, must pass a point within a specific time period. That is, each wavelength of light has a specific frequency, which is usually referred to as cycles per second, noted as Hertz (Hz).3 Since the speed of light must equal the wavelength times the cycles per second, light has frequencies between approximately 4.0 × 1014 Hz for the red end of the spectrum and 8.0 × 1014 Hz for the violet end of the spectrum. The actual wavelengths and frequencies must, of course, be correlated.
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Figure 2.19 is the typical way to show the wavelength and amplitude of electromagnetic radiation.


Figure 2.19 ELECTROMAGNETIC RADIATION WAVELENGTH AND AMPLITUDE

Electromagnetic radiation can be represented by means of a sinusoidal wave that represents the length and amplitude of the wave as indicated.
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As can be seen in Figure 2.18, electromagnetic radiation exists well beyond the frequencies and wavelengths of light, although this radiation is not visible. At the lower frequencies, which correspond to wavelengths of around 1000 feet, the waves are radio waves on the AM band. At 10 feet, the waves are radio waves on the FM band. At higher frequencies, but still below the visible range, the radiation is infrared radiation, which we tend to sense as heat. While we cannot see it, we can feel it. The frequencies of ultraviolet radiation are immediately above the visible spectrum. At even higher frequencies, the radiation is what we know as x-rays, gamma rays, and cosmic rays. From our own intuitive understanding of the difference between these extremes, we should recognize that energy varies according to the frequency of the electromagnetic radiation, with higher energy levels provided by the higher frequencies.

Radio waves can be emitted and received by crystals, and some of the earliest radios were crystal receivers. These radios worked because a crystal vibrates at a frequency that is dependent on its size. This is somewhat similar to a bell or tuning fork. The smaller the crystal, the higher the frequency to which it is responsive. With a crystal, however, even at the higher frequencies, we are dealing with long-wave electromagnetic radiation that is well below the visible spectrum. If the size of the crystal were reduced to around the size of an atom or a molecule, the radiation produced would have a wavelength in the infrared range of the electromagnetic spectrum, although this radiation still would not be visible.

To be visible––that is, to have a frequency between around 4.0 × 1014 and 7.9 × 1014 Hz––the vibrating particle would have to be smaller than an atom. It would have to be an electron. Based on this, we understand that visible light is electromagnetic radiation that is emitted by the vibration of electrons. We should also realize that this vibration is the result of molecular activity that exists in all substances above thermodynamic zero. (Thermodynamic or absolute zero is −273° C.)

When molecular activity exists, electrons vibrate and radiation is emitted. The temperature of the substance determines the rate of vibration, which, in turn, sets the radiation frequency. As the temperature rises, the rate of molecular activity and the radiation emitted increase commensurably, and this increase occurs in terms of both amount and energy level. With a higher temperature, both the energy intensity and the frequency of the radiation emitted are greater. When this radiation is within the visible range, it is referred to as incandescent radiation; therefore, an incandescent solid is an object that emits electromagnetic radiation within the visible range.

Incandescent radiation is actually emitted in a band of various frequencies. As indicated in Figure 2.20, this band peaks at a particular frequency that is temperature based. The distribution of radiation is in the form of what is generally referred to as a bell curve, with the majority of the distribution occurring at the center frequencies and dropping off at both sides. Since the emitted frequency increases with increased temperatures, if the temperature rises enough, some of the radiation emitted becomes visible. When just barely visible, a portion of the radiation is at the low end of the visible spectrum, resulting in emission of red light. If the temperature increases further, the shift results in a fuller spectrum of light, which we perceive as white; this is a balanced mixture of the various colors of light. Theoretically, if the temperature continued to increase, only the “tail end” of the spectrum would remain in the visible range, with the emitting light becoming blue. However, this is not generally possible since the incandescing solid will likely vaporize before such temperatures are attained.


Figure 2.20 INCANDESCENT RADIATION CURVES

An incandescent solid emits radiation in a continuous spectrum. As the temperature of the solid increases, both the intensity and frequency of the emitted radiation increase.
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A question often raised is why the emitted radiation follows a bell curve distribution of frequencies rather than one specific frequency based on the temperature of the solid. The classic explanation is that the radiation follows Planck’s Law, although a possible answer is that we can assume that the temperature of a material is not an absolute for all elements within that material but is basically an average for these elements. While not accurate, this does relate to the actual reason, which is a little more complex and can be clarified after a further explanation of how light is generated is presented.

The emission of light from an incandescent solid is independent of the substance. As a result, all materials, except those with a shiny finish, are considered black body objects, and emit the same radiation and do so in a continuous spectrum; the color of light emitted is dependent on the object’s temperature. In fact, as shown in Table 2.1, the color of light can be designated by the temperature of a solid object from which that color would be emitted.

Table 2.1 LIGHT TEMPERATURES




	Degrees Kelvin
	Light





	1750 K
	Candle Light



	2000 K
	Sunrise



	2500 K
	Incandescent Lamp



	3500 K
	Warm White Fluorescent



	4000 K
	White



	4500 K
	Cool White Fluorescent



	5000 K
	Noon Sunlight



	7000 K
	Overcast Sky



	10000 K
	Clear Blue Sky




Gases, unlike heated incandescent solids, emit electromagnetic radiation at specific frequencies. If an electron charge is passed through a gas, the charge will energize the gas, causing an emission of radiation. This radiation will occur at the specific wavelengths particular to that gas, and for wavelengths in the visible spectrum, particular colors will be emitted. This phenomenon has been used in spectroanalysis of distant gases in which the reduction of a particular part of a full-band spectrum of light is used to indicate the specific gas through which the light passes. If a full-band spectrum of light (i.e., white light) passes through a gas, the portions of the spectrum to which the gas is responsive are absorbed. This absorbed light is then reemitted, but in all directions, resulting in an apparent reduction in the intensity of radiation at those particular frequencies for the radiation that continues in the direction of radiation from the original light source. Therefore, passing a light through a gas produces dark bands within the color spectrum, whereas “charging” the gas produces light coincident with the frequency bands to which the gas is responsive.

Historic Review of Physical Principles

We lived in a world of light and shadow, . . . . but the shadow was almost as luminous as the light.4

Tennessee Williams, in Suddenly Last Summer

Although people have wondered about the nature of light since ancient times, scientific investigations of light began only some 350 years ago, and it was not until the early twentieth century that our current understanding of the nature of light was firmly established. The ancient concern with the nature of light did not lead to any general conclusion. Rather, considerable disagreement arose and continued, on and off, until around 1900. The basic issue of contention was whether light is a waveform or a physical substance. The Aristotelians tended to support the waveform theory, while the Pythagoreans considered light as a series of particles, which is the basis of the corpuscular theory. Added to this polarization were other theories that only complicated the dialogue. For example, Plato believed that vision was dependent on a form of energy that was emitted by the eye itself. The apparent basis for his reasoning was that, unlike hearing, which is independent of orientation, vision relies on the viewer’s eyes being directed toward the object seen.

Angle of Incidence Equals Angle of Reflection

While there might not have been agreement on or understanding of the basic nature of light, there was general consensus about certain aspects of light. For example, based on the studies of Hero of Alexandria, the ancient Greeks assumed that light travels in a straight line and that the angle of incidence is equal to the angle of reflection (see Figure 2.21). We should recognize that the angle of incidence, as well as the angle of reflection, is the angle between the ray of light and a line normal or perpendicular to the surface, and not the angle between the ray of light and the surface.5


Figure 2.21 ANGLE OF INCIDENCE EQUALS ANGLE OF REFLECTION

The angle of incidence of a ray of light is the angle drawn between that ray and a line normal to the surface. This angle is drawn on the plane that is defined by these intersecting lines. Similarly, the angle of reflectance, which from a specular surface equals the angle of incidence, is the angle defined by the reflected ray and the normal to the surface.
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Figure 2.22 INVERSE SQUARE LAW

As light spreads out from a point source, it travels outward in straight lines, distributed over a spherical area that keeps increasing in proportion to the square of the radius of the sphere.
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The observation that light travels in straight lines tended to support the corpuscular theory. While we intuitively understand that we cannot see around a corner and that sight lines can be used to determine straightness, we know and can readily observe that waveforms do bend. For example, a disturbance on a pond generates a wave that can readily go around an obstruction. From a simple experiment in which a water wave is interrupted by a perforated obstruction, we can see that any point on the wave is potentially a point of origin for a new wave, which is Huygens’ Principle. Also, if we consider the behavior of sound, which can easily be shown to be a waveform, we realize that waves do travel around corners. So, if light travels in straight lines and does not seem to bend, which as we know a wave does, then light must not be a wave.

Inverse Square Law

The ancient Greeks also observed that the distribution of light follows the inverse square law. This law states that the intensity of illumination will vary inversely as the square of the distance between the source and the illuminated surface. This is based on the divergence of the light traveling in straight lines from a point source. As light from a point source, such as a candle, is emitted, it extends out from a point in a spherical shape. With the source at the center of an implied sphere, the light is assumed to spread out evenly across the sphere. The radius represents the distance that light travels from a point source, and the surface area of a sphere is equal to 4πr2.

As can be seen in Figures 2.22 and 2.23, as light spreads out from a point source, it is distributed over an implied spherical surface area that increases proportionally with the square of the distance. This means that the intensity of illumination from a point source of light varies inversely as the square of the distance between the source and the illuminated surface. Furthermore, since 4π equals 12.57, a sphere with a 1-foot radius has a surface area of 12.57 square feet, which indicates that the illumination at a 1-foot distance from a point source of light will be equal to 1/12.57th of the total amount of light that is emitted by the source.


Figure 2.23 STERADIAN

A steradian is a solid angle. Specifically, it is a portion of a sphere that extends from the center and subtends a surface area equal to the square of the radius. A regular steradian takes the form of a cone, which means that the area subtended by the sides of the steradian is in the form of a circle, although a solid angle can subtend any surface shape that has an area equal to the distance from the apex of the angle. Since the surface area of a sphere equals 4πr2, there are 12.57 steradians in a sphere.
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A pointed tapering shape, such as a cone or a pyramid, is a three-dimensional or solid angle. If a solid angle has a base area equal to the square of the distance from the apex to the base, it is called a steradian. While it is easiest to visualize a steradian by assuming a regular solid angle, such as a cone or a pyramid, as shown in Figure 2.24, any solid angle with a base area equal to the square of the apex-to-base dimension is a steradian. However, if the base of the solid angle is flat, the distance from the apex to the base will vary according to where on the base it is measured. Therefore, to maintain a constant dimension, a steradian legitimately has a curved base and is a segment or portion of a sphere, and since the surface area of a sphere equals 4πr2, there are 12.57 steradians in a sphere.


Figure 2.24 STERADIAN DIMENSIONS

While it is easiest to visualize a regular solid angle, such as a cone or a pyramid, a solid angle need not be regular. Its base can take any form, and if its base has an area that equals the square of its height, then that solid angle is basically steradian. For practical purposes, we can assume that a steradian that has a regular pyramidal shape will have a height equal to the width of its base. A steradian that has a regular conical shape will have a height equal to the square root of π times the radius of the base.
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A steradian is used to determine the intensity of radiation from a light source, particularly a point source. Knowing the total amount of light that is emitted from a point source, since it will theoretically spread out evenly in all directions, the intensity of radiation will equal the total radiation divided by 12.57 times the square of the distance from the source. When determining illumination levels in this manner, it is unlikely that the illuminated surface will be curved, at least in terms of developing the calculation, so the “height” of the steradian is typically taken merely as the distance from the surface to the apex6 of the solid angle.


Figure 2.25 COMPARISON OF POINT, LINEAR, AND AREA LIGHT SOURCES

The intensity of illumination from a point source of light varies inversely as the square of the distance, which is the inverse square law. With a linear light source, which is essentially a series of point sources in a row, the intensity of illumination varies inversely as the distance. With an area light source, which is essentially a spread of point sources of light, the intensity of illumination does not vary with a change in distance. Similarly, if a source emits light in parallel rays in a particular direction, the intensity of illumination in that direction will not vary with a change in distance.
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While a steradian is a particular-sized solid angle, generally the size of a solid angle is expressed in terms of a solid-angle fraction. In some ways this is similar to using degrees to indicate the spread of a planar angle, since a circle, which can be considered a complete planar angle, is set at a 360° degree. With a three-dimensional angle, however, there is a question as to what constitutes the “whole” on which the solid-angle fraction is based. Some choose to parallel the approach of planar angles and use the sphere as one solid angle, but generally the hemisphere is considered one solid angle.

The luminous intensity (I) on a surface is determined by the total luminous flux received divided by the area. The luminous flux is generally expressed in terms of lumens (L), so in the imperial system of measurement:

[image: Unnumbered Display Equation]

Since the base area of a steradian equals the square of the distance from the vertex to the base, h2, luminous flux within a steradian produces a luminous intensity (I) equal to the total lumens in the steradian divided by the square of the distance (h2).

[image: Unnumbered Display Equation]

The luminous flux in a steradian is called candela.

Figure 2.25 shows the distribution of light from various light sources: a point source, a linear source, and an area source. While the distribution of light from a point source of light is assumed to flow outward from the source equally in all directions, following the inverse square law, the distribution, and therefore the intensity of illumination from a linear light source, such as a fluorescent tube or even more so a row of fluorescent lights, will vary according to the distance from the light source. In a sense, a linear light source is a row of point sources of light. As the light distributed from each point along this line diminishes according to the inverse square law, light from adjacent point sources is added to make up the loss on the line parallel to the line of assumed point sources of light. When the light is from an area light source, such as a balanced luminous ceiling, there is no reduction in intensity as the distance from the source increases. With an area source, as the incident illumination directly below an assumed point source of light is reduced, the loss is made up for by adjacent light sources, similar to the linear light source but now in all directions. If, rather than spreading the light out equally in all directions, as is assumed with a point source, a light fixture redirects the radiation into essentially parallel rays, the intensity of illumination will also not be reduced as the distance from the source increases.

While sunlight comes from a point source of light, after traveling the 93 million miles from the sun, the rays that reach the earth comprise an extremely small portion of the total emitted solar radiation; as a result, these rays are parallel to each other. Based on this, the intensity of sunlight does not vary with changes in distance, although, as with all radiation, the intensity of radiation received on a surface will depend on the angle of incidence on that surface. The intensity will vary as the cosine of the angle of incidence.


Figure 2.26 ROEMER’S DIAGRAM

Olaus Roemer used the phases of the moons of Jupiter to estimate the speed of light. He realized that while the period of the moon circling Jupiter was consistent, the time that it would take light to travel from Jupiter to Earth would vary according to the relative position between Jupiter and Earth. Using the estimated difference in travel distance, Roemer achieved the first effective estimation of the speed of light.
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Speed of Light

While the confrontation between the wave and corpuscular theories of light began in ancient times, serious investigations of the nature of light did not began until early in the seventeenth century. The first explorations tried to answer a question that had fascinated humankind throughout the ages: “At what speed does light travel?”

Obviously, light travels at a very rapid rate, which is readily recognized by comparing its speed to that of sound. Anyone who has experienced a thunder and lightning storm realizes that there is a time delay between seeing the flash of light and hearing the clap of sound, but this delay only indicates that light travels more rapidly than sound. It does not provide any indication of its actual speed. (Of course, this assumes that a connection between the two has been made.) In ancient times, perhaps in comparison to what speeds could be conceived, it was generally thought that light traveled instantaneously. That is, the speed of light was assumed to be infinite––that no time was required for light to travel, even over great distances.

Supposedly, Galileo was the first person to seriously attempt to measure the speed of light. In the early 1600s, he set up an experiment to measure the time it took for light to travel to a mirror and back to the point of origin. Without the ability to develop a high-intensity light source or a mirror with nearly perfect reflection, the distance over which this experiment could be tried was limited. When Galileo’s early attempts did not produce measurable results, with the help of members of the Florentine Academy he extended the experiment. Two lanterns were set up on two distant hilltops. Both lanterns were lit but were hidden from one another. One lantern was then uncovered, and when it was seen at the second location, the second lantern was uncovered. Measurements were taken of the time that had elapsed between uncovering the first lantern and then observing light from the second lantern, assuming that this was the time required for the light to travel between the two locations. While the basic idea was sound, obviously it was human reaction time that was actually being measured.

In the latter part of the century, relying on the conditions diagrammed in Figure 2.26, the Danish astronomer Olaus Roemer made the first effective estimation of the speed of light. Roemer observed that one of the moons of Jupiter appeared to emerge from behind the planet at successively later times when the Earth was receding from Jupiter and at correspondingly earlier times when the Earth was approaching Jupiter. Accepting that the actual period of rotation of the moon was constant, Roemer assumed that the observed difference was due to the relative motion between the source and the observer, similar to the Doppler effect, which causes the pitch of a siren to change as an emergency vehicle approaches or leaves the observation point. Based on his understanding of this difference in the time when the moon of Jupiter would appear, Roemer determined that there would be nearly a 22-minute delay for the emergence of the moon from a position closest to the planet Jupiter to one farthest apart. He attributed this delay to the time that was required for the light to travel across the Earth’s orbit.

In September 1676, prior to offering the above explanation, Roemer announced to the Academy of Science in Paris that the eclipse of one of the moons of Jupiter, which was expected to occur 45 seconds after 5:25 A.M. on November 9, would be exactly 10 minutes late. Needless to say, the Academy was skeptical of Roemer’s prediction, but through careful measurements of the eclipse, it was indeed recorded as occurring exactly as Roemer had predicted.

Even with the demonstrated proof, Roemer’s conclusions about the speed of light were not generally accepted. Shortly afterward, using Roemer’s data, Huygens made the first calculation of the speed of light. Combining Roemer’s 22-minute figure for the time of travel across the Earth’s orbit with his own estimate of the diameter of the Earth’s orbit, he obtained a value of 200,000,000 meters per second. Although this is only about two-thirds of the speed of light currently accepted, it was a considerable achievement for that time. While Galileo had been the first to suggest strongly that the speed of light is not instantaneous, Roemer’s and Huygens’ work firmly established that the propagation of light does require a finite time. This was the significance of their work, not the particular values they proposed for the speed of light.


Figure 2.27 MICHELSON’S APPARATUS

Albert Michelson refined the pulsing-light approach to measuring the speed of light that was initially proposed by Galileo. While Galileo relied on people to manage the appearance of light and Fizeau used a spinning toothed wheel, Michelson used a spinning, highly refined octagonal mirror. Since light from the source would be visible at the observation point only at a specific RPM of the mirror, Michelson was able to achieve the first reasonably accurate measurement of the speed of light.
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In the eighteenth century, the English astronomer James Bradley attempted to measure the speed of light by applying the aberration phenomenon. This phenomenon is the apparent shift in the position of distant stars over the course of the year that causes the path of the stars to appear as small ellipses. The phenomenon is related to a common experience. When it is raining and we are standing still, we can usually protect ourselves by holding an umbrella overhead. However, if we walk forward while the rain continues to fall vertically, the combination of the vertical movement of the rain and our horizontal movement results in an apparent slantwise movement of the rain. As a result, in order to keep dry, we must tilt the umbrella forward. Similarly, in observing a distant star, the astronomer is forced to tilt the telescope to account for the movement of the Earth in its orbit. Over the course of a year, the tilt of the telescope would have to arc through an ellipse. This required tilt is the phenomenon of aberration and would have a specific angle that, although small, can be accurately measured. By relating the angle of aberration to the speed of the Earth in its orbit, Bradley expected to determine the speed of light.

In the mid-nineteenth century, the French experimenter Armand Fizeau was the first to succeed in measuring the speed of light. He adopted the method initially suggested by Galileo, but he replaced the second lantern with a polished mirror and used a pulsating light source. He established the light pulsations by passing the light through a rotating toothed wheel. With precise detail both in construction of the apparatus and in its even or regular operation, the toothed wheel released light at consistently controlled intervals. The pulsating light was directed toward a mirror located 5 miles away. The light reflected off the mirror then had to pass again through the revolving toothed wheel in order to be observed. Since the light had to pass through the toothed wheel twice, it could be observed only when the time required to travel the 10 miles to and from the distant mirror equaled the time required to move the toothed wheel to a position that would allow the returning light to pass unimpeded. Knowing the speed of rotation that allowed for this double pass through the toothed wheel, Fizeau was able to determine the speed of light.

Shortly after Fizeau’s experiment, another French scientist, Foucault, refined the method by replacing the toothed wheel with a rotating “cylinder” regularly faceted with mirrors. This apparatus, in the hands of the American physicist Albert Michelson, ultimately attained the highest level of precision.

Michelson’s apparatus, which is diagrammed in Figure 2.27, included an extremely accurate octagonal mirrored cylindrical surface and a reflecting mirror located 22 miles away. When an intense light was directed onto one face of the octagon, it would be reflected off the octagon toward the distant mirror, from which it would then be reflected back to another face of the octagon and then to an observation post. As the octagonal cylinder was rotated, the reflected light could be observed only when the speed of rotation was such that the movement of the mirrored faces permitted the light to be reflected toward the distant mirror and then, upon return to the moving cylinder, be reflected to the observation post. This would occur only if the speed of rotation positioned a reflecting surface on the octagonal cylinder to both send and receive the light. By recording the particular rotational speed that would accomplish the correct triple reflection, Michelson was able to determine the speed of light. He achieved a precision level of better than 10,000 to 1. This precision was possible because of the extreme accuracy with which the various factors were determined. The distance of about 22 miles to the fixed reflecting mirror was measured by direct surveying techniques to within 4 inches, and the angles of the faces of the octagonal cylinder were within 1 part in a million.

In 1926, in recognition of his significant achievements in measuring the speed of light, Albert A. Michelson became the first American to receive a Nobel Prize. Michelson had determined the speed of light to be 299,776 kilometers per second. Today, we accept the speed as 299,792 kilometers per second, which is different from Michelson’s figure by only 1/20,000. Generally, the speed is rounded to 300,000 kilometers per second. In the imperial system, the speed of light is 186,282 miles per second, although this is usually rounded to 186,000 miles per second.

The major concern for an accurate measurement of the speed of light was based, in part, on the fact that modern physics ascribes to the velocity of light a fundamental significance that extends far beyond the field of optics. For one thing, the speed of light in a vacuum, which is noted as c, is considered to be a universal constant. As mentioned, it is the velocity of all electromagnetic radiation. It is also the theoretical maximum velocity at which any material object can move. But for our purposes, the ability to measure the speed of light provided the basis upon which it was possible to prove that light is a waveform.


Figure 2.28 APPARENT BENDING IN WATER

The apparent position of an object in water can be confusing, not only in terms of where the object is actually located but also in demonstrating how refraction of light operates.
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Refraction

In 1621, shortly after Galileo’s attempts to measure the speed of light, the Dutch mathematician Willdhehord Snell proposed that light would bend as it went from one medium to another. However, he was unable to explain why this occurred.

If light strikes the plane boundary of a transparent material at an oblique angle, part of the incident light will be reflected off the surface. That which is not reflected will enter the transparent material, changing its direction on passing through the boundary. This sudden change of direction is called refraction. In the case where the light passes into a denser medium, such as from air to water or glass, the light rays will be refracted, or bent, toward the normal. If light passes into a less dense medium, such as back into air, it is bent away from the normal. Actually, when this phenomenon is observed, the interpretation of what happens might be reversed. As diagrammed in Figure 2.28, if a straight stick is inserted into water, the stick will appear to bend upward below the surface of the water. Since we know that the stick does not actually bend, it could be assumed that the light rays bend upward on entering the water. However, on further analysis, it becomes clear that the reverse must be true. Although we look straight at an object, if the light rays bend downward on entering into the water, objects that are below a true straight line of vision will be seen and will appear to be above their actual location.

Since the angle of refraction is the same upon entering and leaving a material of different density, the rays that leave a flat plate of glass will be parallel to those entering the glass, although the leaving rays are shifted off the line of the entering rays.

The explanation of the phenomenon of refraction of light is directly tied to the determination of the nature of light. In 1637, the French philosopher, mathematician, and scientist René Descartes developed an analogy between the refraction of light passing into a denser material and the change of direction that occurs with a tennis ball passing through a net. When a tennis ball goes through a net, it slows down and is deflected toward the line of the net, whereas when light passes into a denser medium, it bends downward. Supposedly, Descartes reasoned from this analogy that because light rays bend downward, contrary to the tennis ball, the velocity of light in a denser material is increased. Interestingly, while this notion of increased velocity correlates with measurements obtained with sound waves passing through denser mediums, it actually became part of the justification of the corpuscular theory of light.

It must also have produced some confusion for Descartes himself, since he had previously asserted that light is always propagated instantaneously. Descartes, who is responsible for the existential comment “I think, therefore I am,” had written in 1634 that light traveled instantaneously. Of this he was so “certain that if it could be proved false, [he would] be ready to confess that [he knew] absolutely nothing in philosophy.” He also seems to have supported the Platonic notion that sight was dependent on some energy that was emitted by the eye itself, all of which indicates that having one good idea is not a guarantee that all your ideas will be correct.

Isaac Newton believed that Descartes’ notions of the nature of light supported the corpuscular theory. Newton reasoned that if light were comprised of particles, there would be a gravitational attraction between the particles and a denser transparent substance such as glass. This attraction would remain minimal until the light particles were close to the surface of the glass, at which time the gravitational pull would engage, increasing the velocity of the light particles and causing them to bend downward as they entered the glass. According to Newton, other properties of light also favored the corpuscular theory. For example, as will be discussed shortly, Newton used the refraction of light to experiment with color. When light was passed through a prism, the light refracted, bending and separating into its component colors. The fact that light could be separated into different colors tended to support the notion of light as particles. With Descartes’ and Newton’s strong support, reinforced by the common assumption that light travels in straight lines, there was a general popular acceptance of the corpuscular theory of light over the wave theory. However, in the scientific community, the debate continued.

In 1644, Thomas Hobbes proposed a pulse theory of light. This was not quite the wave theory as we understand it today since the periodic nature of the pulses had not been identified. Hobbes found that the pulse theory accounted for refraction in a more plausible way than the corpuscular theory if one assumed that, contrary to Descartes’ assumption, the velocity of light was slower in a denser medium.

In 1690, the Dutch physicist Christian Huygens presented the idea in a more specific manner by considering light as impulses that travel as a wave front. He said that every point on a wave front may be regarded as a new source of waves, and by simple graphics he demonstrated the phenomenon of refraction. Simply stated, as the light enters the denser substance, the velocity decreases. Assuming the notion of constant frequency, the wavelength must also decrease, resulting in the light bending downward. Huygens’ belief that light is an impulse in a medium was in direct opposition to Newton’s interpretations, but ironically, Newton had correctly suggested that light might have to be assigned periodic properties in order to account for the phenomena of color.

So, the question as to the relative speed of light as it enters a denser medium was significant. Today we accept that the apparent speed of light is reduced, not increased, upon entering a denser medium and that this reduction is the cause for the bending of the light rays. However, the rays of light also bend on leaving the denser medium, but in the reverse direction. If the light rays bend on entering due to slowing down, then the bending back to their original angle upon leaving the denser medium must be due to an increase in speed. The question, then, is not only what causes the decrease in velocity, but what induces the increase in velocity. If a fast-traveling particle, such as a bullet, flies through the air and penetrates a denser medium, it will slow down. However, if it emerges on the other side, it does not speed up but continues at its reduced velocity. In order for there to be an increase in speed, there would have to be an input of additional energy. So, how can light regain its initial velocity after slowing down by passing through a denser medium?

Combine this dilemma with the notion that the speed of light is a universal constant in nature. Of course, our acceptance of this “fact” might be analogous to Descartes’ acceptance of light traveling instantaneously, but if we do accept that the speed of light is a constant, how can we assume that the velocity of light changes? Rather than a change in velocity, perhaps something interrupts or delays the transmission of light.7

As light strikes a surface, it can be reflected or absorbed. If it is reflected, it “bounces off” the surface. If it is not reflected, then the energy of the light is absorbed. If it is absorbed, it is either transformed into molecular activity (heat) or it is reemitted as electromagnetic radiation. When it is reemitted as electromagnetic radiation, it travels at the speed of light until it is again absorbed and perhaps reemitted. While the speed of light remains constant, the process of absorbing and then reemitting light is not instantaneous. The time required to absorb and reemit the light results in the apparent reduction in the velocity. Since on emerging from the denser material the absorption–reemission sequence no longer occurs, the light again travels at its initial velocity.

Light and Color

There is great fascination with the sparkling light and brilliant colors that are produced when sunlight strikes certain transparent gems and crystals. The sparkling effects and brilliant colors are the result of reflection and refraction, as well as the critical angle of the gem or crystal. If a narrow beam of light is obliquely incident onto a transparent material, the light rays will refract, or bend, upon entering the glass. The amount of refraction will depend on the material and will differ for each of the component colors of the light. Higher-frequency colors, ultraviolet and blue, will bend more than lower-frequency colors. The difference in refraction results in dispersing or spreading the light into a band of various colors. This band of colors is called a spectrum.

In 1666, shortly after Isaac Newton received his degree from Trinity College, Cambridge, there was a major outbreak of plague. The university was forced to close, and Newton retired for some 18 months to his home. During this enforced vacation, he pursued three major activities: the development of calculus, the formation of the theory of gravitation, and experiments in optics, particularly with the color of light.

At 24 years of age, Newton developed several experiments with prisms in order to investigate the color composition of light. He found that the angular configuration of the prism could increase the angular spread of the incident light and avoid reconversion. In addition to selecting a proper prism, by tilting the screen on which the emerging light was cast, Newton was able to achieve a further dispersion of the various wavelengths of light.

Having produced a major spread of the light into its component colors, Newton then placed another prism behind the first, but with an opaque screen between the two. The obstructing screen had a narrow slit so that only one segment of the spectrum produced by the light passing through the first prism could pass to the second prism. Using this arrangement, Newton attempted to divide a single color into the components that he observed comprised white light. He could not. Although the second prism refracted the light that passed through it, the light was not divided further but maintained the same color.

Having divided light into its component colors, Newton then experimented with the effects of combining single or monochromatic colors. Having separated white light into its component colors, he then selectively combined colors by reflecting them off a mirror onto a white screen. He found that combining different colors from the spectrum of sunlight produced new colors, but not white unless the full spectrum of light was recombined or the three primary colors of light came together. By passing the mixed light through another prism, he also found that the new apparent color produced by combining monochromatic colors could again be divided into its component colors. In this way, he demonstrated that the intermingled light was not itself monochromatic, although it might appear similar to a component of white light. For example, by combining red and green, Newton was able to produce a yellow light that was equal in appearance to the yellow light produced by the refraction of white light. From this Newton deduced the fundamental principle that our perception of color is not directly connected to the physical stimulus. While the physical stimulus obviously affects our perceptions, it does not determine them.

Newton also demonstrated that the various colors that comprise the full spectrum that produce white light do not react with each other but simply contribute to the resulting mixture. He did this by dispersing light through a prism and then inserting a narrow obstacle into the spectrum of light formed so that a single color was obstructed. The remaining light, which was deficient in that one color, was then recombined by passing it through a second prism. The intercepted color was found to be totally absent in the recombined light. This was observed by a change in color of the recombined light and was verified experimentally by again dispersing the recombined light by passing it through another prism. The obstructed color was not included in the dispersed light.

From these experiments, Newton concluded that white light consists of a mixture of colors that refract differently when they enter or leave a denser medium. This means that the index of refraction for a given material is slightly different for each color, being the lowest for red and the highest for violet.8 In a dense transparent material the apparent speed of red light is therefore greater than that of violet, although the difference is not considerable.

The rainbow is probably the most familiar example of the refraction of light that occurs in nature. If, after a rain, the sun’s rays fall upon slowly settling droplets of water, a colored arc is produced. This rainbow is the result of refraction of light as it enters the water droplets. The light is refracted on entering the water droplet, internally reflected, and then refracted again on leaving. As a result, the colored rays of the rainbow are seen coming in a direction opposite the sun.

While it is hard to imagine that Newton’s fascination with optics and color was not based, at least in part, on being enamored of the beauty of a rainbow, there is no verification of this. Rather, his interest in these experiments supposedly began with his concern over the objectionable fringes of color that are sometimes apparent when using a refracting telescope. As will be discussed later, these disturbing color aberrations are a result of light waves, although Newton’s experiments with colors were initially used to support the corpuscular theory of light. The assumption was that the dispersion of light into various colors showed that light is comprised of particulate matter, with each color of light related to a specific particle size. However, with further clarification that refraction of light is actually a result of the various wavelengths of light and the apparently different speed that each wavelength has in a transparent medium, it became apparent that Newton’s experiments more properly indicated that light is a waveform.


Figure 2.29 GRIMALDI’S DEMONSTRATION

Grimaldi developed a simple demonstration of diffraction. He set up two comparable conditions with one exception: in one condition, an obstruction panel was placed between the light source and the rod. Although direct light was obstructed, diffracted light that bent around the edge of the obstruction still managed to develop a shadow, although less intense and of wider configuration.
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If light enters or leaves a denser medium and its direction of travel is not perpendicular to the surface, the light rays will bend. The amount of bending is shown, by Snell’s Law, to be determined by the index of refraction of the different media through which the light passes and the angle of incidence at which the light strikes the surface that divides the media. As mentioned, this is supposedly the result of the difference in the apparent speed of the various wavelengths of light. However, if the angle of incidence is zero, the light does not bend when it passes into a medium of different density. Does this mean that when there is no refraction the velocity of the different wavelengths of light is the same?

Although we might not have a complete grasp of all of the physical principles applicable to light, hopefully we now understand that what the eye perceives as the color of light is related to the wavelength of radiation. The wavelength of red light, which is the longest in the visible spectrum, is around 7600 angstroms. Violet has the shortest wavelength in the visible spectrum, at around 3800 angstroms.

There is no dispersion9 of light in a vacuum, and the speed of light is a constant for all wavelengths. This can be observed whenever the moon passes in front of a distant star. As the moon obscures the star, the light is blocked suddenly, but without any apparent variation of color. If the speed of the different wavelengths of light were not constant, this condition could not occur.

As light passes through the atmosphere, dispersion does occur, which helps explain why the sky is blue and why the rising and setting sun casts a red veil over the horizon. Dispersion also helps explain why the color blue tends to recede, while red tends to advance. While there is dispersion with light, sound waves do not show any clear indication of this phenomenon. Differently pitched sounds, which are indicative of different wavelengths, travel at the same speed even when they enter a denser medium at an angle. However, since the dispersion of light is understood to be proportional to the wavelength, becoming less with an increase in the wavelength, perhaps our failure to observe dispersion of sound is a factor of the relatively large size of sound waves.

Diffraction

The belief that light travels in straight lines tended to inhibit the acceptance of light as a waveform since waveforms are known to bend around corners or barriers. However, if light passes through a narrow slot, such as the space between two fingers, the light will be visible where the straight-line travel projections would not suggest. This simple observation suggests that light perhaps does bend, and in the mid-seventeenth century, the Italian scientist Francesco Grimaldi undertook what is recognized as the first attempt to prove that bending also occurs with light.

Grimaldi examined the shadow cast by an object that was illuminated by a narrow beam of sunlight that had passed through a small pinhole. He found, as with the double-finger slit, that the width of the shadow was wider than the theory of straight-line travel would indicate. He also found that the edges of the shadow were not as sharp as one would assume and were marked by alternating light and dark bands.

Grimaldi pursued his experiments, demonstrating that even if a light source is obscured, it can still produce a shadow of an object that is located beyond the obstruction. As shown in the left diagram in Figure 2.29, if a vertical rod is placed in front of the rear wall of a darkened room and a light source is placed outside the doorway, a shadow of the rod will be cast against the rear wall. When an obstruction is placed between the light source and the opening into the darkened room, as shown in the image on the right of Figure 2.29, the shadow of the obstruction is cast over the shadow of the rod, but the shadow of the rod is still visible, although somewhat less clear. Obviously, the only way that the light can generate a shadow of the rod is if the light bends around the obstruction.

Grimaldi called the bending of light diffraction. The demonstration that the diffraction of light exists provided a clear indication that light is actually a wave phenomenon. Diffraction is the spreading of waves after they pass the edge of an obstacle or pass through a narrow opening, which means passing by two edges. In order to observe diffraction, the opening must not be much wider than the length of the wave. With sound, which has a relatively long wavelength, diffraction can be readily observed; however, with light, which has extremely short wavelengths, diffraction is difficult to discern. In order to demonstrate that a band of light has actually spread, the increase in the width of the light band would not only have to be measurable, it would also have to be a significant proportional increase. To achieve this, the aperture would have to be extremely narrow.

Newton, who was born when Grimaldi was 22, supposedly repeated Grimaldi’s demonstration, but the true understanding of the observed effect was not achieved for almost 250 years.

While the bending of light rays around the edges of obstructions can be seen with special techniques and equipment,10 it is also possible to observe this phenomenon in our everyday experiences. For example, when we look through a screened window, while the screen will affect the view, the screen is really only visible when focused on. This can be easily documented with a camera. To photograph through a screen or a fence, under the proper conditions, we can obtain a reasonable clear shot by merely focusing beyond the obstruction, assuming that the open area of the obstructing screen or fence constitutes the major portion of the screen. If the screening material is relatively thin, the camera sees around the obstructions. Another relatively common opportunity to observe the phenomenon of light bending around obstructions occurs with the shadow produced by a deciduous tree in winter. Looking at the shadow and comparing it to the actual tree, we notice that the smaller branches of the tree do not produce shadows. Since the smaller branches do not seem to obstruct the light, the light apparently must bend around these small obstructions. Upon further consideration, we should realize that this is a significant factor that impacts on the collection of solar energy.

Since solar collection is often desired during the winter and not during the summer, the use of deciduous vegetation is frequently encouraged since the leaves will provide shade during the summer; then, during the winter, when insolation gain is desirable, the trees will have lost their leaves and the sun will not be blocked. The concept is that, as is indicated by its shadow, the leafless trees allow the sunlight to pass through, but the shadow is not an accurate illustration of the amount of light that can actually pass through the bare tree. While the shadow from a leafless tree might suggest that 85–90% of the sunlight is available, in actuality up to 50% of the insolation is actually blocked by the tree’s branches, limbs, and twigs.

Diffraction is based on the principle that every point on a wave front may be considered the point of origin of a new wave. Huygens first proposed this principle in the second half of the seventeenth century, and at the beginning of the nineteenth century, the English scientist Thomas Young used this principle to demonstrate definitively that light is indeed a waveform. During the intervening 100 years between Huygens’ and Young’s work, the scientific community continued to argue back and forth between the corpuscular theory of light, which Descartes and Newton had endorsed, and the wave theory, which Huygens supported.

In order to understand better how Huygens’ Principle can be used to explain the diffraction phenomenon, we might consider what would happen if a wave front were intercepted by an obstruction in which there was a narrow slit. If any point on the wave front is potentially the origin of a new wave, then a new wave should emerge through the slit and spread out from this point on the back side of the obstruction. However, if a new wave is not generated, the incident wave should merely pass through the opening and continue on in a narrow stream.

Huygens’ Principle is easily demonstrated by a water wave. If the surface of a water body is disturbed, a wave will be formed, but if an obstruction is inserted into the water, the wave front will be blocked. However, if there is a narrow opening in the obstruction, a new wave will emerge through the opening. A similar experiment is possible with light. Although it is not possible to actually observe the waves, it should be possible to see that the light does spread as it passes through the narrow opening. This essentially is the experiment that Thomas Young performed in 1801. As Newton combined prisms, Young combined several obstructing panels in which there were narrow slits. His experiment is known as the double-slit experiment. In order to understand what Young observed, we should first introduce the notion of interference.

Without becoming too specific, a waveform deals with alternations of positive and negative energy. When a disturbance creates a wave in water, the water rises above and drops below the initial elevation of the water surface. Similarly, when the strings on a guitar are plucked, they vibrate up and down off the static position, generating waves in the strings that can create sound by causing the air to compress and expand.


Figure 2.30 WAVE INTERFERENCE: CONSTRUCTIVE AND DESTRUCTIVE

Combining waves can result in either constructive reinforcement or destructive cancellation. Since the sinusoidal waves extend both above and below the neutral line, the addition of two similar waves can result in anything from a full doubling of the intensity, both positive and negative, to a complete cancellation, with the positive negated by the negative. These extremes occur when the waves are in sync or when they are half a wavelength out of sync.
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Waves have both a positive and a negative aspect. If two identical waves that are in phase are joined together, they will interfere constructively or reinforce each other. The power of both waves will be added together. With water waves, this would result in increasing the height and depth of the peaks and troughs. However, if identical waves are combined out of phase, they will interfere destructively with each other. When the positive and negative aspects of the two waves overlap, they tend to cancel each other out. If the waves are identical and out of phase by one-half of a wavelength, then the positive waves will be opposed by equal negative waves. Theoretically, then, if two violins were played identically and simultaneously, but out of phase by half a wavelength, they would produce interfering waves of sound energy that would result in silence.


Figure 2.31 YOUNG’S DOUBLE-SLIT EXPERIMENT SETUP

The basic setup for Young’s double-slit experiment involved two parallel panels placed in front of a screen that was also parallel to these panels. The outer panel had one vertical slit and the intermediate panel had two slits, each at the same distance from the opening in the outer panel.
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Figure 2.32 YOUNG’S DOUBLE-SLIT EXPERIMENT: DIRECT LIGHT RAYS

Assuming that light can only travel in a straight line, a single light source located beyond the outer panel should be able to project light onto the screen at only two points, each determined by a straight line drawn from the light source through the vertical slit in the outer panel and through one of the slits in the intermediate panel.
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Figure 2.30 diagrammatically shows how similar waveforms can be combined in either a constructive or destructive manner. The double-slit experiment was based on this. Young understood that if light was a waveform, he should be able to use Huygens’ Principle to divide the same light wave into two waves and then develop a series of light and dark bands as these two similar waves interfere constructively and destructively as they overlap.

Young set up three panels to demonstrate that light was a waveform (see Figure 2.31). The first panel had one small vertical slit, while the second had two, one on either side of the location of the opening in the first panel. The third panel was the screen on which the results were observed.

By placing a light source in front of the first panel, a point source of light emerged through the opening in that panel. If this light then passed through both openings in the middle panel, it could be due merely to the continuation of light rays that had passed through the first opening, to light that was somehow reflected within the interstitial space between the first and second panels, or to diffraction of light through the opening in the first panel and then through the two openings in the second. If the light that passed through both slits was a result of direct light rays, as diagrammed in Figure 2.32, then the light that ultimately reached the third panel would do so only at those points determined by drawing a straight line from the opening in the first panel through each opening in the second panel. However, this was not what was observed.

If light was being reflected within the interstitial space, then the light passing through the double slits would be diffused and spread out from each of the openings. However, this also did not happen, in part because reflection was intentionally reduced within this space. While light did get through, it was not as a result of either direct rays or reflected light, leaving the waveform characteristic of diffraction as the only remaining possibility. In addition, not only did the light get through, it did so in a way that could only be explained by the principle of interference (see Figure 2.33).

Young observed that while the light on the third panel was most intense directly opposite each of the openings in the middle panel, the light on the third panel actually consisted of many alternate bright and dark bands. Since only one light source was provided, all the light that ultimately passed through the middle panel would be in phase but would have to travel a different distance to the various points on the back panel. When the distance from the openings in the middle panel to a point on the back panel differed by half a wavelength, the overlapping, incident illumination would be out of phase, resulting in interference between the waves of light, each canceling the other. When the overlapping light arrived at the rear panel in phase, the light from each opening would reinforce the other, producing bright bands on the rear panel. In other words, as Huygens predicted, each opening in the middle panel acted as a source for a new wave based on the original wave. The constructive and destructive interference of the two coincident waves produced a pattern of light and dark bands, and by covering one of the openings in the middle panel, it was possible to verify the basis of the observed conditions.


Figure 2.33 YOUNG’S DOUBLE-SLIT EXPERIMENT: WAVE PROPAGATION

In the actual experiment, a series of light and dark bands appeared across the center of the screen, clearly indicating that the light from the source was not traveling in straight lines but as a wave, establishing points of constructive and destructive interference.
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Although he apparently did not understand the basis for light interference, this phenomenon was actually critical to Newton’s explorations into optics. As mentioned, his original investigations of optics and color began as a result of his concern over chromatic aberrations, a series of light and dark circular rings that were often visible when looking through the convex glass lenses of a telescope. While we understand that this is the result of interference between the light reflected off the top and bottom surfaces of a lens, Newton apparently failed to comprehend the significance of his observations, although today we call these aberrations Newton’s Rings. Perhaps his acceptance of the corpuscular theory prevented him from drawing the proper conclusions.

A familiar example of the color rings produced by interference is the rich coloration of soap bubbles or films of oil. The color at any point is a composite of all the colors in the incident light that are not destroyed by interference. While these examples of light interference might be intriguing, observance of light interference can also be very annoying. Large windows are usually glazed with plate glass rather than sheet glass since in large areas sheet glass will tend to distort the view. The surfaces of sheet glass are somewhat irregular, but the opposing surfaces of plate glass are precise, parallel flat planes. However, if there are slight variations in the thickness of plate glass, or if the individual panels of insulating glass are slightly out of parallel, light interference can occur between the light that is reflected off the different near-parallel surfaces. If this happens, Newton’s Rings will appear in the center of the view. Newton’s Rings can also occur in photographic lenses; to avoid this problem, photographic lenses are usually coated with a thin layer of material specifically intended to reduce reflections.

Young’s clear demonstration of the effects of light interference encouraged additional acceptance of the wave theory of light. Further support for the theory came, unwittingly, from the French mathematical physicist Simon Poisson. Poisson was one of the judges appointed by the French Academy of Science to examine a paper submitted by Augustin Fresnel in 1818. Fresnel, a young colleague of Thomas Young, had presented a paper that included mathematical equations explaining the diffraction of light waves around an obstacle. From his review of the paper, Poisson realized that if Fresnel’s equations correctly described the behavior of light, then a small, opaque, round disk placed in a beam of light ought to produce a very peculiar thing. Based on the diffraction or bending theory of light, a bright spot should be produced in the center of the shadow as the diffracted light from the circular edges of the disk converged. This seemed illogical, and such a condition had never been reported. Poisson, who supported the corpuscular theory, felt that this prediction was totally absurd and believed that any attempted demonstration would lead to the clear refutation of the wave theory. He challenged Fresnel to do the experiment. Fresnel accepted the challenge, and the proof was provided. As indicated in Figure 2.34, a bright spot was indeed shown to exist in the center of the shadow!


Figure 2.34 FRESNEL’S BRIGHT SPOT

Because of diffraction, light that passes by the edge of a circular disc will bend into the area assumed to be in shadow. If the disc is properly sized for the distance between the disc and a screen, the bending light will converge on the screen at the center of the projected circular area of the disc, producing a bright spot.
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With this demonstration and with the improved techniques for measuring the speed of light, which determined that it was apparently reduced when passing through a denser medium, support for the corpuscular theory crumbled. However, with the acceptance of the wave theory, there was still a question as to the nature of these waves. One of the difficulties with the wave theory of light was explaining what the waves were and in what they traveled. Generally, waves occur in a substance, and in fact, the wave is a disturbance of that substance such as water going up and down or, with sound, air being compressed and then expanded. Since it was assumed that if light were a wave, the wave had to exist “in” something, in response to this requirement, ether was proposed as the medium through which light traveled.

In 1864, James Clerk Maxwell, an English physicist, proposed the mathematical theory of electromagnetism. Maxwell, who used the notion of ether to help develop his theory of electromagnetic fields and waves, suggested that light travels as a vibrating electric charge through ether. This ultimately led to our understanding that light propagation occurs independent of any physical substance. In 1880, Heindrick Rudolph Hertz, a German physicist, confirmed Maxwell’s predictions of electromagnetism. Hertz, whose name is used for the scientific notation of cycles per second (Hz), experimented with oscillating electric charges to produce ultra-high-frequency waves that could be transmitted across a distance from one wire to another. His work established the foundation for radio transmission. In 1887, Albert A. Michelson, the American physicist, began his attempts to measure the speed of light. His original intention was to investigate the effects of ether wind on the speed of light. But since his experiments indicated that there were no observable effects, they actually provided further proof that ether does not exist.


Figure 2.35 BLACKBODY RADIATION

As the temperature of a blackbody solid increases, both the intensity and frequency of the emitted radiation increase.
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Figure 2.36 RELEASE OF ENERGY AS A PHOTON

This diagram shows the process by which a photon is released. If an electron is excited, which can result from an increase in temperature or by being hit by another electron, an electron in the outer valence is kicked into a higher orbit. Since the electron is not stable at this orbit, it drops back, releasing a photon of energy.
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With the beginning of the twentieth century, the scientific investigations into the nature of light became more sophisticated and complex. The German physicist Max Planck realized that the radiation produced by an incandescent solid is emitted in a broadband, continuous spectrum and that there is a shift to higher frequencies with an increase in the temperature of the incandescent solid (see Figure 2.35). In 1900, Planck developed a formula that mathematically described this reaction. The formula, which he developed by trial and error, explained the shift to higher frequencies and demonstrated that the energy of light is proportional to its wavelength. Apparently, this contradicted the classical laws of physics. Planck was challenged to substantiate his formula. After further consideration, he concluded that the formula, which he knew produced accurate results, could only be justified if one assumed that the energies of the vibrating electrons were restricted to distinct values. This meant that light energy had to occur in discrete bundles. Planck called these bundles quanta. This notion of quanta pointed again to the corpuscular theory of light, and it seemed that the old controversy was about to reemerge.

In 1905, Albert Einstein applied Planck’s quantum theory to the wave theory. He explained, using the quantum theory, why light impinging on certain metals would cause the release of electrons, resulting in an electric current. He was dealing with what is referred to as the photoelectric effect, which allows us to measure light intensity by a meter and, with adjustments, to convert sunlight by photovoltaic cells into electric energy. Einstein helped explain that radiation is not emitted continuously but in units of energy that are equal to Planck’s constant times the frequency of radiation. Brightness is not a result of the energy level of the light but of the number of quanta light units, which today we call photons. The energy of a photon is proportional to its frequency.

In 1913, building upon the work of others, the Danish physicist Neils Bohr helped provide what is still accepted as the basic explanation of how light is generated. He explained that light is emitted when electrons make a transition from a higher to a lower orbit around the nucleus of an atom (see Figure 2.36). His thesis was that electrons can travel only in certain successively larger orbits. As an electron drops from a higher to a lower orbit, it releases energy in the form of electromagnetic radiation. The frequency of this radiation is determined by the energy released by the electron when it shifts orbits. The number of electrons dropping into a lower orbit determines the brightness or intensity of the radiation.

Lighting Terminology

The rate of flow of radiant energy is referred to as radiant flux, and the unit of measurement is the watt. Since the watt indicates a rate of flow, the unity of energy measurement is kilowatt-hour or joule.

While light is radiant energy with a frequency between 380 and 760 nanometers or 3800 and 7600 angstroms, it is also defined as radiant energy that is capable of exciting the retina and producing a visual sensation. In illuminating engineering, light is radiant energy weighted by the luminous efficiency of the human sensory system. While radiant energy between 380 and 760 nanometers is visible, human spectral sensitivity varies for the different wavelengths, being most sensitive at around 550 nanometers. In measuring the flow of radiant energy adjusted to human spectral sensitivity, the lumen is used instead of the watt and luminous flux is used rather than radiant flux. The major units and definitions used in illuminating engineering are listed in Table 2.2.

Table 2.2 DEFINITIONS OF TECHNICAL TERMS




	Technical Term
	Unit
	Definition





	Radiant Energy
	Kilowatt-Hour (kWh)Joule (J)
	Quantity of energy



	Radiant Flux
	Watt (W)Erg per Second
	Time rate of energy flow



	Luminous Flux
	Lumen (lm)
	Time rate of light energy flow adjusted to human visual sensitivity.



	Luminous Efficacy
	Lumens per Watt
	The number of visible lumens per watt. At 550 nm, direct conversion between lumens and watts is 683 lm/watt. On the average across the visible spectrum, the conversion is 220 lm/watt.



	Lumen (lm)
	
	Unit of luminous flux.



	Foot-candle (fc)
	lm per sq. ft.
	Unit of illumination equal to the luminous flux incident on each square foot of surface area of a 1 ft. radius sphere surrounding a light source of 1 candle power. Since the sphere has a surface area of 4π r2, there are 12.57 sq. ft. of surface area on a sphere with a 1 ft. radius.



	
	
	Therefore, a 1 candlepower light source emits a total of 12.57 lumens that are equally distributed in all directions.



	Foot-lambert (fl)
	lm per sq. ft.
	Unit of luminous exitance equal to the uniform emittance from a perfectly diffusing surface that emits (or reflects) light at the rate of 1 lumen per square foot.



	Lux (lx)
	lm per m2
	Unit of illumination that is equal to the luminous flux incident on each incident on each square meter of surface area of a 1 meter radius sphere. Since a 1 candle power source will equally distribute its lumens over a larger surface area if the radius of a sphere is one meter verses one foot, 1 fc is equal to 10.76 lux.



	Illumination (E)
	Foot-candle (fc)
	Luminous flux density incident on a surface as lumens per unit area.



	
	Lux (lx)
	In the imperial system, it is lumens per square foot or foot-candles. In the SI system, it is lumens per square meter or lux.



	Luminance (L)
	Candela per Unit Area
	Luminous flux emitted or reflected from a point on a surface in a particular direction and within a solid angle of 1.

[image: Unnumbered Display Equation]
In common usage, luminance is called “brightness.”



	Luminous Exitance (M), or Luminous Emittance
	foot-lambert (fL)Apostillo (asb)[ ρ = rho][ τ = tau]
	Luminous flux density passing through or reflected by a surface. It was previously referred to as Luminance or Luminous Emittance. It is equal to Illumination times reflectance or transmission (Eρ or Eτ). It is expressed as lumens per square foot or foot-lamberts in the imperial system and lumens per square meter in the SI system.



	Luminous Intensity (I)
	Lumens per Steradian
	Luminous flux per steradian in a specific direction. A steradian is the unit.



	
	Candela (cd)
	A of solid angle, and there are 12.57 steradians in a sphere.



	Candela (cd)
	
	The unit of luminous intensity. One candela is equal to one lumen per steradian and was formerly called “candle.”



	Candlepower (cp)
	
	Luminous intensity of a light source expressed in candelas. A candle-power of 1 relates to equally distributed light of 1 candle emitted by a 12.57 lumen light source.



	Glare
	
	The sensation produced by luminance within the visual field that is sufficiently greater than the luminance to which the eyes are adapted and causes annoyance, discomfort, and/or loss in visual performance and visibility.



	Luminance Contrast (C)
	
	Relationship between the luminance of an object and its background.
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	Steradian
	
	A three-dimensional or solid angle that subtends an area that is equal to the square of the distance from the vertex of the angle to the surface.




Light Meters

A light meter is a device that converts radiant energy into an electrical current and then, based on the current, indicates the intensity of the illumination. This conversion is accomplished by a photovoltaic cell, often made of selenium or silicone, that is able to develop direct current electricity from incident radiation. The typical light meter used to determine the level of illumination is both color corrected and cosine corrected. The color correction adjusts the radiant flux to the sensitivity of the human optical system. Since the human eye senses radiation only within a limited band and is less sensitive to the radiation at the extremes of this narrow band than it is to the radiation in the midrange, a filtering device is used to match this reduction in sensitivity. This device is usually a colored gel that is placed in front of the photovoltaic cell.

Cosine correction is accomplished by means of a diffusing plate through which the incident light must past before it can reach the cell. Since a perfectly diffusing material, either in reflection or transmission, follows the cosine law, a diffusing plate provides the necessary correction.

While General Electric continues to make a small analog handheld, triple-range light meter that measures approximate levels of illumination (Model 216 for lux measurements and Model 217 for foot-candles11), digital meters are more commonly used today. These digital meters, which usually can be adjusted for various intensity levels, often can read in either foot-candles or lux. In addition, the light sensors on these digital meters are often connected by a wire to the meter, allowing placement of the sensor at a remote point, reducing the chance that reading the meter will contaminate the reading of the level of illumination. Since without a remote sensor it is necessary to get close to the meter in order to get a reading, there is a chance that this will alter the actual lighting conditions.

A light meter typically is used to measure the level of illumination incident on a surface. The meter or the remote light sensor is place on the surface, with the diffusing plate parallel to the surface. When the meter is initially turned on, it might be necessary to wait a short time to allow the meter to “settle down” in order to obtain a reasonable measurement. When not in use, if the meter has an on-off switch, the meter should be turned off. If there is no switch, such as with the small General Electric meters, the meter should be set at the highest reading level so that any incident light will likely not exceed the meter setting and the sensor should be covered by its case, which is provided with most meters.

The typical light meter can also be used to determine the luminous exitance or brightness level of a diffuse surface. To obtain a reading of luminous exitance, hold the meter with its sensor close to and facing the surface. With a transmitting surface, the meter reading is the brightness in foot-lamberts. With a reflecting surface, slowly move the meter away from the surface and note if the reading remains constant. If it does, this is the luminous exitance in foot-lamberts. (Again, avoid interfering with the incident light on the surface.) Based on the cosine law, the level of luminous exitance should not change if the reflecting surface is reasonably large relative to the meter’s sensor, so when the reading remains constant with adjustments in distance from the surface, the meter reading should be the foot-lamberts of luminous exitance from the surface.

To get a reading of luminous exitance off a surface with a typical light meter, it is necessary to get to the surface, which is not always feasible. Fortunately, there are also luminance meters that can directly record the luminous exitance off a surface and do so at a distance. These meters have a viewfinder similar to a camera’s. The viewfinder includes a small dot, which represents a 2° view-angle that is to be set on the point being evaluated. For accurate measurements, the area of the surface defined by the 2° view-angle should fall within the overall area being measured.

To determine the transmittance (τ) or reflectance (ρ) of a surface, you can take readings of both the incident light (E) and the emitted light (L). The L/E ratio is the transmittance (τ) or the reflectance (ρ). An alternative is to refer to a table, such as a color or paint chart, that lists reflectance values.

LIGHT SOURCES

There are basically three methods of generating light. Incandescent and luminescent lighting, which rely, respectively, on incandescence and luminescence, are the two classic means of producing light. Solid-state lighting, which is a type of lighting that is developed from a solid object, is a relatively new means of generating light and is used in light-emitting diodes.

Incandescence

Incandescence results from the temperature-related molecular activity of a solid substance. This molecular activity includes the irregular excitation of free electrons that emit broadband radiation. As the temperature of the solid increases, the molecular activity also increases, resulting in a shift of the frequencies of radiation emitted. While incandescence involves radiation from a solid, sometimes the solid is relatively small. For example, the light emitted from a gas flame is actually a form of incandescence, referred to as pyroluminescence. The heat of the flame increases the temperature of the particulate matter within the gas stream, and this matter releases the visible incandescent radiation. As the cleanliness of the gas source and the efficiency of combustion are improved, there is less particulate matter and the amount of visible light produced is reduced. With improved efficiency, the temperature increases, and this shifts the color of the flame from red to white to blue. With a white flame, more radiation is emitted in the visible range, but the brightness of the light is generally less than with a red flame, for which only a small amount of the total radiation emitted is within the visible range.

In 1855, Robert Wilhelm Bunsen, a German chemist and professor, and his laboratory assistant, Peter Desaga, modified a laboratory gas burner to induce air into the gas supply in order to produce higher temperatures. While Michael Faraday had previously suggested a similar approach, there is a story that Bunsen came upon this idea by observing that a gas lighting fixture was not producing as much light as it should. On investigating the cause, Bunsen supposedly found that there was a small puncture in the gas line, and rather than gas leaking out of this opening, air was induced into the gas line, causing the flame to burn hotter but with less light. A gas flame produces light by heating particulate matter to the point where it emits radiation due to incandescence. With a relatively clean gas source, the particulate matter that emits the light is actually a portion of the fuel that is not fully consumed in the combustion process, but with an addition of air to the gas supply, the combustion process is improved. This leaves less unconsumed fuel, resulting in the production of more heat but less light.

There are four types of incandescence used for lighting—pyroluminescence (flame), candoluminescence (gas mantle), carbon arc, and incandescent filament— with the latter two developed through an electric current. Today, the incandescent filament continues to be a major source of interior lighting, especially in residential applications. It is a familiar lamp that is a simple-to-operate, easy-to-control point source of light. Its emission of light results from passing an electric current through a highly resistant filament, generally made of tungsten. The electric current causes the temperature of the tungsten filament to increase to the point where visible radiation is emitted. Most of the radiation, however, is not in the visible range. Only about 10% of the energy consumed is emitted as visible light, with the major portion of energy converted into heat.12 The light produced is rather red since the visible radiation is just entering the visible spectrum. Shifting the light into the higher end of the spectrum would require higher temperatures that, unfortunately, are generally beyond the capability of the normal incandescent lamp. At higher temperatures, the filament would not survive and glass would not be adequate for the bulb. In response to this latter limitation, in incandescent lamps that operate at higher temperatures, such as halogen lamps, quartz is usually used rather than glass for the bulb.

A traditional electric cooktop provides a classic demonstration of how incandescent light is generated. If an electric burner is turned on and set at a low or medium level, heat is produced. If nothing is on the burner, the emission of infrared, nonvisible radiant heat is quite noticeable. The burner remains its normal color. If the setting is raised to high, the emission of radiant heat continues but there is also visible radiation. The rings of the burner begin to glow red. The increased temperature of the burner raises the frequency of the emitted radiation, and some of it is at the low end of the visible spectrum.

An incandescent lamp, which is often erroneously called a light bulb, operates similarly to the electric burner but intentionally at a higher temperature. Since the incandescent filament is a wire much thinner than the metal rings used in an electric cooktop, the higher temperatures of the filament will quickly cause it to burn up if it is exposed to air, hence the need for the bulb. More on this later.

The sun may be considered to be an incandescent light source, although the radiation it generates comes from a superheated, high-density gas rather than from a solid (see Figure 2.37). The sun is a gaseous body with extremely high pressures and temperatures and is different from the vaporous form that gases usually take. The solar gases are actually in a plasma state, which is considered a fourth state of matter that has unique properties.


Figure 2.37 SOLAR RADIATION CURVES
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Solids, liquids, and gases, which are the ordinary forms of matter, have electrons that orbit an atomic nucleus and to which they are bound. If the temperature increases high enough, the outer electrons acquire enough kinetic energy to escape the bond. In this condition, the electrons are no longer trapped in orbits circling the atomic nucleus. But when a plasma is at an extremely high density, at least in terms of electromagnetic radiation, it behaves in a manner similar to that of a solid body and emits radiation in a broadband spectrum. That is, the high-density, ionized gases of the sun are in a plasma state and emit electromagnetic radiation in a blackbody spectrum similar to that of a solid. Although the sun is a body of gases, it emits radiation with a wavelength distribution that is similar to that from a blackbody solid at a temperature of 5800 K, the temperature of the sun.

Luminescence

Luminescence involves the release of a particular frequency of radiant energy resulting from the excitation of single-valence electrons of an atom in a gaseous or crystalline state or from an organic molecule. Instead of a continuous spectrum, luminescence produces particular wavelengths of radiation. There are two types of luminescence: photoluminescence and electroluminescence. Photoluminescence includes gaseous discharge, fluorescence, and phosphorescence. Electroluminescence is directly emitted radiation achieved by the passage of an electric current through certain phosphors. Electroluminescence was thought to be the light source of the future, but it has not proved to be either efficient or aesthetically desirable.

In gaseous discharge, a flow of electrons is sent through a gas. These electrons hit outer-valence electrons of the gas and kick them into a higher orbit. As these excited electrons fall back to their previous orbits, they emit radiation. The energy involved in the shift in orbit is particular both to the gas and to its pressure, and the wavelength of radiation emitted as the electrons drop back is determined by these particulars. If the emitted radiation has a wavelength that is within the visible spectrum, it can be directly released from the lamp as light. However, if the radiation is not visible—for example if it is in the ultraviolet range of the spectrum—there would be no advantage to emit it from the lamp. Also, it could be harmful. Enclosing the lamp in glass, which is not effectively transparent to ultraviolet radiation, reduces the problem of harmful radiation. By coating the glass with fluorescent chemicals that can transpose radiation from a higher, nonvisible frequency to a lower, visible frequency, the energy of the radiation that is above the visible spectrum is transformed into visible light. The selection of the fluorescent chemicals determines the particular wavelengths of light that are produced.

A fluorescent material absorbs light and reradiates it at a frequency equal to or less than that of the original incident light. The incident photon of energy raises an electron to a higher energy level, where it remains only briefly. As it returns to its original level, it reradiates the energy, which it can do in more than one stage. If the reradiation occurs in one stage, it will be resonant with the incident radiation. If it takes more than one stage, it will be at a lower frequency.

Phosphorescence is similar to fluorescence, but it does not occur immediately. Normally, it entails a time delay between receiving the incident radiation and emitting the transposed radiation. While this phenomenon is very important, especially today in our various visual communication systems, it has not had a dominant impact on environmental design.

Light-Emitting Diodes

Light-emitting diodes (LEDs) provide what is called solid-state lighting. In a way, this means of generating light might be understood as falling between incandescence and photoluminescence. Incandescent light is produced by heating a solid element to increase molecular activity, which, when the temperature is high enough, causes emission of radiation in the visible spectrum. Photoluminescence, which is used by gaseous-discharge lamps, entails passing an electric current, which is a flow of electrons, through a nonsolid element, an ionized gas. This flow of electrons bombards the outer electrons of the ionized gas, causing emission of radiation that is visible or can be shifted into a frequency of visible light by fluorescence. Other than to pressurize the gas, photoluminescence does not require an increased temperature.


Figure 2.38 LED

This diagram shows the basics of an LED. As a direct current is applied across the diode, which is a doped semiconductor that has extra electrons on one side and missing electrons on the other, the flow of electricity results in the release of photons, or visible light. (Adapted from material from various sources, including howstuffworks.com.)
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As with an incandescent lamp, generating light by an LED involves passing an electric current through a solid, but this solid is a semiconductor and particularly one that has been altered by doping. The semiconductor, typically aluminum-gallium-arsenide, has four electrons in its outer valence. It is coated on one side with a P-type material, which has only three electrons in its outer valence, and on the other side with an N-type material, which has five electrons in its outer electron shell. Based on this arrangement and relative to the four-electron semiconductor, it can be assumed that there are extra electrons on one side of the semiconductor and missing electrons, or holes, on the other. This forms a diode, which is basically the same arrangement used in a photovoltaic cell.

When a diode is connected to a positive charge on the side doped with a P-type material and a negative charge on the side doped with an N-type material, an electric current will flow (see Figure 2.38).13 Rather than use this flow of current to increase temperature, as with an incandescent filament lamp, the current through the diode causes electrons to fall into the “holes,” and as they fall, they release a photon of energy. Based on the material, this radiation can be visible light. While somewhat similar to photoluminescence, with an LED, the release of energy is caused by the movement of the electrons in the electric current rather than another electron that is energized by an electric current.14

An electric current is a flow of electrons, and when these electrons flow across the diode, they “fall” into the holes that exist on the side of the diode doped with the P-type material. As each electron falls, it releases a photon of energy, and based on the physical composition of the diode, particular wavelengths or radiation are emitted. That is, the flow of current entails the direct release of radiation, which means that LEDs are a very efficient way of producing light and do so without generating significant heat. They also have an extended life, suggested to be up to 100,000 hours of operation. While this equates to more than 10 years of continuous output, the LEDs presently in use are usually rated for around 50,000 to 60,000 hours. With normal daily operation, these lamps can easily last for over 12 years.

BASIC SOURCES OF INTERIOR LIGHTING

The assumption for some time has been that there are three primary sources of interior illumination: the incandescent-filament lamp, the fluorescent lamp, and the various high-intensity discharge (HID) gas lamps. Unfortunately, one of the best and most energy-efficient light sources is not included in this group: daylight. In addition, this list does not include the LED, a source of electric light that promises high efficiency and long life. Each of these potential sources of interior illumination has particular characteristics, which for electric light sources involves color composition, the physical size of the generating device, electrical demands, operational efficiency, and length of life. As environmental designers, it is our responsibility to understand these sources so that they can be used effectively.

Lamps

While the term lamp is generally used to denote a nonfixed light fixture, technically this term refers to the actual source of light that is inserted into a light fixture, the luminaire. A lamp is commonly called a bulb; this is actually merely the enclosing envelope of the lamp. The bulb is usually glass, but when the light generates very high temperatures, glass is usually replaced with quartz. This is typical with HID lamps, such as mercury, metal halide, and sodium vapor lamps, and with halogen incandescent lamps. It is important not to handle a quartz bulb without protection, since if any body oils are deposited on the bulb, which is somewhat porous, any absorbed oil will likely burn and damage the bulb.


Figure 2.39 LAMP SHAPES

This figure includes some of the more commonly used lamp shapes, each of which has a particular notation. In addition to their shape, lamps are denoted in terms of their size, based on the number of 1/8th-inch units.
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Each lamp has both a particular shape and a particular size. The shape is indicated by a letter and the size by a number that is based on a [image: ]-inch unit (see Figure 2.39). The letters used to denote the shape of the bulb sometimes have a connection with the shape, whereas others do not seem to have any particular connection. PS is used for pear shape, G for globe, T for tube, and MR for mini-reflector. The regular-size reflector lamps are indicated by PAR for parabolic reflectors that have a heavy glass bulb and can be used outside and inside and by R for reflectors that have a thin glass bulb. BR refers to bulged reflectors, which are replacing the older R lamps since they have higher efficiency. BR, MR, PAR, and R lamps come as floods or spots, depending on the spread of the output. While these reflector lamps tend to have a lower lumen output than comparable wattage lamps of other shapes, since the lumens are directed toward the surface being illuminated, the actual effective light output is often higher with these lamps. When the lamps do not direct the light output, the fixtures must do so to increase the efficiency of the lighting and to reduce the possibility of excessive brightness and visual glare.

The size of a lamp is indicated by its diameter in terms of the number of [image: ]-inch units. For example, fluorescent lamps are indicated as T12, T8, and T5, which means that the diameter of the tubes is, respectively, 11/2 inches, 1 inch, and [image: ] inch. The narrower fluorescents provide a more efficient light source.

Incandescent Lamp

Since the early days of electric lighting, the incandescent lamp has been the mainstay of illumination, especially in residential applications (see Figure 2.40). However, because of its low efficiency, various phaseout regulations have been adopted by a number of governments. As a result, the incandescent lamp is gradually being replaced with other lamps, particularly the compact fluorescent lamp (CFL). Still, the incandescent lamp continues to be used widely, in part because it is easily and effectively dimmed, which is not yet true of the CFL, and because it is rather inexpensive, at least on a first-cost basis. In addition to its low efficiency, it has one of the shortest life spans of any light source. There are two basic ways in which an incandescent lamp fails: failure of the seal of the bulb and deterioration of the tungsten filament.


Figure 2.40 INCANDESCENT LAMP

Since the early days of electric lighting, the incandescent lamp has been the mainstay of illumination, especially in residential applications.

[image: ch02fig040.eps]


U.S. legislation dealing with energy is complex and confusing, with a number of different acts and various moving targets. In general, the implication is that incandescent lamps will be banned in the near future. According to the Energy Independence and Security Act of 2007, incandescent lamps that produce 310 to 2600 lumens are to be phased out by 2014, with lamps that fall outside of this range being exempt. Supposedly, the intention is to initially phase out lamps that operate at less than 30% efficiency and then, by 2020, all lamps that are less than 70% efficient.

While Thomas Edison is often given credit for inventing the first practical incandescent lamp, for which he received a U.S. patent in 1880, a number of others were involved in the development of incandescent lighting. Sir Humphry Davy, perhaps the most celebrated British scientist of the early nineteenth century, was probably the first person to develop an incandescent electric light. He did this by connecting the poles of a large battery array, which forced an electric current through a thin metal strip, causing it to glow and emit light. The problem with this approach, which was supposedly demonstrated at the Royal Institution of Great Britain in 1802, was that the filament lasted for only a short time since the high temperatures in the presence of air consumed the glowing metal strip. To deal with this problem, Davy adjusted his approach, producing what is called an arc light. Rather than pass the electric current through a resistive conductor or filament, he allowed the current to arc between two electrodes. These electrodes were charcoal rods that were intended to be consumed. As long as there was an electric current and the distance between the rods was maintained, which meant advancing the rods as they were consumed, the arc light was sustained. Davy noticed that when the charcoal rods were horizontal, the actual light source tended to take the form of an arch. Based on this finding, he coined the term arch lamp, which over time was contracted to arc lamp and hence arc light.

While Davy accepted that the electrodes for the arc lamp would be consumed, others explored ways to sustain the filament of an incandescent light source. Joseph Swan, an English physicist and chemist, was the first to accomplish this, developing an effective incandescent lamp, for which he received a British patent for his lamp two years before Edison obtained his U.S. patent for essentially the same design. What both men did was to make an effective light bulb, literally. Both of them understood that the problem with the incandescent lamp was that the filament would burn up in the presence of air, but if it was heated in the absence of air, or specifically in the absence of oxygen, it should last a reasonable length of time. To accomplish this, the filament had to be contained within a volume that was void of oxygen. While today’s incandescent lamps typically have bulbs that contain an inert gas, for Swan and Edison the bulb had to preserve a vacuum, and to do so while permitting electrical wires to penetrate into the bulb enclosure.

Both men initially used a carbonized thread for the incandescent filament, although Edison’s was thinner and imposed a higher resistance than Swan’s. This meant that Edison’s lamp did not have to draw as much electric current to produce a comparable amount of light. While the carbonized thread worked as a filament, it was fragile, so the search for a better material was on. While a thin platinum wire had been used even before Swan and Edison’s work, this proved to be too expensive. Other high-resistive metals were considered, and in the late 1890s, Carl Auer von Welsbach, an Austrian scientist and inventor, developed an effective metal filament incandescent lamp.

Welsbach is remembered today primarily for his work with rare earth elements, and more specifically for the incandescent gas mantle that bears his name, the Welsbach mantle. This mantle is essentially a gauze bag comprised of oxides that, when heated by a gas or kerosene flame, emit bright white light. When heated, the rare earth oxides of the mantle adjust the radiation of the flame, emitting bright visible light with little infrared radiation. When gas is used today as an intentional source of illumination rather than merely as nostalgic remembrance, it probably relies on a Welsbach mantle. Perhaps the Coleman lantern is the best-known continuous use of this remarkable device, although there are many communities that still retain gas street lamps that probably rely on the Welsbach mantle.

A Welsbach mantle starts as a flexible gauze bag comprised of silky threads that are impregnated with a mixture of thorium, cerium, and magnesium oxides. After it is attached to a gas fixture, the bag is ignited, burning away the silky threads to leave an extremely brittle ceramic shell of the oxides. In his attempt to develop a more durable mantle, Welsbach experimented with osmium, an exceptionally dense, hard, silvery metal, finding a way to convert pulverized osmium into a wire. He combined osmium oxide with rubber and sugar, forming a paste that could then be extruded into a linear form. He then burned away the paste, which formed the osmium into a fine wire.

While Welsbach’s intention was to use this wire to weave a more durable gas mantle, he realized that if osmium wire could produce a more durable mantle, it could also be used as the filament in an electric incandescent lamp that would be more robust and last longer than other available filaments. Welsbach then redirected his efforts to electric light, and by the early twentieth century, he was commercially producing a metal filament incandescent lamp.

Osmium is rather rare and expensive, and producing osmium wire was complicated. Also, its maximum operational temperature was not very high, which limited the range of emitted visible light. The search for an effective metal filament continued. Ultimately, tungsten emerged as the material of choice, in part because it had a melting temperature that was higher than that of other materials, which meant that it could produce a whiter light. Although initial attempts to extrude this rather brittle material into wire were fraught with difficulties, improved methods were found. Today tungsten is extruded into a thin wire that can be coiled, and these coils can then be coiled again, producing a rather tight package of an extended wire filament. In addition, while tungsten conducts electricity, it does so at a high resistance, which means that an electric current produces a high temperature that emits visible light. Unfortunately, only about 10% of the consumed energy actually produces visible light, and much of this radiation is at the low or red end of the spectrum.

Even when surrounded by a vacuum or a volume of inert gas, as the tungsten is heated, some of the metal vaporizes. After a period of time, which for most standard incandescent lamps is after around 750 to 1000 hours of operation, the lost tungsten is sufficient to cause a break in the filament. Typically, when this happens in a based-down installation, the lost tungsten deposits on the top of the bulb and is clearly noticeable as a black spot on the interior of the bulb. Of course, if the lamp is used in a base-up position, the tungsten deposits are not apparent.

Table 2.3 includes data on a limited number of incandescent lamps. While this table can provide the initial lumen output of a particular lamp to use in calculating lighting levels, a review of these outputs indicates an interesting fact: as the wattage of an incandescent lamp increases, the luminous efficacy also increases.

Table 2.3 TYPICAL INCANDESCENT LAMP DATA
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Halogen gases, which include five nonmetallic gases (fluorine, chlorine, bromine, iodine, and astatine), react chemically with tungsten. Because of this, adding a small amount of halogen gas, usually bromine and/or iodine, to an incandescent lamp, will reduce the loss of tungsten from the filament. As a halogen lamp is energized, it operates generally the same way as a standard incandescent lamp. The temperature rises and some tungsten evaporates off of the filament, but with the added halogen gas, elevated to a high enough temperature, the vaporized tungsten combines chemically with halogen gas, producing tungsten halides. As the gases circulate within the bulb and the tungsten halides come in contact with the hot filament, the tungsten halides break down, releasing the halogen gas and depositing the tungsten back on the filament. As a result, the filament lasts longer; less tungsten is deposited on the wall of the bulb, so the light reduction from this film is less; and the lamp can be operated at a higher temperature, producing a more intense and whiter light.

With the higher operating temperature of a halogen lamp, the bulb that encloses the filament and the standard inert gases plus the halogen gas has to be quartz or a heat-resistant glass rather than the typical glass. This bulb also has to be smaller to ensure that the temperatures are high enough to allow for the chemical interactions. With the reduced bulb size, the gases can be at a higher pressure, which can reduce the rate of tungsten vaporization and extend the life of the lamp. Additionally, with the smaller bulb size, it becomes reasonable to replace argon, the standard inert gas used in incandescent lamps, with krypton or xenon, either of which can further slow the rate of tungsten vaporization. This can extend the life of the lamp even more and allow for a higher operating temperature, which will produce a more brilliant, whiter light.

With all of these advantages, halogen lamps cost more than standard incandescent lamps, but for the increased cost, they provide considerable benefits. They can last almost four times as long while producing whiter and brighter light for less energy. Since the bulb enclosing the filament is smaller than the bulb for standard lamps, halogen lamps are often enclosed within a second bulb comparable in size to standard lamps of the same wattage.

Fluorescent Lamp

While the incandescent lamp has been the main lighting source for residential occupancies, the workhorse in commercial applications has been the fluorescent lamp (see Figure 2.41). Early experiments with gaseous discharge lamps that utilized fluorescence and phosphorescence took place even before an effective incandescent light was developed by Edison and Swan, but a reasonably effective low-pressure mercury lamp, which is the basis of the fluorescent lamp, was not available until the early 1930s. It was not until 1938 that the first operational fluorescent lamp was introduced by General Electric under the leadership of George Inman.


Figure 2.41 FLUORESCENT LAMP

The fluorescent lamp is the major light source used in nonresidential applications. While it first became commercially available in the late 1930s, major applications of fluorescent lighting did not begin until after World War II. Since then, it has become the lighting workhorse.
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While the fluorescent lamp was initially commercially available at the end of the Depression and at the build-up for World War II, this was not an auspicious time for building construction. However, after the war there was a construction boom, and with the higher efficiency of the fluorescent lamp, combined with the potential applications of air conditioning, which had also evolved during the Depression and the war, a major change in architectural design occurred. With a source of relatively low-heat lighting and a means of providing temperature control (cooling), it was possible to design buildings with extended interior space with no direct access to the exterior. With fluorescent lighting and air conditioning, occupiable space no longer had to be within around 20 feet from a window that could provide both daylight and ventilation.

While the fluorescent lamp has been classified as a distinct light source separate from HID lamps, in actuality they are both gaseous discharge lamps, although with two main distinctions. One is that fluorescent lamps contain gas at low pressure (below atmospheric pressure), whereas HID lamps rely on high-pressure gases, although pressure variations are also significant in many HID lamps. The second distinction is that the electromagnetic radiation developed in a fluorescent lamp is above the visible range, so the lamp relies on fluorescence to convert this radiation into visible light. Fluorescence relates to the potential ability of a material to convert an absorbed photon of radiation into the emission of a longer-wavelength radiation. The difference between fluorescence and phosphorescence is the time it takes between the absorption of the incident radiation and the emission of the new radiation. The delay between absorption and emission for fluorescence is on the order of milliseconds,15 whereas with phosphorescence the delay can be on the order of seconds, minutes, or even hours. But this distinction can be confusing since a fluorescent lamp relies on phosphors to emit visible light. The clarification is that fluorescence is a particular type of phosphorescence, so both are the result of the luminescence phenomenon that involves the excitation and deexcitation of electrons. See Table 2.4 for data on fluorescent lamps.

Table 2.4 TYPICAL DATA FOR FLUORESCENT LAMP − 48″ NOMINAL LENGTH
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Some HID lamps also use fluorescence, although with higher internal pressures, HID lamps generally produce visible light directly. For example, both fluorescent lamps and mercury vapor HID lamps generate electromagnetic radiation by exciting the electrons of mercury vapor, but while at the low pressures of a fluorescent lamp this radiation is above the visible spectrum, with the higher pressure of the HID lamp a portion of the generated radiation is within the visible spectrum. Some nonvisible radiation is also produced, and mercury vapor HID lamps often include a phosphorus coating to expand the range of light produced. Adding other gases to the lamp, as is done with metal halide lamps, is another way to expand the range of light waves produced, which, of course, will improve color rendition.

Fluorescent lamps are low-pressure, mercury-vapor, gaseous discharge lamps. These lamps are filled with argon gas and a small amount of mercury, although at lower temperatures, which generally means that before ignition, some of the mercury might be in a liquid form. On startup, all the mercury is vaporized and then ionized, after which a flow of electrons is released across the tube. As the electrons pass through the tube, they collide with ionized mercury vapor, exciting valence electrons that then drop back to their stable orbits as they release photons of ultraviolet radiation. This ultraviolet radiation, which is not visible light, then activates the phosphorus coating on the interior of the glass tube. The phosphors, in turn, convert the nonvisible ultraviolet radiation into visible light. The wavelengths of light that are produced depend on the particular composition of the phosphorus coating. Fortunately, the enclosing glass tube is not transparent to ultraviolet radiation, which can be harmful. When emission of ultraviolet radiation is desired—for example, with a germicidal light or a “black” light16—the glass tube is replaced with a material, such as quartz, that is transparent to ultraviolet radiation.

Older types of fluorescent fixtures use preheat lamps that rely on a starting sequence to initially activate the mercury vapor before a flow of electrons can be released through the lamp. This involves including a starter switch in the fixture circuit that connects the two cathodes in series when the fixture is initially energized. This explains why there are two pins at either end of a typical fluorescent lamp; the current initially flows into and out of each cathode, heating up the gases in the fluorescent tube. After a short delay and a temperature increase, the starter switch opens, eliminating the connection between the cathodes. With each cathode still connected to the main electric circuit and the gases in the tube ionized, the current arcs from cathode to cathode.

The starting sequence and the continued operation of a fluorescent tube depend on the inclusion of a ballast within the fixture circuit. A ballast, which is essentially an electrical transformer, usually includes coiled wires that adjust the voltage and limit the current. These are magnetic ballasts, and the current they produce remains at the frequency of the electric service, which in the United States is 60 Hz. Newer ballast can be electronic, using solid-state components rather than coils to transform the voltage. Electronic ballasts can also change the frequency of the power to the lamp, thereby reducing any flicker that might occur.

During startup, the voltage through the cathodes is generally at low voltage, but when the electric current arcs between the cathodes, higher voltages are required, often above 200 volts. In addition, the ballast limits the amount of current that flows through the fixture. An interesting characteristic of any gaseous discharge lamp is that as it operates, its temperature and pressure increase, which in turn reduces the electrical resistance. This is the reverse of what happens with an incandescent lamp, which tends to be self-limiting in terms of current drawn. Without a current-limiting device, gaseous discharge lamps would continue to draw more and more current until they exceeded the capacity of the electrical service circuit and opened the protective circuit breaker.

Today, with more advanced ballasts, whether magnetic or electronic, rather than preheat lamps, fluorescents tend to be either rapid-start or instant-start lamps. Rapid-start lamps use special ballasts that can rapidly prepare the lamp gases. These generally require grounded fixtures, so when they are used in an older structure without grounded electric circuits, rapid-start lamps may not operate properly. Instant-start lamps use ballasts that can initially deliver a high voltage that can directly arc across the fluorescent tube. Generally, these lamps have only one pin on either end of the tube. An aspect of these lamps is that they generally operate a short time before they produce their rated lumen output.

When fluorescent lamps are use in locations where the temperatures can drop below 50° or 60° F, special provisions are required both to start and to operate the lights. In addition to special cold weather ballasts, fluorescent lamps are generally enclosed to allow the heat discharged from the lamps to maintain the tubes at appropriate operational temperatures. Optimal operation of fluorescent lamps occurs with internal temperatures of around 140° F, which relates to a temperature of around 110° to 110° F along the interior of the glass tube or 105° F on the outside of the lamp. As the internal temperature varies from these temperatures, either up or down, there is a considerable reduction in light output.

The standard or traditional fluorescent lamp is a tube with a 1 [image: ]-inch diameter and an overall nominal length of 48 inches. Other tube diameters, particularly 1 inch and [image: ] inch, are now regularly used since they tend to have better luminous efficacy, which means that they produce more lumens per watt of electricity consumed. Fluorescent lamps also are available in a number of different lengths, including 15 inches, 18 inches, and 1-foot increments from 2 feet to 8 feet, plus several other special lengths. Some of the linear tubes are grooved in order to increase the output by causing the electric arc to travel a slightly longer distance. There are also U-shaped and circular tubes, which tend to reduce the overall size of the lamp, and there are small fluorescent lamps that are very compact—the CFLs.

CFLs are more than their name implies. Intended to be used in an incandescent luminaire, CFLs are small devices that include a fluorescent lamp and a ballast. With the typical fluorescent linear glass tube spiraled into a tight package, CFLs provide a compressed source of light with a lumen output that requires only around 25% of the energy of a comparable incandescent lamp, although there are some limitations with these light sources. As fluorescents, the emitted light does not parallel the incandescent spectrum, although a reasonable parity of color is possible if the CFL is properly selected. CFLs also do not turn on immediately, and even after they emit light, there is a further delay until full output is achieved (see Table 2.5). The intended color rendition is also not achieved until operational temperatures are attained, and while there are dimmable CFL lamps, the range of reduction is not comparable to that of an incandescent lamp; and as they dim, the color of the light does not adjust toward red.

Table 2.5 COMPARISON OF OUTPUT FROM CFL AND INCANDESCENT LAMPS

Source: Adapted from information from Natural Resources Canada




	CFL (watts)
	Incandescent (watts)
	Lumen Output





	10
	40
	450



	15
	60
	800



	20
	75
	1100



	29
	100
	1600



	38
	150
	2600





Figure 2.42 HID LAMP
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CFLs are intended to be used as a way of converting an incandescent luminaire into a more efficient light fixture. With new construction, rather than take this approach, we should consider using a fluorescent fixture that can provide the light distribution and output that are desired. And since a “native” fluorescent fixture can include a ballast that is designed to dim the light output, using a fluorescent fixture will allow more effective control of lighting intensity than is available with a CFL, although the color adjustment is still not as we generally prefer.

HID Lamp

The principles of operation for high intensity discharge (HID) lamps are similar to those for fluorescent lamps, although HID lamps use high-pressure gases that can produce visible light directly and allow for a considerable reduction in lamp size. As such, HID lamps are essentially point sources of light that emit a large amount of lumens, hence the name high intensity (see Figure 2.42).

The high pressure is developed in part by the elevated temperatures at which HID lamps operate. It takes some time to reach these temperatures, so there is a delay between activating an HID lamp and delivery of the full lumen output at the intended wavelengths of radiation. Generally, it can take 5 to 8 minutes before the lamp is operating at design levels. Also, once extinguished, an HID lamp must cool down to allow the pressure to reduce before it can be turned on again. Otherwise, the startup cycle would draw excessive current, which could cause problems. Cooling down also takes several minutes, so if an HID lamp is extinguished, it may take up to 10 minutes, or perhaps even longer, until it is again operating at full lumen output. While there are some specially designed HID lamps and fixtures that will produce around 80% of their full output within 1 or 2 minutes after activation (referred to as instant restrike lamps, which do not require a cool-down period), most standard HID lamps are not appropriate for installations where the lights are regularly turned on and off (see Tables 2.6 to 2.9 for data on various types of HID lamps.)

LED Lamp

LEDs are often touted as the light source of the future. Clearly, they promise a great deal, particularly in terms of luminous efficacy, long life, color rendition, and effective control of light distribution. However, LEDs are expensive, particularly in terms of the initial costs. In terms of life-cycle costs, the overall expense becomes more reasonable, and in time, as the initial costs are reduced and there is a wider selection of lamps and luminaires, it is probable that LEDs will comprise a major portion of the lighting field (see Figure 2.43).

Table 2.6 TYPICAL HID. LAMP DATA

[image: Table 2-6]

Table 2.7 TYPICAL MERCURY VAPOR LAMP DATA

[image: Table 2-7]

Table 2.8 TYPICAL METAL-HALIDE LAMP DATA

[image: Table 2-8]

Table 2.9 TYPICAL HIGH-PRESSURE SODIUM (HPS) VAPOR LAMP DATA

[image: Table 2-9]

It is difficult to compare the output of LEDs with that of other light sources. Unlike the other sources, LED lamps are typically an assembly of a number of individual LEDs, each of which is rather small, with a low-lumen output. As an assembly of smaller individual LEDs, the LED lamps can take a linear form or can be a tight-packed point source of light. Table 2.10 provides a comparison between LEDs, CFLs, and incandescent-filament lamps, although the basis of such assessments can be somewhat elusive.

The initial lumen output shown in the various lamp data tables usually indicates all of the lumens emitted from a lamp, whether or not these will be effective in providing illumination. Since a point-source lamp emits light in all directions, some, if not most, of that luminous flux is not directed toward the surfaces that we intend to illuminate. However, when the lamp is a reflector, which includes the PAR, R, and BR lamps, the luminous flux is directed rather than spread out evenly, as from a point source, and the total lumens emitted from the lamp tend to be only around 70% of the lumens produced from a point source of equal wattage. While the output is less, the illumination from reflector lamps is often higher than that from same-wattage point-source lamps, such as a G, A, or PS lamp. Whether or not the lamp directs the light output, the light fixture in which it is placed generally also helps to redirect the luminous flux, except perhaps when a general diffusing distribution is desired.

LED lamps are often reflectors, so while they tend to have low wattage and low lumen output in comparison to other lamps, especially incandescent-filament lamps, the illumination they provide can be comparable—a lot of light from a small package. In addition, since LED lamps are typically small, a LED light fixture is generally more effective in controlling the light distribution, increasing the percentage of luminous flux emitted that is directed toward the surface being illuminated.

Luminaires

While the concept of a point source of light helps explain some basic lighting principles, a point source of light is not usually an effective way to provide illumination, whether for task lighting or spatial lighting. In practically all lighting design, the objective is to light surfaces that, by reflecting incident light, can be seen; this can be achieved best by controlling the distribution of the luminous flux from the light source. Merely increasing the lumen output and scattering it throughout a space, which is a shotgun method, will obviously allow us to see things, but without the refinement appropriate to the architectural design and/or the visual task.


Figure 2.43 LED LAMP

[image: ch02fig043.eps]


Table 2.10 COMPARISON OF WATTS FOR LED, CFL AND INCANDESCENT LAMPS

[image: Table 2-10]


Figure 2.44 EARLY TABLE LAMPS

These images represent two examples of table-lamp lighting fixtures that are wonderful works of art. In addition to their own beauty, both of these fixtures obscured a direct view of the electric lamp but they did little to control the light distribution. The fixture on the left is by Tiffany. The designer of the fixture shown on the right is unknown, but the table lamp was used in the Director’s Office in the Cincinnati Union Terminal, designed by Alfred T. Fellheimer and Steward Wagner.
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In the early days of electric lighting, lighting fixtures were merely a means of providing an electrical connection. Light distribution was what the lamp provided, and generally this was a shotgun distribution from what was essentially a point source of light. In terms of visual aesthetics, the bright lamps themselves often became visually prominent, as is demonstrated by the table lamps shown in Figure 2.44. In time, various fixtures were designed for the electric lamp that provided a way of shielding the view of the bright lamp. These were often extraordinary works of art, but typically they were not effective in controlling light distribution.

Although there are still numerous light fixtures that are selected for their decorative qualities to enhance the design of a space, in general luminaires are selected to provide illumination and to do so without creating too much awareness of their presence. In this situation the luminaire has two purposes: to shield the view of the actual light source (which is typically rather bright) and to direct the luminous flux from that source to illuminate the task or room surfaces. For the latter purpose, particularly given our commitment to act responsibly in terms of the natural environment, the objective is often to maximize the efficiency of the lighting design. This should not only reduce energy consumption, it should also reduce heat gain, which can be a critical and difficult side effect of electric light. Unfortunately, these two purposes, shielding the source of light and providing efficacious illumination, are sometimes in conflict, but by understanding the basic principles of light distribution, we should be able to maximize both in the lighting design.


Figure 2.45 SCHEMATIC CAN LUMINAIRES

The recessed can fixture provides an effective way to shield a point source of light. Early cans controlled the light spread by using black baffles. While effective, this method was very inefficient. A parabolic reflector controls the spread of light by redirecting it off of a parabolic reflector.
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The recessed can fixture is a popular luminaire that provides a way to shield a point source of light. Figure 2.45 shows two different ways in which a can fixture controls the spread of light. Early can lights, as shown in the left diagram, used black baffles to shield the view of the lamp and control the spread of the light output. Unfortunately, while these fixtures were effective in obscuring the bright lamp and limiting the spread, they did so by absorbing much of the light, which meant operating less efficiently. By replacing the black baffles with a parabolic reflector, as shown in the right-hand diagram of Figure 2.45, the fixture can still shield the bright lamp and, rather than absorb the potentially problematic rays of light, the reflector can redirect these light rays so that they remain within the desired output spread, increasing the illumination level. This assumes that the optics of the luminaire are reasonably refined and that the appropriate lamp is used. When a recessed can light appears as a bright spot on the ceiling, one or both of these requirements have not been met.

The optics of most complex reflectors require placement of a point source of light at the focus of the geometric form. If the size, shape, and/or location of the lamp are not as prescribed for the fixture, the light distribution will not be as intended and the light output may be significantly reduced (see Figure 2.46). In fact, sometimes increasing the wattage of the lamp can actually result in reducing the light output. If the lamp with the higher wattage is larger than the proper lamp, the location of the light source will probably not be consistent with the optics of the luminaire. The more refined the luminaire optics, the more critical it is to use the lamp specified for the fixture.


Figure 2.46 PLACEMENT OF A LAMP IN A LUMINAIRE

Controlled reflections are based on properly locating the light source with respect to the focus of the reflector’s geometric form. When the lamp is the wrong physical size for the luminaire, less light may be emitted. This is true even if the replacement lamp has a higher wattage.

[image: ch02fig046.eps]


Many luminaires stipulate a maximum wattage for the lamps used. While this can relate, in part, to selecting the appropriate lamp size for the optics of the fixture, the more significant issue is the temperature that the lamp will generate. All electric lamps generate heat, and in fact, except for the infinitesimal amount of radiant energy that might be converted into a visual sensation, the light that is produced ultimately is converted into heat. With incandescent lighting, only about 10% of the energy consumed is converted into luminous flux. A large portion of the energy also produces radiant flux outside the visible spectrum, which we appreciate with heat lamps. While a major portion of the heat related to both visible and nonvisible radiation tends to leave the lighting fixture, a major portion of the energy consumed is involved in heating the filament, which is how the light is generated. With excessive wattage, more heat is generated, and if the heat becomes excessive, the insulation on the electric wiring supplying the fixture can be damaged.

Most fluorescent fixtures use lamps that are large. Rather than rely on reflectors to control the light distribution, fluorescent fixtures usually use a lens, although bare lamp fluorescent fixtures are often used (see Figure 2.47 for several diagrams showing various methods of controlling the light distribution from fluorescent fixtures). When the lamps are left exposed, the bright fluorescent tubes are visible, which some find objectionable. The simplest lens is a diffusing material that encloses the fluorescent lamps. This will reduce the brightness of the fixture and protect against dirt accumulation, but it does little to control the light distribution. In general, a diffusing lens should have at least 80% transmission, although to reduce the chance of seeing the image of the lamp, a lower transmission is sometimes used. Since this reduces the luminous efficacy of the lighting system and is actually prohibited by various jurisdictions, we can avoid the ghosting image of the lamps by either improving the reflection within the fixture or increasing the spacing between the lamp and the lens. With a luminous ceiling, a 6- to 8-inch spacing is recommended.


Figure 2.47 SCHEMATICS OF DISTRIBUTION CONTROL FOR FLUORESCENT FIXTURES

While fluorescent lamps might be exposed, generally some device is used to shield the lamps from view and perhaps to control the way the light is distributed. These devices typically are either a lens or a grid. A lens might be a simple diffuser, which tends to be primarily a way to conceal the bright tubes, or it can be a prismatic refractor that provides some control over the distribution pattern, although the performance of a prismatic lens cannot be discerned by merely looking at it. Grids also might simply shield the lamps or, particularly if they are comprised of parabolic reflecting cells, they might also provide a reasonably controlled down light.
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Using a prismatic lens can reduce the brightness of the fixture and control the light distribution. Depending on the coefficient of refraction of the lens material and the configuration of the lens, the light can be directed in various ways, although the performance of the lens cannot be determined by simple visual inspection. Different plastics might look similar, but their optical characteristics may be quite distinct. For example, while not apparent in their appearance when new, there is a critical difference between styrene and acrylic plastics. Styrene will deteriorate and turn yellow when exposed to ultraviolet radiation. Although the glass bulbs used in fluorescent lamps tend to limit ultraviolet transmission, fluorescent lighting relies on ultraviolet radiation and some ultraviolet emission does occur; over time, this radiation will cause significant changes to styrene plastic.

Instead of a lens, many fixtures rely on an open grid to shield the view of the lamps. These grids can range from fins that are somewhat deep, around 4 inches, spread out across the face of the fixture, perhaps at a 6-inch spacing, to a tight grid, often referred to as an egg-crate louver, with a spacing as small as1/2 inch. Either way, the grid is an assemblage of vertical fins that allow light to pass through in a somewhat vertical direction but cut off both the light and the view at around a 45° angle (see Figure 2.48).


Figure 2.48 SCHEMATIC OF A FLUORESENT FIXTURE WITH A GRID
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Although egg-crate louvers can effectively cut off the view of bright lamps, the grid itself can become rather bright, especially when it is white. The standard white egg-crate grid is also not very effective in controlling the light distribution. While the grid does not interrupt light that is emitted essentially downward, the light that it does interrupt is mostly reflected off of the grid, scattering in various directions, including horizontally. Instead of being formed from a series of regular rectangular cells, egg-crate louvers can consist of a series of parabolic cells. With the grid covered with a highly reflective coating, in addition to shielding the view of the lamps, a parabolic grid can effectively control the emission of light in a downward direction with very little horizontal spread. In fact, some find this ability to be a problem since, when viewed on the ceiling, parabolic egg-crate grids appear black.


Figure 2.49 PHOTOMETRIC DISTRIBUTION DATA

Each lighting manufacturer provides data on the photometric distribution for its luminaires. While a plot of lumen distribution provides a simple visual graphic that effectively indicates the basic distribution, not all manufacturers present the data in this format; many rely only on listed values.
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Whatever luminaires we choose to use, it is important to explore their characteristic light distribution patterns. Every reputable manufacturer of lighting fixtures can provide photometric data on its luminaires. It is also important to verify the specifications since, as with prismatic lenses, it is not feasible to grasp the difference in quality between different luminaires simply by looking at them. For example, a white finish on metal might be baked-on enamel or a simple coating of spray paint, and of course, once painted, it is no longer possible to determine the nature of the substrate. This can be a critical issue when the luminaire is to be installed in an area of high humidity.

Luminous Flux Distribution Curves

Each luminaire is tested in a laboratory to determine its output and photometric distribution. The apparatus basically includes a luminance meter that can record the luminous flux intensity at various points surrounding the fixture. Figure 2.49 shows a schematic of a typical distribution curve. When the luminaire is symmetrical, only one plot is typically provided, but with nonsymmetrical luminaires, which include most fluorescent fixtures, data are presented for both the width and length of the unit.17

ILLUMINATION

As has been discussed, and as shown in Figure 2.50, light from a point source spreads out equally in all direction, with 1/12.57th of the total lumens emitted traveling outward in each steradian. Since a steradian is actually a portion of a sphere, the surface it subtends, which is the “bottom” of the solid angle, is curved. Although this surface continues to be curved even as the distance between the vertex of the solid angle and the illuminated surface increases, in terms of illumination on a unit area of that surface the surface tends to flatten, and for practical purposes


Figure 2.50 THE STERADIAN AND THE FOOT-CANDLE

The steradian, which is a solid angle that subtends an area equal to the square of the distance from the tip or apex of the solid angle to the surface subtended, is the basis of the foot-candle.
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Figure 2.51 FOOT-CANDLE AND LUX DIAGRAM

If a candle, which is a point source of light, forms the apex of a steradian, the distribution of light within that steradian forms the basis of the unit of illumination: the foot-candle in the imperial measurement system and the lux in the SI system. (Adapted from a drawing in Stein, B., Reynolds, J. S., Grondzik, W. T., and Kwok, A. G.: Mechanical and Electrical Equipment for Buildings, John Wiley & Sons, Inc., Hoboken, NJ, 2006)
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no correction is necessary. When determining the intensity of illumination on a surface, in addition to accepting that no correction is necessary for being flat, it is also assumed that the surface lies at the center of the steradian, which adjusts for conditions in which the light does not follow a pure point-source distribution. Based on this, the intensity of illumination on a surface from a point source of light is equal to the total luminous flux, in lumens, within a given steradian divided by the square of the distance. Since the lumens per steradian are indicated in candela units,18 the illumination from a point source of light can be expressed by

[image: Unnumbered Display Equation]

The lumen is the basic unit in both the imperial and SI measurement systems to indicate the light distribution, the illumination (which is the light incident on a surface), and the brightness of a surface (which is the light emitted by or reflected off a surface). However, in the two systems, lumens per unit area are indicated by different terms. When illumination is in lumens per square foot, which indicates the imperial system, the term used is foot-candle. As shown in Figure 2.51, 1 foot-candle of illumination is the amount of light from a standard candle on a surface that is 1 foot away. When the distance is increased to 1 meter, the illumination intensity from a standard candle is 1 lumen per square meter, which is indicated as 1 lux.

Illuminance Levels

Illuminance levels are noted in terms of lumens per unit area. The foot-candle is the unit of illuminance intensity used in the imperial system, and the lux is the unit used in the SI system. Since 1 square meter equals essentially 10 square feet, 10 lux is equivalent to 1 foot-candle. The illumination levels that are appropriate are now usually presented in terms of the type of task for which lighting is to be provided, such as circulation areas, general areas, and tasks. While Table 2.11 presents recommended illuminance task levels, a more extensive exploration of the appropriate illumination levels can be found in various texts, including Lechner’s Heating, Cooling, Lighting: Design Methods for Architects and the “MEEB” text, Mechanical and Electrical Equipment for Buildings. Unfortunately, these more extensive presentations often do not include any clear, definitive recommendations. Table 2.12 lists task luminance or brightness levels in foot-lamberts and the necessary foot-candles of illuminance, established by the illumination need to produce these luminance levels with the indicated reflectance of the surface or task. This list, which is a reasonable guide for establishing appropriate lighting levels, is based on the type of task to be performed.

Table 2.11 RECOMMENDED TASK ILLUMINANCE LEVELS




	Task
	Foot-Candles





	Casual
	10−20 fc



	Ordinary
	20−50 fc



	Oderate
	50−75 fc



	Difficult
	75−200 fc



	Severe
	200+ fc




Table 2.12 RECOMMENDED TASK ILLUMINANCE LEVELS

[image: Table 2-12]

Visual performance actually depends on the luminance or brightness of the task, and this is based on the reflectance of the task as well as on the illumination levels. So, while recommended illumination levels are important, they are not always appropriate since they are not usually connected to the reflectance of the task. For this reason, the recommended illumination levels are frequently higher than what might be reasonable in order to accommodate a range of probable values for task reflectance. This confusion is apparent if we compare the foot-candle recommendations listed in Table 2.11 with the suggested illumination indicated in Table 2.12.

Determining the illumination levels for a critical task can also help establish the illumination levels for general lighting and noncritical areas. The IESNA recommends that general lighting be set at one-third the task-lighting levels, although usually not below 20 foot-candles, and that the illumination in noncritical areas, such as circulation areas, should be set at one-third of the general lighting level, but not less than 10 foot-candles. While these recommendations seem reasonable as a way to balance lighting conditions, if the illumination in noncritical areas is at the minimum of 10 foot-candles, the general lighting levels should be at 30 foot-candles and the task lighting levels at 90 foot-candles, which is rather high for most tasks.

Today, with increased use of computers, which are themselves a source of task lighting, the issue of task lighting should be open to new interpretations. The traditional approach to lighting a space to a level that will permit a visual task no longer seems logical. Instead, it seems more appropriate to provide task lighting in connection with the task rather than with the space, and to do so in a way that allows the user to control the placement, operation, and intensity of the task lighting so that it is responsive to the task and the preference of the individual. Rather than base the overall lighting design on the level stipulated for task lighting, we should design the lighting system so that it can provide the illumination appropriate for the desired spatial ambiance and also include the means to accommodate reasonable task lighting.

Building codes generally establish minimum levels of illumination. In some jurisdictions, the lighting in all habitable and occupiable spaces is to be at least 6 foot-candles on average at 30 inches above floor level. This is to be provided by either natural or electrical sources. The average illumination in toilet rooms is to be at least 3 foot-candles, provided by electric lighting. And the emergency lighting should be at least 1 foot-candle, which is considered minimally adequate illumination for emergency egress, although the aisle illumination in movie theaters needs to be only 0.2 foot-candle. While this difference at first might seem inappropriate, perhaps when the factor of adaptation is considered, the lower theater illumination might be reasonable.


Figure 2.52 REFLECTED OR EMITTED LUMINOUS FLUX OFF A DIFFUSE SURFACE
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Figure 2.53 SPECULAR AND ASSUMED DIFFUSE REFLECTION
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Figure 2.54 AREA SUBTENDED BY DIFFERENT ANGLES OF VIEW

As should be apparent from this series of diagrams, which shows a two-dimensional representation of a three-dimensional experience, as the view of a surface becomes increasingly oblique, the surface area that falls within the cone of vision keeps increasing.
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Determining whether lighting levels for a particular purpose are adequate is based in part on comparisons between lighting levels in adjacent areas and on expectations. For example, it is quite possible that the lighting levels in an interior space that has a strong visual connection to the outside might seem to be rather low, leading one to turn on the electric lights. While the electric lights might help, the feeling that the light is not adequate might continue. But then, at night, when outside conditions are rather dark, the electric lighting alone can seem rather bright. Obviously, the lighting level based only on the electric lights is less than what these lights plus daylight provide, but the experience can suggest a different interpretation.

Luminance and Luminous Exitance

As indicated in Figure 2.52, there are various ways to consider how light comes off of a surface. This light is also measured in lumens, but this can be the total diffused reflection or emission per unit area of the surface or the luminous flux in a particular direction, which is typically defined as candela for the steradian normal to the surface. When the light coming off of a surface is not directional, which is basically surface brightness, it is called luminous exitance or luminous emittance. Even though the term exitance is preferred, it is denoted by M, which seems to be a consideration for those who favored the use of emittance. In the SI system, luminous exitance is usually indicated simply in terms of lumens per square meter, although sometimes lux is used; this means that the same term is used for the intensity of luminous flux for both incident and leaving light. In the imperial system, the intensity of light leaving a surface is indicated by lumens per square foot, which is called foot-lamberts. In either case, the brightness is the incident light times the coefficient of reflection (ρ) or the coefficient of transmission (τ).

The reflected or emitted luminous flux from a surface in the steradian normal to the surface is luminance. While luminous exitance relates to brightness that we experience when viewing a surface, luminance is more of an engineering term in that it can be used to determine the luminous flux off of the surface as a secondary light source. Luminance equals the incident light times ρ or τ divided by π.





For Reflected Light:

[image: Unnumbered Display Equation]

For Transmitted Light:

[image: Unnumbered Display Equation]

The reflection off of a surface is usually thought to be either specular, which we assume when we consider that the angle of incidence equals the angle of reflection, or diffuse, which we believe is how light scatters off of a flat or matte-finish surface. While this difference is schematically shown in Figure 2.53, unfortunately the interpretation of diffuse reflection is not accurate, although it is representative of what we might actually experience. That is, while the light that we see coming off of a diffuse surface seems to be equal regardless of the angle of view, which is what is implied in the diagram, in actuality the reflection of light off of a matte finish follows a cosine distribution pattern, as shown schematically in the left image in Figure 2.52.

When we look at a diffuse surface, the light that we see reflected off of the surface and the brightness that we experience are determined in part by our cone of vision and by the angle at which we look at the surface. Since our cone of vision remains constant, as our view of a surface becomes more and more oblique, our eyes actually see an increasing amount of surface area, although the brightness of the diffuse surface remains consistent. This can only happen if the actual light emitted from the diffuse surface is reduced as the angle of emission becomes more oblique. This can be readily explained by a series of simple diagrams.

The three diagrams in Figure 2.54 all have the same cone shape. As the angle θ increases, the length of the line W also increases. Based on this, we can assume that the amount of light must continue to decrease as the angle between the emitted light ray and a line normal to the surface increases. By simple trigonometry, we should see that this reduction follows the cosine19 of the angle at which the light is reflected or emitted. However, each point along the surface actually spreads light out in a diffuse pattern, so the brightness of the surface is based on the sum total of all of the light that actually enters the eye.

Figure 2.55 shows an implied cone of vision overlaid at three different angles on a single cosine distribution pattern. As we can surmise from these diagrams, in order to enter the eye, which is at the vertex of the cone of vision, the reflected or emitted rays of light must arrive at the vertex. The diagrams show neither the infinite number of rays coming off of each point on the surface nor the infinite number of points on the surface that send light to the eye.


Figure 2.55 VIEWED DIFFUSE REFLECTION OR EMISSION OF LIGHT
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Figure 2.56 LAMBERTIAN DIFFUSION ROSETTES

Diffuse reflection follows the lambertian cosine law. This law states that the intensity of radiation from a diffuse surface is proportional to the cosine of the angle between an observer’s line of sight of that surface and the normal to that surface at the point of sight. This law is named after the Swiss mathematician Johann Heinrich Lambert.
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Figure 2.57 LUMINOUS FLUX IN EACH CONE OF VISION

Each of the three images schematically shows lines of luminous flux that reach the vertex of the cone and therefore are seen. As the angle of view becomes more oblique, more lines of radiation reach the vertex, but these lines, following lambertian distribution, are reduced by the cosine of the angle defined by the light ray and the line normal to the surface. When these lines in each cone are combined into a straight line, the overall lengths of these three lines are then compared, showing that the total flux within each cone is equal. This shows graphically that the brightness of a surface with diffuse reflection or emission does not vary with a change in the angle of view.
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While the diagram on the right in Figure 2.53 represents how we tend to think of diffuse reflection, in actuality Figure 2.56 is a more accurate representation. With diffuse reflection, each point emits light that follows the lambertian cosine law, named for the Swiss mathematician, Johann Heinrich Lambert (1728--1777), who developed the law. This law states that the radiant intensity observed from a diffuse surface is directly proportional to the cosine of the angle between an observer’s line of sight and the surface normal.

Figure 2.57 diagrammatically shows the different light rays that the eye sees from each portion of the surface based on the angle of view. By combining the various light rays within each cone of vision, we can get an indication of the total amount of luminous flux that should enter the eye. As can be seen, the total luminous flux for each of the three scenarios is equal.

Whether light is reflected or emitted, as with a diffusing lens of a fluorescent luminaire, the luminous exitance from a diffusing surface follows Lambert’s cosine law. While the total amount light coming from the surface is equal to the lumens of incident illumination times the coefficient of reflection (ρ) or the coefficient of transmission (τ), the distribution of this total luminous flux is based on the cosine of the angle defined by the direction of the light ray and the line normal to the surface. The intensity of the luminous flux in a direction is determined by the light in the steradian normal to the surface times the cosine of the angle between the direction of radiation and the normal to the surface. See Table 2.13 for a list of cosine values

Table 2.13 COSINE VALUES




	cos 90° = 0.00
	cos 80° = 0.17
	cos 70° = 0.34



	cos 60° = 0.50
	cos 50° = 0.64
	cos 40° = 0.77



	cos 30° = 0.87
	cos 20° = 0.94
	cos 10° = 0.99




The luminance off of a surface, which is equal to the luminous exitance divided by π, can be used to determine the contribution of the reflected light to the illumination on another surface. Multiplying the luminance by the cosine of the angle between the normal to the surface and the line to the surface being illuminated determines the luminous flux in that direction (see Figure 2.58). This luminous flux can then be used to establish the foot-candles or lux of illumination, depending on the measuring system being used.


Figure 2.58 LUMINANCE AND ADJUSTED LUMINOUS FLUX
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Point-to-Point Illumination

The amount of area seen when viewing a surface is based in part on the angle of view. This suggests that if the luminous flux incident on a surface is not normal to that surface, the intensity of illumination will be proportional to the cosine of the angle of incidence (see Figure 2.59). The greater the angle of incidence, the less the intensity will be in terms of lumens per unit area.

The luminous flux or candela in the steradian directed from a light source toward a surface determines the intensity of illumination. Since candela indicates the lumens per steradian, the intensity at the illuminated surface is equal to the candela in the steradian divided by the square of the distance from the point source to the point or surface being illuminated. When the distance is in feet, the intensity is in lumens per square foot or foot-candles. When the distance is in meters, the intensity is in lumens per square meter or lux. This, however, assumes that the surface is the “bottom” of the steradian. If the surface is at an angle with respect to the direction of the steradian, the intensity must be further reduced by the cosine of the angle of incidence.


[image: Unnumbered Display Equation]

With distance in feet, illumination is in lumens per square foot or foot-candles.

With distance in meters, illumination is in lumens per square meter or lux.


Figure 2.59 INTENSITY OF ILLUMINATION IS PROPORTIONAL TO COSINE

θ The intensity of illumination is proportional to the cosine of the angle of incidence. As shown in the diagram, the ratio of AB to AC is the cosine of angle θ in the triangle ABC. Since this is a right triangle and the two nonright angles must equal 90°, θ is clearly both the angle of incidence and the angle in the triangle that is adjacent to the hypotenuse.
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Figure 2.60 LIGHT DISTRIBUTION
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Lighting Systems

There are several ways to categorize lighting systems. One is by the way the light is generated, which typically means distinguishing between daylight and electrical light. Daylight can be provided by an overcast sky, a clear sky, or the direct rays of the sun, while electric light can be from an incandescent, fluorescent, HID, or LED source. Candles and gas lights are two other light sources still used occasionally. Unfortunately, light that does not rely on the sun is frequently called artificial light, but as has been discussed, light is a form of energy, and it either exists or it does not. It can vary in intensity and in wavelength composition, but if it exists, it is not artificial.

Another way to categorize lighting systems is by the way the generated light is distributed into the space. Since the typical situation involves electric lighting for the illumination of a horizontal work plane located below the lighting fixtures (luminaires), this categorization organizes lighting systems according to whether the light is emitted directly or indirectly toward the work plane. Actually, when the light distribution is called direct or indirect, the expectation is that 90% to 100% of the light is directed either down or up, respectively. In addition to these two clearly diverse systems, various intermediate lighting systems are recognized. Semidirect lighting has 60% to 90% of the light directed downward, with the balance directed upward. Direct-indirect lighting, which is sometimes referred to as general diffused lighting, has 40% to 60% of the light directed upward, with the balance directed downward. And, as you can guess, semi-indirect lighting has 60% to 90% of the light directed upward and the balance directed downward. Of course, in any classification, the total combined light is a maximum of 100% (see Figure 2.60).

When using a fixture with a major portion of its output distributed upward, the recommendation is to suspend the luminaire at least 18 inches below the ceiling in order to avoid developing hot spots on the ceiling. Of course, if the intention is to develop a highlighted area on the ceiling, it might be appropriate to reduce the distance between the ceiling and the fixture. If the up light is the primary source of illumination on the work plane, the surface off of which the light is reflected should have a fairly high reflectance (ρ). This surfaces acts as a secondary light source, and if it does not have a high reflectance, only a small portion of the incident light will be reflected, reducing the efficiency of the lighting system. Even with a high reflectance, indirect lighting should only be used to provide up to about 25 foot-candles of illumination on the horizontal work plane, which is adequate for most noncritical visual tasks. If this is not sufficient, a direct lighting system and/or localized task lighting should be provided. In fact, regardless of the general lighting design, it is often recommended that localized task lighting be provided for any visual task that requires an illumination level above 25 foot-candles.


Figure 2.61 KNESES TIFERETH ISRAEL SYNAGOGUE

The lighting in the sanctuary of this temple, which is located in Port Chester, New York, and was designed by Philip Johnson, consisted of recessed ceiling lights that unfortunately could not be easily relamped. As a result, in a subsequent renovation, most of the original fixtures were replaced.

[image: ch02fig061.eps]


Sometimes the selection of the lighting system is based, at least in part, on nonvisual factors. For example, in an open-office arrangement where numerous workstations are located in the same room, even when partial-height partitions are provided, there can be acoustical problems that can be affected by the lighting design. If direct lighting is provided by way of recessed fluorescent fixtures located in the ceiling, the fixtures will replace sound-absorbing acoustical tiles with what amounts to sound-reflecting surfaces. However, if indirect lighting is used, the acoustical absorption of the ceiling can be maximized and problematic reflecting panels avoided.

Maintenance is another factor that should influence the selection of the lighting system. One critical concern is how lamps within the fixtures can be replaced, which deals with whether there will be convenient access to the fixture after construction is complete and how the lamp is connected to the fixture. During construction, the contractors obviously need access to their work, and this might involve scaffolding, big ladders, or even cherry pickers, but after construction and occupancy, such access is typically no longer feasible. If the lamps are installed base up, it might be possible to use a lamp replacement tool that has an extended handle. While these devices are typically designed to work with lamps that have a screw base, there are tools that are designed to work with other types of connection. In some structures, access to the luminaires is provided by means of catwalks installed above the fixtures, but of course, this requires increased ceiling depth and adds considerable expense.

In the 1950s, Philip Johnson designed the Kneses Tifereth Israel Synagogue in Port Chester, New York (see Figure 2.61). By various accounts, Johnson was involved in pro-fascist activities in the 1930s, and he contributed his design services as a way of atoning for his previous indiscretion.20 The synagogue design included one large volume of space that was 50 feet wide by 140 feet long and 40 feet high, with the ceiling providing a “floating” canopy that was reminiscent of a tent relating to wandering in the desert for 40 years. About half of the space had fixed seating, and this was the source of a problem.

The interior of the space was illuminated by numerous slit windows and HID lights. Sometime after the synagogue was finished, the HID lamps started to burn out, and the congregation had to decide how to replace them. While the ceiling floated below the structure, there was no catwalk to provide access to the lights, which was necessary since the lamps apparently were installed in the luminaires horizontally. With fixed seating, it was not feasible to use ladders, so lamp replacement became a major undertaking, depending on an installation of scaffolding. In time, the congregation acquired a small cherry picker that provided access to each fixture by extending over the fixed seating, but unfortunately, this became part of the permanent furnishings of this elegant space.

Regular replacement of burned-out lamps is important to maintain the lighting system. Rather than merely considering the initial lighting levels when everything is new, clean, and operational, the general intention of a lighting design is to maintain average illumination levels for an extended period of time; however, over time, lamps burn out. If a number of lights are not operational, the average lighting level will be reduced proportionally. If an installation includes 15 fixtures of which 3 are burned out, the average lighting level will be lowered by 20%. While such a reduction is not usually acceptable, the illumination level below a burned-out fixture will likely be cut by significantly more than the 20% average reduction. When the lighting is provided by a number of smaller distributed light sources, the loss of a few might not be a problem, but when the system includes only a few high-intensity sources, the loss of one could be catastrophic.

Actually, some reduction in average illumination levels resulting from lamp burnout is accommodated by engineering design. When determining the amount of lumen output required for a particular level of illumination, the calculation procedures typically include correction factors for various ways in which available light will be reduced over time. One of these factors is lamp burnout, which is often addressed by including a 10% reduction factor. This, of course, means that the design is actually for a higher level of illumination, 10% for potential burnouts. When all of the various factors are included—and there are eight factors to be considered—the initial illumination level will exceed what is considered will be maintained level. If each factor is assumed to provide only a 10% reduction, eight such minimal adjustments would account for an overall reduction of almost 60%.


[image: Unnumbered Display Equation]

One way to address lamp burnout, especially in large lighting installations, is to establish a lamp replacement program. Each lamp has a projected operational life. While not every lamp will last as long as projected, most will, and many will actually continue to operate beyond this time limit, although likely at a reduced light output. The recommendation is to replace half of all of the lamps after they have operated for about one-half of their projected life and then to continue to replace one-half of the lamps prior to the end of their projected life. This will not only reduce the chance that a number of burnouts will occur in one portion of the lighting installation, it also tends to maintain lamp output. Following this replacement procedure, the lighting installation will be comprised of lamps that never exceed, on average, 75% of their projected operational life, when the lighting output of many lamps starts to decline significantly.

In addition to replacement, there is also the need to clean the lamps and luminaires, especially in environments that produce a lot of dust and dirt. While dust and dirt can accumulate on all surfaces regardless of orientation, the greatest accumulation typically occurs on upward-facing surfaces, which is often the lens of a fixture. As this accumulation increases, light output is reduced, but by enclosing the luminaire, the buildup of dirt can be reduced.
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1. James Marston Fitch with William Bobenhausen, American Building: The Environmental Forces That Shape It (Oxford University Press, New York, 1999), pp. 103--104.

2. Performance efficiencies are based on the percentage of correct responses given by subjects as to the orientation of a specified form. Often the subjects are asked to identify the location (i.e., top, right, bottom, etc.) of an opening in what is referred to as a Landolt Ring, a small C-shaped figure that has a line thickness equal to one-fifth of the diameter of the circular shape. The width of the opening in the ring is also equal to one-fifth of the diameter.

3. Cycles per second are noted by the term Hertz (Hz), named after Heindrich Rudolph Hertz. Hertz was a German physicist who opened the way for the development of radio, television, and radar by his discovery of electromagnetic waves between 1886 and 1888. His work was based on the predictions of James Clerk Maxwell.

4. Tennessee Williams, “Suddenly Last Summer,” Four Plays (Signet Classics, Penguin Group [USA] Inc., New York, 2003), p. 21.

5. A ray of light and a line normal to a surface at the point where the light hits the surface form two intersecting lines, and two intersecting lines establish a plane. The angle between these two lines is then drawn on that plane. Since a line intersecting a flat plane (surface) does not define another plane, it is not clear how to determine the angle between a ray of light and a flat surface.

6. The tip or point of a solid angle is referred to as either the apex or the vertex.

7. Actually, when light passes through air, some absorption and reemission does occur, resulting in a reduction of the speed of light by 0.03% from the speed of light in a vacuum.

8. Another important contribution by Newton to color theory was his arrangement of the various colors into the now familiar color wheel that connects the low end of the visible spectrum, red, to the high end, violet. In this, his critical contribution was the insertion of the color purple, which is not actually found in the dispersion of white light. By adding this new color, which he could produce by combining different monochromatic colors, Newton established an apparent continuum that allowed him to effectively connect the two ends of the visible spectrum to form a circle or wheel. Newton’s color wheel is still accepted as a basis for color analysis.

9. Dispersion of light, and in fact of all radiation, refers to the separation into the different wavelengths.

10. As discussed, a simple glass prism can be used to divide the light into its component wavelengths, but detailed analysis of a light source would be hindered by the tendency of the dispersed bands of light to merge together. Since a prism does not produce a very clear image, spectroscopes used for critical analysis generally rely on a diffraction screen rather than a prism. The diffraction screen includes a series of very narrow slits, each with a width of only about one-thousandth of an inch. As the light passes through these precise, narrow slits, it is dispersed into its component colors but without the problem of overlap. In this case, the dispersion of light is a result of diffraction rather than refraction.

11. Model 217 has three scales. The lowest scale, which is activated when the switch on the side of the meter is in the bottom position, reads illumination levels from 10 to 50 foot-candles (fc). In this position, from 10 to 20 fc, the unit has an accuracy of ±15% and from 20 to 50 fc it has an accuracy of ±10%. The middle position of the switch provides midlevel readings, from 50 to 250 fc, with the accuracy basically similar to that of the lower level. When the switch is in the upper position, the meter reads from 200 to 1000 fc. In those instances when a higher illumination is to be measured or when the measurements are to be in lux rather than foot-candles, a metal perforated filter is installed over the diffusing plate. This filter allows 10% of the incident light to pass through so that the foot-candle readings are converted to lux values (e.g., 1:10) so that intense illumination, such as from the sun, can be read at one-tenth of its actual value (i.e., reading 200 fc for an actual 2000-fc illumination).

12. Actually, except for the minute amount of light that might be used for vision, and therefore converted into visual energy, all of the consumed energy, including that which is released as visible light, is ultimately converted into heat. For this reason, incandescent lighting is a major source of heat gain in interior spaces. Similarly, essentially all of the consumed energy with other lighting systems (e.g., fluorescent or HID lighting) is also converted heat, but these other systems convert a larger percentage of the energy consumed into light, and as a result, they tend to cause less of a heat gain problem.

13. If the connection to the diode is reversed, no current flows.

14. With alternating current, the electrons keep moving back and forth, but with direct current, they continue to flow in the same direction. Generally, the flow of current for both alternating current and direct current relies on the billiard-ball effect of energy flow rather than physical movement of the electrons, and there is little difference in the effects produced by the two forms of electricity. However, LEDs work only with direct current, and the light that they produce is dependent on the physical flow of the electrons since it is that flow that directly generates the light.

15. The time delay is believed to be 10−5 milliseconds or less for fluorescence.

16. A black light is essentially a fluorescent lamp with a quartz rather than a glass tube and without the phosphorus coating.

17. While there are fluorescent fixtures that intentionally control light distribution from the end of the fixture, most do not. As a general rule, it should be assumed that illumination from the end of a fluorescent fixture effectively extends only for about 2 feet. Based on this, fluorescent fixtures should not be spread more than 4 feet apart if they are installed in a row. Of course, when there is no separation between fixtures in a row, the wiring can run from fixture to fixture, eliminating the need to provide an electrical box for each fixture and the cost of this arrangement.

18. The classic definition of candela is the luminous intensity in a given direction emitted by a monochromatic source of a frequency of 540 × 1012 Hz that has a radiant intensity in that direction of 1/683 watt per steradian. While the candela is the basic unit of luminous intensity adopted under the SI system of measurement, it is typically understood as lumens per steradian, and since a steradian is a form and not a measurement, candelas or lumens per steradian are equal for both the imperial and SI measurement systems.

19. The cosine of an angle is the adjacent divided by the hypotenuse of a right triangle defined by that angle.

20. Roger Kimball, “Philip Johnson: The Architect as Aesthete,” The New Criterion, November 1994; David Samson, “Philip Johnson, Architecture and the Rebellion of the Text: 1930–1934,” Interfaces, Holy Cross College, 2004; “New Acquisition to Go On View on September 2, 2007,” The Jewish Museum Press release, August 29, 2007.
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Zone | 1 [ 2|3 [a]5 6|7 8| 1]z2]3]a]s5]e]7 5
Vertcal Gazng 067|067 | 047 | 035 | 035 | 035 | 035 | 035 | 037 | 037 |04 | NR | NR | N8 | NR | NR
Solgn 160|105 | 090 [ 060 | 050 | 050 | 050 | 060 | 04 | 04 | 04 | NR | NR | NR | NR | R

" confctnts shonn for caveyinclude oo nslticn shon gl
YCantinus Insulation Is fo be 3dded In addtion fo the cavity nsulation.
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Masonry Partition

Weight in
Representative Construction Assemblies IbJsq. f. | STC
Double 4-n. brick with 2-n. airspace 1000 5
Double 4-In. brick with 2-n. arspace with wire ties and Y. piaster both sides 1040 49
Double 4-n. brick with 2-in. alrspace without wire ties and .in. plaster both sides 1040 5
4-in. brick, 2-in. air space, and 4-n. ightweight 3-cellconcrete block 600 5
4-in. brick, 2-in. ar space, and 4-n. lightweight 3-cell concrete block with Y-in. gypsum board on furring strips 620 5%
4-in.lightwelght 3-cell concrete block, unpainted 1520 ©
4-in.lightwelght 3-cell concrete block, painted 1520 3
4in. 3-cell concrete block, unpainted 2030 o
4in. 3-cell concrete block, painted 2030 “
6in.lihtwelght 3-cell concrete block, unpainted 2030 o
6in.lihtwelght 3-cell concrete block, painted 2030 “
6in. 3-cell concrete block, unpainted 3040 3
6in. 3-cell concrete block, painted 3040 4
8in.lightwelght 3-cell concrete block, unpainted 2035 3
8in.lihtwelght 3-cell concrete block, painted 2035 4
81in. 3-cell concrete block, unpainted 4050 45
81n. 3-cellconcrete block, painted 4050 ]
8-in. 3-cell concrete block with %-In. gypsum board on furring strips both sides 4555 50+
101n. ightweight 3-cell concrete block, unpeinted 3540 “
10:n. ightweight 3-cell concrete block, painted 3540 a7
10:n. 3-cell concrete block, unpeinted 5060 45
10:n. 3-cell concrete block, painted 5060 49
12:n. ightweight 3-cell concrete block, unpeinted 4050 a7
12:n. ightweight 3-cell concrete block, painted 4050 50
12:n. 3-cell concrete block, unpeinted 6070 2
12:n. 3-cell concrete block, painted 6070 51
&in. brick with Jo-in. plaster both sides 1000 48
Double 4-in. brick wall with 2-in. wire-tied cavity and -in. plaster both outsides 1000 49
Double 4-In. brick wall wth 2-in. cavty (n0 wire ties) and -in. paster both outsides 1000 5
Double 4-In. face brick with Insulated 2-in. ar space and plaster on both sides 1000 59
Double 4-In. brick wall with 6-in. cavty (n0 wire ties) and -in. pister on wood fiberbard both outsides 1100 62
Exterior Walls
Weight in

Representative Construction Assemblies IbJsg. f. | STC
2 x 4 wood studs, 16-n. o.c. with 1-n. exterior stucco on metal lath and . gypsum board on interior 60 2
2 x 4 wood studs, 16-n. o.C. with 3'%-in. cavity insulation, 1-in. exterior stucco on metal lath, and J5-in. gypsum| 70 50

board on Interior
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Metal Stud Partition

Weight in
Representative Construction Assemblies Ihisg. | STC
21jp-in. metal channel studs, 24-In o.c., with J-In. gypsum board both sides 42 3%
21 in. metl channel studs, 24:n o.c., with 2-n. cavty insulation, and Y-in. gypsum boera both sides 27 “
21in. metal channel studs, 241 o.c., wih %In. gypsum board both sides 54 2

metalchannel studs, 24-1n .C., with 2-n. cavty insulation and %-In. gypsum board both sdes 59 %
3%-In. metal channel studs, 24-In o.c., with }5-in. gypsum board both sides a2 37
3%-in. metal channel studs, 24-in o.c., with 2-in. caviy insulation and Y-in. gypsum board both sides a7 45
3%s-in. metal channel studs, 24-in o.c., with Y-in. gypsum board bot sides, one side with lead sheet @ 1 16t 52 40
S in. metlchamnelsuds, 24 0., wih 2n.cavy nslationand Y7 1n. @ypoum board b sdes, oneside | 57 =
wilh lead sheet @ 1 o2
3fin. metal channel studs, 241 o.c., wih %In. gypsum board boih sides 54 B
3fin. metal channel studs, 24-n o.c., with 2-n. cavly insulaion and %-In. gypsum baard both sides 59 a7
3%-in. metal channel studs, 24-In o.c., with double Y-n. gypsum board one side and single %-in. gypsum 62 a2
board ofher side
3%-in. metal channel studs, 24-in o.c., with 2-in. cavity insulation and double %-in. gypsum board one side and 67 8
ingle -n. gypsum board ofher side
39%-In. metal channel studs, 24-In o.c., with double !%-in. gypsum board bot sides 83 5
39in. metal channel studs, 24-in o.c., with 2-n. cavity insulation and double -in. gypsum board both sides 88 51
2Y-In. staggered metal studs, &-In o.c., with double %-in. gypsum board bot sides 109 3%
2l-in. staggered mefal studs, 8- o.c., with 2. cavty insultion and double %-1n. gypsum board both sides 114 a
Double 2Y-in. metal channel studs, 24-1n 0.c and Yo-in. gap. with 2-n. cavity insulation and %-in. gypsum 60 52
board both sides
Double 2Y%in. metal channel studs, 241 o.c and -in. gap. with 24n. caviy insulation and double %-n 12 5
ypsum board botn sides
Masonry Parttion

Weight in

Representative Construction Assemblies Ibisq. .| STC
2in. gypsum prite plaster on metal mesh 160 B
2in. sanded gypsum plaster on metal mesh 185 %
2Ys-in. laminated gypsum board comprised of %-in. gypsum board both sides of 1-in. core 95 u
2l-in. laminated gypsum board comprised of %-in. gypsum board both sides of 1-in. core 105 E3
in_ sold concrele 500 4
6in. solld concrele 750 %
&1in. solld concrele 1000 51
10-in. sold concrete 1250 5
12-in. sold concrete 1500 5%
in. prick 400 a4
Gin. orick 500 5
&in. orick 200 a9
12-in. brick 1200 5%
2. brick with Jo-n. plaster both sides 240 0
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Interior Partitions
Wood Stud Partition

Weight in
Representative Construction Assemblies IbJsg. f. | STC
2 x 4wood studs, 16-In. o.c., with Ya-n. plywood both sides 15 2
2 x 4 wood studs, 16-n o.c., with Jo-n. gypsum board both sides 42 B
2 x 4 wood studs, 16-In o.c., with 2-in. cavity insulation and -n. gypsum board both sides 47 B
2 x 4 wood studs, 16-n. 0.C., with 3-In. gypsum board both sides 54 34
2 x 4wood studs, 16-in. o.c., with 2-in. cavity insulation and %-in. gypsum board both sides 59 38
2 x 4 wood studs, 16-in. 0.c., with 3-in. gypsum board, double on one sides and single on other 85 36
2 x 4 wood studs, 16-n. 0.C., with 2-in. cavity insulation and 3-in. gypsum board, double on one sides and 90 39
single on ofher

2 x 4 wood studs, 16-n. 0.C., with %-In. gypsum board both sides, one side mounted on resillent channel 56 38
2 x 4 wood studs, 16-In. o.C., with 2-in. cavity insulation and %-in. gypsum board both sides, one side mounted 61 a7
on resilient channel

2 x 4 wood studs, 16-n. o.C., with %-In. gypsum board mounted on resilient channel both sides 58 39
2 x 4 wood studs, 16-In. o.c., with 2-in. cavity Insulation and %-in. gypsum board mounted on resilient channel 63 29
both sides

2 x 4wood studs, 16-n. o.c., with %-in. gypsum baard mounted on resilient channel one side and ouble -in 89 3
ypsum boerd on ather side

2 x 4 wood studs, 16-n. 0.c., with 2-n. cavity Insulation, %-n. gypsum board mounted on resilient chiannel one 92 50
sides and double %-In. gypsum board o other side

2 x 4wood studs, 16-in. 0.C., with Y5-in. gypsum board one side mounted on Y-in. wood fiberboard and other 58 36
side on studs

2 x 4 wood studs, 16-n. o.C., with J5-In. gypsum board mounted on Y-In. wood fiberboard both sides 66 2
2 x 4 wood studs, 16-In. o.c., with Y-In. plaster on 3-in. gypsum lath both sides 131 50
2 x 4 wood studs, 16-n. o.C., with J5-In. plaster on resiliently mounted %-in. gypsum lath both sides 140 50
2 x 4 wood studs, 241 o.c., with Jo-n. gypsum board both sides 42 E
2 x 4 wood studs, 24-in o.c., with 2-in. cavity insulation and . gypsum board both sides 47 0
2 x 4 wood studs, 24-In. o.c., with %-In. gypsum baard both sides 54 B
2 x 4wood studs, 24-in. o.c., with 2-in. cavity insulation and %-in. gypsum board both sides 59 39
2 x 4 wood studs, 24-In. o.c., with singie Y%-In. gypsum board on one side and double -in gypsum board on 67 39
other side

2 x 4 wood studs, 24-n. o.c., with double %-in. gypsum board both sides 92 a1
2 x 4 wood staggered studs, 8-In o.., with %-In. gypsum board both sides 55 39
2 x 4 staggered wood studs, 8-in. o.c., with double J-in. gypsum board both sides 117 “
2 x 4 wood staggered studs, 8-in 0.c., with -In. plaster on %-in. gypsum lath both sides 135 45
2 x 4 Wood staggered studs, 81 0.C, with 2-n.cavy insulation and -in. gypsum board botn sdes 47 %
2 x 4 wood staggered studs, 8-in o.C. with 2-n. cavity insulation and Y-in. gypsum board one side and %-in. 74 50
and %-in. gypsum boards on other side

2 x 4 wood studs, 16-in 0.c., with Y%-in. gypsum board laminated on %-In. gypsum board on resilient channels. 98 8
both sides

2 x 4 wood studs, 16-n. o.c., with 3-n. cavity Insulation, %-in. ypsum board both sides, and one side screwed 65 52
1o resilent channels

Double 2 x 4 wood studs, 16-n. o.c., with 9-in. cavity Insulation and Y-in. gypsum board both sides 62 54
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Typical Transmission Loss (dB) @ Octave Band Center Frequencies (Hz)

125 | 250 | 500 | 1000 | 2000 | 4000 | ST
Representative Construction Asserblies
Y. single-pane float glass. 18 21 2% 31 a3 2 2
Ya-in. single-pane float glass 25 28 31 34 30 37 31
Yin. insulated glass (Yg-in-Y-in air space-Y-in) 21 2 2 33 a 3 28
3in. plywood 14 18 2 Y 21 % 2
Yp-in. GWB 15 20 25 31 33 27 28
3in. s0ld poured concrete wall 35 0 44 53 58 64 a7
6in. . . hollow concrete block wall, peinted 0 El £ a '3 51 a
6in. hollow concrete block wall, unpeinted 2 El © a7 51 8 a3
6in. hollow concrete block wall, painted a7 Ed a2 a9 55 58 45
6-in. solid concrete w/ Y-in. plaster both sides. 39 42 50 58 6 - 53
6-in. t. wt. hollow concrete w/ Y-in. plaster resilient mtd. 35 42 50 64 &7 65 53
one side.
&1n. . . hollow concrete block wall, peinted u Y 44 9 59 64 49
124n. sold brick wall 45 45 53 58 & 61 56
2 4 wood studs W/ Yz-in. GWB both sides 2 £ E3 2 5 a g
2 x 4 wood studs w! Y-in. GWB both sides, insulated 9 'y a2 a5 | s 515 | 46t
2 4 wood studs w/ dbl. Fg-n. GWB both sides 27 3 £ 5 525 | 48 w0
2 x 4 wd studs w/ %-in. GWB resiient mtd botn sides 0 'y % 50 9 29 a7
2 x 3 staggered wd studs w/ Jo-in. GWB both sides 36 36 40 47 £ 45 a0
2 x 3 staggered wd studs w/ dbl. %-in. GWB both sides a1 41 6 29 a1 54 2
2 x 4 mti studs w/ 35-in. GWB screwed both sides 2 36 40 46 40 46 41
Louvered door, 25 to 30% open 10 12 [ 1z 12 1 12
13-in. hollow-core wood door, J5-in undercut 7 9 13 14 13 12 15
13-in. hollow ~core wood door, no gaskets 14 19 3 18 7 21 19
134-in. solid-core wood door, no gaskets 2 kS k] 2 EY E% 29
19-in. solld core wood door, with gaskets & drop seal ] 3 a a 29 3 35
Biin holow-core 16 g.selcor, Wi gasts & o 2 3 £ a E a4 ']
seal
13-in. special double panel acousticaly rated door a Sl Ed “© “ P %

Note: Thistable, which presents sound transmission data, is compiled from various sources. While the L indicated are representative of actual performance and
provide an indiction o ifferencesin sound transmission that occurs with dfferent but similarconstruction, due tothe vaiatin i source, the lsted data might notbe
totally accurate.

+ These values vary from those for comparable partitions in the extended STC table. Table 5.14.
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Average Grade

Minimum Grade

Sound Isolation Between Dwellings Luxury Grade | li lii
APT.A APT.B STC e STC [ STC ic
Bedroom t/above Bedroom 55 55 52 52 @ a8
Living Room ta/above. Bedroom 57 50 54 57 50 53
Kitchen to/above Bedroom 58 65 55 62 52 58
Family Room to/above. Bedroom 60 65 56 6 52 58
Corridor to/above. Bedroom 55 65 52 62 3 48
Bedroom t/above Living Room 57 55 54 52 50 a8
Living Room to/above. Ling Room 55 55 52 52 8 48
Kitchen ta/above Living Room 55 60 52 57 3 53
Family Room to/above. Living Room 58 62 54 60 52 56
Corridor to/above Lving Room 55 ) 52 57 3 53
Bedroom ta/above Kichen 58 52 55 50 52 46
Living Room to/above Kitchen 55 55 52 52 8 48
Kitchen ta/above Kitchen 52 55 50 52 . a8
Bath Room ta/above Kitchen 55 55 52 52 = a8
Family Room to/above. Kitchen 55 60 52 58 3 54
Corridor ta/above Kitchen 50 55 3 52 3 a8
Bedroom ta/above Family Room 60 50 56 48 52 a6
Living Room to/above Family Room 58 52 54 50 52 &
Kitchen to/above Family Room 55 55 52 52 8 50
Bath Room ta/above Baih Room 52 52 50 50 @ a8
Corridor Tofabove Corrdor 50 50 8 ) 3 6






OEBPS/images/ch10fig072.jpg
ROUND DUCT

RECTANGULAR DUCT

SPIRAL OVAL DUCT





OEBPS/images/table05014d.gif
Floor/Ceiling Construction

Weight in
Representative Construction Assemblies IbJssq. fr. STC I
‘Standard oak flooring with J-in. plywood subfloor on 2 x 10 wood joists, 16-in. o.c. 77 25 20
Standard oak fooring with J;-in. plywood subfloor on 2 x 10 wood Jofs, 16-n. o.c, win %-n] 97 7 2
gypsum board ceiing

‘Standard cak flooring with Y-in. plywood subfioor on 2 x 10 wood foists, 16-In. 0.c., with 3g-in. 103 45 39
gypsum board ceiing afached to resient chennels crossingflss @ 24-n. 0.

Standrd oak floring with Y-in.plywood subfloor on 2 x 10 woad ofsts it 31n. caviy 110 o %
insulation, 16-1. 0.., with %-1. gypsum board celing attached to resllent channes crossing

oisis @ 24-in. oc.

‘Standard oak fiooring on furring strips over -in. fiberboard on }4-in. plywood subfloor on 2 x 130 53 51
10wood [osis, 16-in. o.c. wih 3-in. cavy Insulafion, with -in. eypsum board cellng

suspended on resient channels

Carpeting with padding on double %s-In. plywood with felt between panels, on 2 x 10 wood 120 50 8
Jits, 16-n. 0. with 3. cavity insuition, with Yo-n. gypsum plster ceng on 3-in.

gypsum laih suspended on reslient channels

210 2}-in. concrete siab on celular metal decking on steelflsts wth Y-in. resilent floor tle 410 @ E3
and Jp-in. gypsum board celling

210 2}-in. concrete siab on celular metal decking on steelfoiss with carpeting on pad and 410 o o
1. gypsum board celling

4in. reinforced concrete sab 520 @ 2
4-in. reinforced concrete sab with J-in. resilient tile 540 P 28
4-in. reinforced concrete siab with J-In. oak flooring 550 4 45
4-in. reinforced concrete siab with Y-in. oak flooring on Y-in. fiberboard 56.0 P 45
4in. reinforced concrete sab with carpeting on padding 520 @ )
4-in. reinforced concrete slab with carpeting on padding over Y-in. oak flooring 56.0 2 84
6in. reinforced concrete sab 750 B E
6in. rinforced concrete sab with Y-, T&G woad foorng on 1} x 2 wooden baftens foated| 780 5 5
on Lin. gass fiber

6-in. hollow-core concrete panel with 115-in. lightweight concrete 550 50 23
6-in. hollow-core concrete panel with 1'5-in. lightweight concrete and carpeting on pad 56.0 51 69
8-in. hollow-core concrete panel with 115-in. lightweight concrete 67.0 52 2
6in_nollow-Core concrete panel with 11-In.lightwelght concrete and carpeting on padding 680 B 7
Heavy carpet laid on pad over 1%-in. concrete siab on %-in. plywood on 18-in. steel joist, 47 62
16-in. o.c., with %-in. gypsum board ceiling atiached to joists

2in. concrte topping on 14-in. precast concree fees with 24n. hick siab 750 el 2
2. concrete topping on 14-in. precast concrele fees with 24n. hick sab and carpefing on 750 el 7

padding
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Doors

Representative Construction Assemblies sTC
135-in. hollow core wood door 22
1%%-in. hollow core wood door, gasketed 25
13-in. filled metal door 32
13-in. hollow core metal door 30
13-in. solid core wood door 29
13in. soll core wood door, gasketed »
4-in. ated acoustical metal door 53
‘Any door undercut by 2. 17
Louvered door with 25-30% opening 12
Two hollow core doors, gasketed allaround, with sound lock 5
Two solid core doors, gasketed all around, with sound lock 5
Windows and Glass

Representative Construction Assemblies sTC
Jo-in. singe glass 21
. single glass B
Ji-in. single laminated glass 2
3-in. single laminated glass 3
Y-In. insulating glass with -in. giass and Y-in. airspace 2%
Y-in. glass - Y4-in. airspace - Y-in. glass 27
Y-in. glass - 3-in. airspace - }-in. glass 31
Ya-in. glass - Y-in. airspace - Y-in. glass £
Ya-in. glass - 1-in. airspace - Y-in. glass £
Y-in. gass - Y. airspace - Y. laminated gass B
Y. laminated glass - Jo-n.airspace - 4-n. laminated glass 2
Operable wood sash, l-in. glass, unsealed El
Operable wood sash, Y-In. glass, unsealed B
Operable woad sash, Y-In. glass, gasketed E)
Operable wood sash, laminated glass, unsealed 2
Operable wood sash, laminated glass, gasketed B
Operable wood sash with insulating glass (Y-in. glass - 3-in. airspace - Jg-in. glass),gasketed 2
Single-pane gass with storm window »
Dual-pane glass with storm window 0
Double soundproof window over dual-pane 5
4-in. glass block )
“Soundproor” window over dual-pane %
“Soundproof” window over single-pane 12
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Surface | Direction
Orientation | of Flow | Thickness | Nonreflective | Refective
Hotzontal _|Upward_| 754in | 080 L84
Soping @5 | Upwara_| 754in | 085 208
Verical | Horzental | 7541n | 082 264
Soping (45) | Dowrmard| 754in | 100 53
Hotzortal | Dowrward| 751, 102 557
o 123 894
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Miscellaneous 125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz | NRC*
Typical Absorption of Alr - - - - 35 35
Fabrics.
Light velour, 10 oz/yd, hung siraight, in contact 003 | oot | 011 017 024 035 | o014
with wall
Medium velour, 14 oz/yd, draped to haif area 007 | 031 | o049 075 070 060 | 056
Heavy velour, 18 0z/yd, draped to half area 014 | 035 | 055 072 070 065 | 058
Openings.
Stage, Gepending on furnishings 025075
Deep bacony, upholstered seats 0.50-1.00
Grilles, ventiating 015050
Slighty vibrating surface (e.g., nollow core door) 002 | o2 | o003 003 004 005|003
Readlly vibrating surface (e.€., thin wood ol | 007 | 005 004 004 005 | 005
paneling on studs)
Water surface (pool or pond) o008 | 0008 | 0013 | ools | ooz 0025 _| 001
Typical Seating Materials 125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz | NRC*
Upholstered Seating, Occupied, per sa.f. of floor os0 | 074 [ os8 096 093 085 | oss
area
Upholstered Sesting, Unoccupied, per sa.ft. of 049 | 0es [ o080 088 082 070 | o079
foor area
Wooden Pews, Fully Occupied, per sq.fi. of floor 0s7 | os1 [ 075 086 091 08 | o078
area
Stugent Tablet-Armehairs, Occupied, per sa.f. of 030 | 0e2 [ o0s0 085 085 os | o086
foor area
Leather Seating, Unoccupled 0ss | oz [ oe0 062 058 050 | 059

“Noise Reduction Coefiient (NRC) s the arthmetic average f absarption coefcints (a) at 250, 500, 1000, & 2000. (Based on various sourcs including

Cavanaush. W. ). and Wilkes, J. A Architectural Acoustics — Principles and Practice. John Wiley & Sons. Inc.. Hoboken, New Jersey. 1999.)
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‘Typical Wall Materials 125Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz | NRC*
High Reflectance
Brick, ungazed and unpainted o003 | 003 | ooz | oos 005 007 | oos
Brick, ungiazed and painted oo | oo | o0z | oo 002 003 o0z
Marble or glazed tle oo | oo | ool | ool 002 002 | ool
Plaster, gypsum or ime, smooth finish on brick o013 | 0015 | 002 | 003 004 005 | o003
ortle
Smooth gypsum of lime plaster o lath o013 | 0015 | 002 | o03 004 005 | o003
Rough gypsum or ime piaster on lath 014 | 010 | o006 | 005 004 003 | o00s
Yo-in. gypsum board (GWB), nalled 102 x 4 0z | ow |oos | oos 007 009 | o007
studs 16" oc
3f-in. plywood paneling on studs 0z | 02 | 017 009 010 o1 |ois
Goncrete block, painted ol | oo | 005 | o007 009 008 | 007
High Absorption
Concrete biock, unpainted 03 |ow | o0z | oz 039 025 |03
Tack-board 0z | o4 |o0m | oz 019 017|031
Rough wood as tongue and groove cedar o024 | 019 |01 | oos 013 010 ol
Light wt. crapery of tapestr, fiat on wall oo | oo |ou | o017 024 03 |01
Medium w. drapery, draped to half wall area 007 | 031 | o4 | 075 070 050 |05
Heavy wt. drapery, draped to hal wall area 014 |03 |os | on 070 065 | o0z
Glass
Ordinary window giass 03 |02 |01 | o1 007 004|016
Heavy plate glass 018 | 006 | 004 | o03 002 002 | oos
Typical Floor and Ground Materials 125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz | NRC*
Heg Reflectance
Marble or glazed tle oo | oor | 001 | ool 002 002 | o0l
Concrete o terazzo oo | oo | o0z | ooz 002 002 | o0z
il on concrete ooz | 00z | 003 | oo3 003 002 o003
Linoleum, asphat, rubber, o cork te on ooz | o0z | 003 | oo3 003 00z | o003
concrete
Wood o15 | o1 | 010 | oo7 006 007 | ooe
High Absorption
Carpet, heavy, on concrete ooz | 006 | 01 | o0z 050 065|029
Carpet, heavy, on foam pedding oos | 024 | 057 | 069 o071 073 |05
Indoor outdoor carpet oo | 005 | 010 | o020 045 065 | 020
Typical Ceiling Materials 125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz | NRC*
Hegh Reflectance
Concrete oo | oo | o015 | o0z 002 002 ooz
Smooth gypsum of lime plaster o lath o013 | 0015 | 002 | o003 004 005 | o003
Rough gypsum or ime plaster on lath 014 | 010 | o006 | 005 004 003 | o008
1-in. gypsum board (GWB) on joists 0z | ow |oos | oos 007 009|007
Ff-in. plywood paneling on joists 0z | 02 | 017 009 010 oil |05
Recessed 2 x & flsrescent w!plastic ens 03 | o022 | o017 | ol 010 o0 |05
High Absorption
1lp-in. glass fiber tile 075 08 085 1 1 1 091
Vinytfaced fivergass cellng panels
Lin.thick e05 | 073 | os | 071 | oo 096 077 | oss
1i51n. thick E05 | 070 | 0% | 083 | 103 098 o0 | o0s
Paned nubby glass clth panels
Siein. thick. e05 | 081 | 094 | 065 | os7 100 0% | o087
Lin. thick e05 | 072 | 0% | 079 | 100 103 10 | o9
Random fissured %-in. hick panels €05 | 052 | 0s | 060 | 080 092 o [073
Perforated metal panel with Il Lin.tick | £405 | 070 | 086 | 074 | 088 095 e
Typical averages, mineral iber tls and panels
u-in. fissured tle 405 | 047 | 050 | 052 076 086 081 | 066
Ju-in. fissured tile E400 | 057 | 060 | 065 083 094 098 | 076
Fu-in. textured te E405 | 049 | 055 | 053 080 094 083 | 071
9eein. fissured tile E405 | 028 | 033 | 066 073 074 075 | 062
Sf-in. fissured tle E400 | 033 | 033 | 053 077 086 080 | 064
Saein. textured tile E405 | 023 | 035 | 066 063 044 034 | 052
S4-in_perforated tle E05 | 027 | 029 | 055 | 078 059 o053 |08
3in. thick x 16 in. squareon 24-n.centers | A | 040 | 061 | 192 | 254 262 260






OEBPS/images/ch10fig060.jpg
-

X oy

: i

o)
SPLIT SYSTEM FAN-COIL w/ FAINTAKE  FAN-COIL w/ VENTILATION
g
r -
FAN-COIL w/ CENTER INDUCTION w/
VENTILATION

SPLIT SYSTEM
CENTRAL VENTILATION





OEBPS/images/table04003.gif
‘Space N | NE|E|SE|S|SW|W]|NW
Living Room .

Dining Room < o]
Den e

Kitchen e
Breakfast Room .

Childs Bedroom NS

Master Bedroom HEERRERE

This chart, which is based on a proposal by Jeffey Ells Aronin,includes
assumptions that might or might not be appropriate for a partcularresidential
design. For example, th orentation fo th dining room is shown as being
toward the west, bu fthe maior use of that space were for mid-day meals
rather than evening meals. the preferred orientation might be the south.
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Background Sound Voice Effort Required and Nature of Communication Telephone
Level dBA Distance Possible use

55 Normal Voice @ 10t Relaxed Communication Satistactory

65 Normel Voice @3 Continuous Communication Satistactory
Ralsed Voice @6
Very Loud Voice @ 121t

75 Raised Voice @ 2 Intermittent Communication Wargial
Very Loud Voice @ 121t
Shouting @8

8 Very Loud Voice @ 1 ft Minimal Communication (resticted impossibe

Shouting @ 2—3

prearranged vocabulary desirable)
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Lamp Nom. Watts | Average Life (Hrs) | Initial Lumens | Mean Lumens | Color Notation | General Color Temp.
F2815 2 20,000 2900 2750 w 3000K
F2815 2 20,000 2900 2750 ww 3500K
F2815 2 20,000 2000 2750 ow 4100K
F54T5 49 25,000 5000 4750 ww 3000K
F54T5 49 25,000 5000 4750 ow 4100K
F54T5 49 25,000 4850 4625 D 5000 K
Faz1e E3 30,000 2050 2800 w 3000K
Faz1e 32 30,000 2050 2800 ow 4100K
Fa218 a2 30,000 2850 2700 D 5000 K
Faz1e E3 30,000 2800 2660 ww 3000K
Faz1e 32 30,000 2800 2660 ow 4100K
Fa218 32 30,000 2800 2660 ow 4100K
Faz1e E3 30,000 2700 2565 D 5000 K
F34T12 24 24,000 2650 2300 ow 4100K
F34T12 24 24,000 2700 2350 ww 3000K
F34T12 Bl 24,000 3100 2945 w 3000K
F34T12 24 24,000 3100 2945 ow 4100K
F34T12 24 24,000 2050 2800 D 5000 K
Fa0T12 40 24,000 3600 3420 w 3000K
F40T12 40 24,000 3600 3420 ow 4100K
F40T12 40 24,000 2450 3280 D 5000 K
F34T12 Bl 20,000 2800 2660 w 3000K
F34T12 Bl 20,000 2800 2660 ow 4100K
F34T12 24 20,000 2650 2520 D 5000 K
Fa0T1Z 40 20,000 3200 3040 ww 3000K
Fa0T12 40 20,000 3200 3040 ow 4100K
Fa0T12 40 20,000 3050 2900 D 5000 K

CW Cool Whitewith higher content f blu, used with higher levelsofillumination.

W Warm White with more ed. Tends to “match” incandescent,

0 Daylight

Source: Adapted from data from various manufacturers of fluorescent lamps.
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Standard Incandescent

Average | Initial | Lumenst
Watts | Life(hrs) | Lumens | perWatt | Shape®
6 1500 w 73 56
10 1500 80 80 s1
15 2500 126 84 Al5
2 2500 235 94 A9
2 1000 0 136 A9
“ 1500 455 114 A9
50 1000 540 108 A9
60 2500 750 125 A9
60 1000 870 145 A9
75 750 1190 159 A9
100 1000 1280 128 a2l
100 750 1750 175 A9
150 750 2880 192 a2l
200 750 4000 200 A3
200 750 3710 186 PS30
200 750 6110 204 PS30
500 1000 10850 217 PS35
75 2000 80 107 BR-40
100 2000 935 94 BR-40
150 2000 1500 100 BR-40

Halogen Incandescent

Average | Initial | Lumens®
Watts | Life(hrs) | Lumens | perWatt | Shape®
50 2500 860 172 A9
60 3000 95 161 A9
75 3000 1330 177 A9

100 3000 1800 180 A9
150 3000 2850 190 A9
60 2500 750 125 BR30
75 2500 1020 136 BR30
75 2500 1050 140 BR-40
100 2500 1500 150 BR-40
75 2500 1040 139 PAR38
100 2500 1500 150 PAR-38

*Efficacy, i lumens per watt ncreases with wattage.
“Bulb designation in whichth lters efrt the shape f the bub and
numbers referto the size in */gth inch unts. An A-19 bulb has a diameter of 2%/
.
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Approx. Lumens

Max.Length | Average
Nominal Watts* ANSI Code Bulb (inches) Life (h)® | Initial Mean | Efiicacy”
Clear Lamps
50 o SEBMS-50 Tl 24000 3300 2970
50 co | seswrso Tl 24000 3150 2835
70 o SEZME-T0 Tl 24000 5800 5220 8
70 co | sewr7o Tl 24000 5400 4860 5
100 oL | ssiselo0 Tl 24000 9500 8550 23
100 Co | ssamcloo 7 24000 8800 7920 61
150 o | sssclso Tl 24000 16000 14400 7
150 co | sssmp1s0 Tl 24000 15000 13500 7
250 cL | ssovazs0 D 24000 27500 | 24750 %
250 Co | ssovczs0 9 24000 26000 | 23400 85
00 cL | ssiwaz0 D 24000 50000 | 45000 104
00 co | ss1ws400 1% 24000 7500 | 42750 %
1000 552X8-1000 1875 24000 140000 | 126000 124

“CL refers o clear, while CO efers to coated.

“Based on 10 hours minimum per tart.

*Initial efficacy or lumens per watt (LPW) includes the wattage of the ballast.
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Approx. Lumens

Average
Nominal Watts Description Bulb Life (hr) Tnitial Mean Efficacy®
Standard Design Lamps
175 Clear 8728 7500 14500 10800 7
175 Phosphor Coated [ 7500 14500 10200 71
250 Clear [ 10000 20000 17000 73
250 Phosphor Coated [ 10000 20000 17000 73
400 Clear [ 15000 35000 27600 79
400 Phosphor Coated [ 15000 35000 E 7
1000 Clear [ 18000 110000 88000 100
1000 Phosphor Coated BT-56 18000 110000 85000 100

High-Output Lamps
175 Clear [ 10000 15500 12000 8
175 Phosphor Coated [ 10000 15500 11000 8
175 Phosphor Coated [ 10000 14000 10000 69
250 Phosphor Coated [ 10000 21000 16000 75
400 Clear [ 20000 39000 31000 89
400 Phosphor Coated [ 20000 39000 30000 89
400 Phosphor Coated 15000 37000 28000 &

sEfficacy or lumens per watt (LPW) includes the wattage of the ballast.
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Approx. | Lumens.
Nom. Watts ANSI Code Bulb | Max. Length (inches) | Averagelife (hr) | Initial | Mean | Efficacy®
Clear Lamps
100 H38HT 100 23, 7 24000 850 | 3120 34
100 H38LL-100 A23 5he 18000 3700 3000 32
175 H39KE 175 £28 8l 24000 7950 | 7470 a1
250 H37KE-250 £28 8l 24000 11200 | 10300 =
400 H33CD-400 E37 1% 24000 21000 19100 48
1000 H3BGV-1000 BT 56 157, 24000 57000 | 48400 52
Deluxe White Lamps—Phosphor Coated

) HASAY-40/DX E17 5he 16000 1140 910 23
E) HABAY 50/DK £17 B 16000 1575 1260 2
i3 HAAV-75IDK £17 5he 16000 800 | 2250 2
100 HIBAL000X | E23), 7 24000 4200 | 3530 £
100 HIBMP100DK | AZ3 B 18000 2000 | 3040 El
175 H39KC-175/DK £28 8l 24000 800 | 7650 w
250 H37KC-250/DK £28 B 24000 12100 | 10400 2
40 H36L400/DK £37 151, 24000 22500 | 19100 51
1000 H36GW1000DK | BT 56 1546 24000 63000 | 47500 57
‘Warm Deluxe White Lamps—Phsphor Coated
175 HIKC17EWDK | E28 8l 24000 6500 | 5760 34
250 HITKCZ50WDK | E28 8l 24000 9500 | 7600 E
400 H33GL-400WDX E37 1% 24000 20000 16400 46
1000 H35GW-1000WDX | BT-56 15'% 24000 58000 | 30440 52

*Efficacy or lumens per watt (LPW) includes the wattage of the ballast.
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Lamp Average | Initial | Lumens®
Type Watts | Life (Hrs.) | Lumens | per Watt
Mercury Vapor
HASAV-R75X 75 | 16000 I E]
HIRIARI00WDX | 100 | 24000 I E)
HIOKCRI75DX | 175 | 24000 800 | 44
HI3GLRAOUDX | 400 | 24000 | 22500 | 51
H36GW-R1000/DX | 1000 | 24000 | 63000 | 57

Metal Halide
Metalrc 175 | 7500 | 14000] 69
Super-Metalarc 175 | 10000 | 15000 77
Metalarc 00 | 1500 | 3000 77
Super-Metalarc 00 | 2000 | 40000] a1
Metalarc 1000 | 12000 | 110000 | 100
High-Pressure Sodium
Lumalux 150 | 24000 | 16000] 79
Lumalux 400 | 24000 | 50000 | 104
Lumalux 1000 | 24000 | 140000 | 124

*Includes wattage for both lamp and ballast.
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‘Travel Distance
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Educational 2 20 150 20
Health Care 0 £ N 20
Residental

Hotls and Dorms. 3 0 175 a5

Apartments 3 50 175 525

One-and Two-Family NR NR N7 N7
Mercantic 2 % 100 20
Offce 2 50 200 300
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Normal Recommended
Building | Passenger | CarTravel | CarSpeed
Tyve Load per Car (0] (FPM)
<10 100-150
100 200
125 00
offce 1220 150 200
175 50
250 &0
350 700
350 1000+
<l 100-150
Mercantie 1620 100 20
150 3%
<10 100-150
100 200
125 00
Apartment 613 150 350
175 00
250 50
350 700
350 1000+
125 350
200 50
Hotel 102 250 &0
50 700
350 1000+
<10 100-150
Hospital =2 100 200
150 30
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Common Path Limit Dead-End Lim Travel Distance Limit
Unsprinkled | Sprinkled | Unsprinkled | Sprinkled | Unsprinkled | Sprinkled
Type of Occupancy [0 [0 () [ () [
Assembly
New 2075 2075 20 0 150 200
Existing 2075 2075 20 £ 150 200
Educational
New 75 75 20 0 150 200
Existing 75 75 20 0 150 200
Day-Care Center: New NR NR 20 0 150 200
Day-Care Center: Existing NR NR 2 £ 150 200
Healtn Care
New NR NR 20 0 NA 200
Existing NR NR NR NR 150 200
Ambulatory Care: New NR NR 20 EY 150 200
Ambulatory Care: Existing NR NR 50 50 150 200
Detention and Correctional
New I, 1, IV 50 100 50 50 150 200
NewV 50 100 20 0 150 200
Bxisting I, I, IV 50 100 NR AR 150 200
Residential
Hotels and Dormitories: New 35 50 35 50 175 a5
Hotels and Dormitories: Exiting 35 50 50 50 175 )
Apartments: New 35 50 35 50 175 35
Apartments: Existing 35 50 50 50 175 35
Board and Care
Small, New and Existing NR NR NR NR NR NR
Laree, New NA 125 NA 50 NA a5
Laree, Existing 110 160 50 50 175 E
Lodging and Rooming Houses NR NR NR NR NR NR
One- and Two-Farmily Dwelings NR NR NR NR NR NR
Mercantie
Class A, B, G: New 75 100 20 50 100 200
Class A, B, C: Exsting 75 100 50 50 150 200
Mall; Open Alr NR NR o 0 NR NR
Mall: Covered
New 75 100 20 50 100 00
Existing 75 100 50 50 200 400
Business:
New 75 100 20 50 200 200
Existing 75 100 50 50 200 200
Industrial
General 50 100 50 50 200 250
Special Purpose: 50 100 50 50 300 00
High Hezard 0 o 0 o 75 75
Alcraft Servicing: 50 50 50 50
Hangars: Ground Floor
Hangars: Mezzanine Floor 50 50 50 50 75 75
Storage:
General: Low Hazard NR NR NR NR NR NR
General: Ordinary Hazard 50 100 50 100 200 400
General High Hazard o 0 o 0 75 75
Parking Garages
Open 50 50 50 50 200 200
Enciosed 50 50 50 50 150 200
Altcraft Storage Hangars:
Ground Fioor 50 100 50 50
Mezzanine Floor 50 75 50 50 75 75
Underground Spaces In Grain Elevators 50 50 NR NR 200 400

NR-no requirement.
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Maximum Travel Distance from Most Remote Point Down Exit Way (Corridor)
to Nearest Exit Enclosure

Sprinkled Unsprinkled Sprinkled Unsprinkled

Occupancy ] (&) (&) (&)
Assembly 250 200 200 150
Business 250 200 300 200
Educational 250 200 200 150
Factory and Industrial 250 200 250 200
Factory and Industrial, Low Hazard 100 200

Hazardous Occupancies Consult BOCA National Bldg Code 7 7
Insttutional, Residential Care 250 200 200 150
Mercantile 250 200 200 100
Mercantle, Enclosed Shopping Malls 200 Not Permitted n the Mall 400 100
Residental, Holels 250 200 325 175
Residentia, Multfamily 250 200 325 175
Residential, One- and Two Farmily 250 200 NR NR
Storage, Moderate 250 200 400 200
Storage, Low 00 500 NR NR
Open Parking Garages 250 200 300 200

NR — no requirement.
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Type Rise (ft) ‘Speed (FPM) Control Initial Cost Operating Cost Performance
Gearedac 0 150350 Thyistor Medum Medium Fair
E 150450 WWF Hgh Low Excelent
Gearedde 175 50450 [ Figh High Excelent
20 50450 Thyistor Medium Low Very good
Gearkessde Unlimited 2001200 umy High High Excelent
Thyistor Medium Low Very good
Gearkssac Unlimited 4002000 wWr Wedum Low Excelent
Hydrauic & Hydrauic Low High Fair

Pump.






OEBPS/images/ch11fig036.jpg





OEBPS/images/ch11fig035.jpg





OEBPS/images/ch11fig034.jpg





OEBPS/images/table13008.gif
Width per Occupant

For Doors, Corridors,

and Ramps stairs
Use Group Occupant Load: Square Feet per Occupant s u s [ u
A-L: Assembly, Theaters ‘Actual Number of Fixed Seats 015" 0z |0z [0z
A-2: Assembly, Night Clubs, and Similar Uses | 15 Net 015" 0z |0z |03
A3: Assembly 7 Netfor Lecture Halls 015" 0z |0z |03
15 Net for Exnibition Hells
Ad: Assembly, Churches 18" of Pew Space per Occupant 015" 0z |0z | oz
A-5: Assembly, Outdoor 18 o Blescher Space per Occupant 015" 02 |02 | o3
B: Business 100 Gross 015" 02 [0z [ oz
£ Educational 20 Net for Ciassrooms 015" 0z |0z [ o3
50 Net for Workshops
-1 Factory and Industrial 100 Grass 015" 0z |0z [0z
F-2: Factory and Industrial Low Hazardous 100 Gross 015" 02 |02 |03
H:_Hazardous Occupancies See BOCA National Building Code 02" Ne |03 | N
-1: Insttutional Residential Care Sleeping Areas: 120 Gross 0z 0z |0z | o4
Treatment Arezs: 240 Gross
1-2: Insttutional Incap. same 02" 07 | oz | 107
13: Insttutional Restrain. same 0z 0z | oz | o3
M: Mercamtie Basement and Ground Floor: 30 Gross 015" 0z [0z [0z
Other Floars: 60 Gross. Storage,
Stock, and Shipping: 300 Gross
M: Mercantie Enclosed Shopping Mall See BOCA Netional Buiding Code 015" Ne | oz | NP
R-1: Residental Hotels 200 Gross 015" 0z |0z [0z
R-2: Residental Multfamly same 015" 0z |0z |03
R-3: Residnetial One-and Two-Family same 015" 02 |02 |03
s Storsge 300 Gross 015" 02 [0z [oz
Open Perking Garages 200 Gross 015" 0z |02 | o3

S, sprinkled: U unsprinkled: NP. not permitted.
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Volt-Amperes per Square Foot

iscellarmous Air Conditioning
Tyve of Occupancy Lighting |~ Power | Electric | Nonelectric
‘Audtorim

General 1020 00 1220 5080

St 2040 05 - A
At Galery 2040 05 57 2032
Bank 1525 05 57 2032
Cafeteria 1018 05 =) 2545
Church, Synagogue, Mosque 1030 05 57 2032
Computer Area 1221 25 1220 5080
Department Store

Basement 3060 15 57 2032

Main Fleor 2035 15 57 2032

Upper Fioor 2035 15 57 2032
Dweling (Not Hotel)

G300 50 05 - -

3001-120,000 72 20 025 - -

Abave 120,000 2 Lo 015 - -
Garage (Commercia) 05 015 - -
Hospital 2030 10 57 2032
Hotel

Lobby 1030 05 58 2035

Rooms (No Cooking) 1035 05 35 1525
Incusrial Loft Buiding 1620 10 - i
Laboratoies s040| s00 | el 2545
Library 1535 05 57 2232
Medical Certer 2040 15 a7 1532
Motel 1025 05 z A
Offce Bulding 1535 15 a7 1532
Restaurant 1525 | 02 610 2545
Schaal 1535 15 355 1522
Shops

Barber and Beatty 3050 10 59 2040

Dress. 2050 05 59 2040

Drug 2030 05 a7 2040

Fiveand Ten 2030 05 a7 1532

Hat, Shoe, Specily 2030 05 a7 1532
‘Warehouse (Storage) 03 = - Z
I the Above, Except Single Duelings:

Hal, losets, Corricors 05 - - -

Storage Spaces 025 - z z
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Direct Dollar

Year Fires Deaths % Injuries % Loss in Mi %
1399 583,00 2920 2% 16425 75% 5092 5%
2000 57550 3445 5% 17400 8% 674 B
2000 396,500 3180 B 15575 7% 5643 1%
2002 01,00 26% 0% 14,050 76% %055 %
2008 02,00 3165 s1% 14075 8% %074 %
2001 41050 3225 &% 14175 9% 5948 1%
2005 596,000 305 &% 8% 7% %875 %
2006 1250 2620 a1% 1292 9% %90 2%
2007 14,00 28% 8% 14000 9% 57.5% =%
2008 403,00 2780 8% 13560 s1% 8550 %
“Average 399,800 2,994 7% 14,601 7% $6.445 %






OEBPS/images/ueqn12006.gif
26,40V —-A
a0V =75 = 137.6amps





OEBPS/images/ch11fig028.jpg





OEBPS/images/table13005.gif
Exisitng Stairs

New Stair Class A Class B
Winimum Wicth Clar of Al Obstructons”
Total Gecupant Load? = 50 or More A ain, aain,
Total Occupant Load® = Less Than 50 6in 36in. 36in.
Mamum Hoight of Risers 7in T &in
Winimum Helght of Risers in
Mirimum Tread Depth Tin 10in Sin
Minimum Headroom Gnen GhEn Ghem
Waimum Haight between Landings 120 [ 20

Minimum Dimensions of Landings i the
Direstion of Travel

Equalto Widthof Sar, Wih 2 Sl

"ris Need Not Exceed 41

ight Sai Fur,

Doors Opening Immedately on Sais, wihout
a Landing a Leastthe Width of the Door

No

No

No

*A3,-inch proection at and blow the handrail s alowed.

d0ccupant load includes all floors served by the stair. There isno decrease in dimensions in the direction of travel.
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Egress Width per Person

Doors, Corridors
Horizontal Exits,

Occupancy Occupant Load (sq f Ramps stairs.
Assembly
Less Concentrated Use without Fixed Seating 15 Net (1L4) 02 03
Concentrated Use without Fixed Seating 7 Net (065) 02 03
Fixed Seating Actual Number of Seats 02 03
Educational
Classrooms 20 Net (19) 02 03
Shops and Vocational 50 Net (4.6) 02 03
Care Centers 35 Net33) 02 03
Health Care NS AS NAS S
Sleeping Departments 120 Gross (11.1) 05 02 05 03
Treatment Departments 240 Gross (22.3) 05 02 05 03
Residentl 200 Gross (186) 02
8oard and Care 200 Gross (186) 02 03
Mercantle
Street Fioor and Sales Basement 20 Gross (3.7) 02 03
Multiple Street Floors (Each) 40 Gross (3.7) 02 03
Other Floars 60 Gross (5.6) 02 03
Storage — Shipping 300 Gross (27.9) 02 03
Mals See NFPA Code
Business 100 Gross (9.3) 02 03
Industrial 100 Gross (9.3) 02 03
Detention and Correctional 120 Gross (11.1) 02 03

NAS, o area sprinkle; S, area sprinkler

Source: Adapted from NFPA 101 from the Fir Prtection Handbook, 16th ed. © 1997, Natonal Fire Protection Associaion, Quincy,

MA. 02269,
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Stairs at 0.3 Inch

Other at 0.2 Inch

per Person per Person
221inch Unitof Ext 73 Persons 110 Persons
12inch Fractional Unit | 40 Persans 60 Persons
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Typical Circuit Circuit
Connected Breaker on
Appliance Voit-Amperes® Volts Wires orFuse Outlts
Kichen
Eectric Range 7500 120280 3 08 1
Elctric Coaldbop 4000 120240 3410 08 1
Broller 2500 120240 302 204 1
Wall Oven 000 120240 3410 08 1
Wall Overs - Dautle: 7500 120240 3 oa 1
Microvave 1200 120 2412 08 TorMare®
Dishwaser 1200 120 2012 08 1
Waste Disposer 500 120 2412 208 1
Refrgerator 750 120 2412 208 1
Freczer 500 120 2012 08 g
Caffee Maker 1000 120 2412 208 1
Toaster 1100 120 2412 208 1
Toaster Oven 1250 120 2012 08 1
Miscellaneaus Poner Z 120 2412 04 2Cireuts Reg
Launcry
Clothes Washer 350500 120 2012 04 1
Elctric Cothes Dryer 5000 120280 3410 08 1
Gas Clothes Dryer 350 120 2412 204 LorMore
Hand rananer 1650 120 2412 08 Lor More
Liing frea
Werkshop 1500 120 2412 204 LorMore
Portable Heater 1800+ 120 2412 204 1
Laptop Computer 50 120 2412 04 LorMore
Computer and Moritor 300 120 2012 08 1
Audio Center 20 120 2412 208 LorMore
DVD or VCR Player 5 120 2412 204 Lor More
Televiion 200 120 2412 04 Lor More
Fhed Utites
Fied Ughting 1200per 4005 t 120 2014 204 1per 400sg
1800per 6005 t 120 2012 04 1pers00sg
Gentral Air Cancifring 1000 per fon 120200
For 2000.5q f Residence 5000° 120240 3410 E 1
Uit Ar Canditoners
“Lbnor 1hp 1200 120 2412 04 1
>Ltonor L p 1600 120280 3412 208 1
Heatig Plant (Furriace) 600 120 2412 208 1
Elctric Hot Water Heater 4000 120200 3410 Ery 1
Attic Fan 500 120 2412 208 LorMore

SWheneve pssibl,us the manufacurer's quipment ratings
b it in, e micrwave should be on it o it

“ separatecircuit s recommended to avidpoental veload,causing destructon o ontnts.

Wik sparae ciuit s tl recommended, both arefigeraoranda feszr might b connectd o the same cirui.

#Based on a 5-ton cooling load. determined at 400 square feet per ton. With an efficient design. this can be reduced.
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Year | Fire Fatalities
1871 | Great Cnicago Fir, Cicago, linois 2501
1871 | Peshigo ForestFire, Northeast Wisconsin (+16 Towns Destroyed and 1.2 Millon Acres Scorched) 1152
1876 | Corway's Theater, Brookiyn, New York. =5
1503 | Chicago roquois Theater, Chicag, linols &z
1506 | San Francisco Earthquake and Fire, San Francisco, Calfornia 700500
1508 | Lakeiew Grammar Scha, Colinwcod, Oio 75
1508 | Rhodes Opera House, Bayertown, Pennsyharia 70
1911_| Trangle Shrtwaist Company , New York, New York. 145
1525 | Clveland Clini Hosgial, Cieveland, Ohio 125
1525 | _Eddystare Ammuniion Co. Plant Explosion, Ecystone, Pennsyharia )
1530 | Ohio Stat Penfentary, Calumbus, Ohio )
1537 | Consolisated School Exploson, New London, Texas. B
1540 | Rnythm Night Cub, Natchez, Missisippi 207
1542_| _Coconut Grove, Boston, Massachusets 52
1544 | Ringling Brothers and Bamum and Balky Circus Fire, Hartord, Connectiout 163
159 | Winecoff Hote, Atlanta, Georgia 19
1958 | Our Lady of the Aneels School,Chicago 5
1577_|| Beterly Hils Supper Ciub, Covington, Kentucky 165
1560_| MGM Grand HoteVCasino, Las Vegas, Nevada &
1950 | Happy Lands Social Glub, Bron, New York. el
1995 | Afred P. Murrah Federal Buiking Explosion, Okiahom Gty Okahoma 163
2001 | The Word Trade Center, New Yerk, New York 752
2003 | The Station Nightclub, West Warwick, Rhode Island 100
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Fatalities | Fire Year
2752 The Workd Trade Center, New Yark, NewYark 2001
152 Peshtigo Forest Fire, Northeast Wisconsin (+16 Towns Destroyed and 12 Millon Acres Scorched) | 1871
700800 | San Francisco Earhquake and Fire, San Franciseo, Calforia 1506
ER Chicago Irequois Theater, Chicago, linois 1505
a2 Coconut Grove, Boston, Massachusetts 1582
B hio State Pententiary, Columbus, Ofio 1530
4 Consalidated School xplosion, New London, Texas 1557
55 Cormay's Theater, Brookiyn, New York 1676
201 Great Chicago Fire, Chicago, lincis 1671
27 Rhyihm Nigh Club, Natchez, Mississippt 1580
175 Lakeview Grammar Schod, Collrweod, OFio 1508
170 Rhodes Opera House, Boyertonn, Pennsyivania 1508
168 Ringling Brothers and Bamum and Baiky Circus Fire, Hartford, Connectiut 199
168 Alfred P. Murrah Federal Bulding Explosion, Oklahorma Giy, OKiaoma 1995
165 Beverly Hils Supper Club, Covington, Kentucky 1977
145 Triangl Shirwaist Company, New York, New York 1911
153 Eddystons Ammunition Co. Plant Explosion, EQystone, Pennsyhvania 1929
125 Cleveland Cinic Hospita, Cleveland, Ohic 1929
19 WinecoffHotel, Atnts, Georga 159
10 The Sttion Nightlub, West Warck, Rhode Isind 2003
5 Our Lady of the Angels School, Chicago 1955
& Happy Lands Social Club, Bron, New York 1550
3 MGM Grand HotelCasino, Las Vegas, Nevada 1980
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Direct Dollar

Year Fires | Deaths | njuries | Loss in Millions
199 | 1823000 | 3570 | 21875 10024
2000 | 1708000 | 4045 | 22350 siL207
2001 | 1734500 | 619 | 21,100 544023
2002 | vea700 | 3380 | 18425 510337
2008 | 184500 | 3925 | 18125 $12.307
2004 | 1,550,000 | 3900 | 1787 59794
2006 | 1602000 | 3675 | 17925 10672
2006 | 1642500 | 3245 | 1640 11307
2007 | 157,500 | 3430 | 1767 s1463
2008 | 1451500 | 3320 | 16705 15478
Average | 1,634,150 | 3,869 | 18,846 $14,979
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Vertical Panels
Description Winter Summe: Inerior
Fla Glass
Singe Glass 110 108 073
Insulting Gass — Doube
0.1875n.ar space 082 065 051
025.in.ai space 058 061 049
051 ai space 049 0% 046
0.54n.ai space,low emitance coating
#=020 o - 03
£=040 038 045 038
=080 L 051 2
Insulting Giass — Triple
025-in.ai space 039 044 038
051 ai space 031 039 030
Storm Windows — L. 10 4. airspace 050 050 044
Plastc Sheet — Single
0125, thick 106 098 -
025, hick 0% 08 £
05n. thick o8l 076 -
Plastc Sheet — Double
025-n. thick 055 056 =
051n. thick 043 05 -
Glass Block
6x 6 x din. thick 060 057 046
8 58 x din. thick 056 054 044
with cavty dvider 048 046 038
12 x 12 x 4. thick 052 050 041
with cavty dvider 044 042 0%
12 x 12 x 124n. hick 060 057 046
Horizontal Panels Exterior
Description Winter Summe: Inerior
FlatGlass
Singl Glass 123 083 0%
Insulting Gass — Doutie
0.1875-n. ar space 070 057 o082
025 i space 065 054 059
05:n.ai space 059 049 0%
0.5n.ai space,low emitance coating
020 048 036 039
040 052 042 045
060 056 046 050
Glass Block
11 x 11 x 3in.thick
with Cavty dvider 053 035 004
12 x 12 x dan. thick
with Cavty dvider o051 034 042
Plastc Domes
Single—walled 115 080
Double-walled o7 046
Adjustment Factors to Multiply by Which to Above U Values
Single Storm
Description Glass Windows
‘Windows
AlGlass 100 100 100
Wood Sash — 80% Glass 0% 095 0%
Wood Sash — 60% Giass 080 085 080
Metal Sash — 80% Giass wit thermal break 0% 100 100
Metal Sash — B0% Giass wi thermal break 100 120 120
Sicing Patio Doors
Wood Frame 095 100 &
Metal Frame withthermal break 0% 100 =
Metal Frame wio thermal break 100 110 -
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‘Seconds for Express Run Car Speed

Floors | 500 | 700 | 1000 | 1200 | 1600 | 2000
5 | 84| 60| a7 | 43 | 41| a1
6 |01 ] 72| 55 | 50 | 46 | 4s
7 |18 | 84| 64 | 57 | 51| s0
5 |13 ] 96| 72 | 6a | 56 | sa
s |51 |08 s0 | 71 | 82 | ss
10 | 168 | 120 | &9 | 78 | &7 | 63
1 |15 | 132 | o7 | 85 | 72 | &7
12 | 202|144 | 106 | 92 | 77 | 1
13 | 218 | 156 | 114 | 95 | &3 | 78
14| 235 | 168 | 122 | 106 | 88 | s0
15 | 252 | 180 | 131 | 13 | 93 | 84
16 | 269 | 192 | 139 | 120 | 98 | 88
17| 26 | 204 | 148 | 127 | 104 | s2
15 | %02 | 216 | 156 | 134 | 109 | se
15 | 319 | 228 | 164 | 141 | 114 | 101

2 |36 | 200 | 175 | 148 | 1s | 105
2 | - |0 215 | 183 | s | 126
0 | - |0 %7 |28 | 12 | 147
3 | - |40 29 | 253 | 198 | 168
w0 | - |80 | 21 | zs | 224 | 19
@ | - | - | ®s | w3 | 1| a0
50 | - | - | @5 | ms | 27 | o
5 | - | - | %7 | 2 | w3 | =2

| mos | @28 | 329 | 213
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Approximate Shaft Size

Elevator Car Capacity

Type () Widin Dept
1200 55 500
200 78" X

Tract 250 2 e

taction e B 7ar
3500 s a0
2000 100 s
1500 55 I
200 78 500
250 2 Er g

Hdraulc 2000 e g0
3500 a8 700
2000 23 720"
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Size” Inside Car Dimensions | Opening Size | Hoistway Size | Overhead Machine Room Size
ofCar | Speed [ A | B | o | W | H | X 7] MY [ e
() | (vmin) | fein. | fein. | fein. | fin | fein. | fein. fin. fin._| ftin.
a0 22 | 79 | | 7 |25 | a7
500 22 | 7o | e 27"
&0 28 [ 7907 | 197 2810
2w | 0 | w3 |anr |7 | zar | e | 2w | 730 | 20000 2810
500 2w | wor | 200 10
1000 27 | wor | 2 292"
1200 | wo | a5 2927
1400 2w | w2 | a1 292
a0 AR AERR 2rar | 7
00 2 | 7 | ge 271 | 2
&0 207 [ 7907 | 1987 w7 | o
200 | 700 | s e | 7 | e 207 [ 7307 | 20107 7 | 200
500 27 | wor | 2mi0 w7 | 2810
1000 w7 | mor | 2 22 | 292
1200 o | mor | avs 2920 | 292
1400 257 | w2 | esln 292 | 296
a0 6 | 79 | 7 29107 | 2877
50 w1 | 7o | s 29107 | 287"
o0 267 | 790 | 196 29107 | 87"
som | 00 | &7 |4 |7 | w | e |27 | 7a0r | 20m0r w2 | 2w
500 257 | mor | 20 s | 20
1000 o5 | mor | 302 | w2
1200 267 | wor | o5 w2 | 292
La0o 7 | w2 | a1 sz | v
a0 51 | 56 | 17 29107 | 02"
500 w1 | wer | lmer 2910 | 3027
&0 a7 | we | 198 20010 | 3027
w0 | 0 | &7 | s |7 | w7 | e |7 | s | 20 02 | e |10
£00 267 | g0 | 220100 02 | 30 [ om0
1000 27 &0 | 21 2 | 300 | o0
1200 o g0 | avsr 302 | 300 | 105
1400 277 | vor | senie v | v | 1o






OEBPS/images/table14022.gif
usize” Inside Car Dimensions | Opening Size | Hoistway Size | Overhead Machine Room Size
of Car A [ 8 Jon | W] R X v on VX | WY | WH
(Ib) fein,_ | fein. | fin. | fein, | fein | fein. | fein | fein. fin. | fin. | ftin.
w7 | 79 | 17 w16 | 82

1w | 7o | eer 1w |16 | e

2000 s g |79 |3 | g | we | 700 | 19 w8 [ 150 | g2
1w | 7307 | 20m100 1w |15 | 52

1w | wo | 22nior ige |16 | s

5 | 7o | we |16 | 82

5y | e | e 1o [ 150 | a2

2500 | oo | s | a7 |3 | e | 16 196" 00 | 169 | g2
700" 163 20110 wo |16 | 82

800" 163 200 00 | 169 | w2

200 73 A 012 | 165 | s

500" 173 s 012 | 165 | w2

w00 | 6o | &7 | a7 77 e | o | ora | eer [ s
700" 7 [ 790 | 200 | 100 | 2var | 189 | s

00 o | v | 2ar |y | aa |16 | s

200 7y |86 | v | 7v | oz | 17| 82

500" 7w | ee | e | g2 |20 | 70| s

s | e |7 | ve |7 s [ en | 177 | se | 9 | ow [ 2va |17 | s
700" | sw | o0 |00 | ovar |17 | g2

800" 177 | g0 | 2o |3 | avw |1 | e
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Winter Summer
No [ Wood | Metal | No

Door Stom | Stom | Storm | Storm
Thickness | Description Door | Door | Door | Door
1 in.__ | Hollow-core lush wood dor 047 | 030 | om | oss
1% in.__|_Sokd-core, fush wood door 0% | 0% | oz | o3
1% in.__|_Pancl wood doorw 7/ n panels 05 | o3 | ox | om
Tin. | Hollowcore, flush wood doar 0% | 02 | o0x | o4
wih snge gazing @ 17% opg 0% | 03 | 0% | os

T, | Sokdcor, fush wood door 03 | oz | 0z | ox
‘Wi singe glazing @ 17% opg 0% | 02 | ox | o

Wi insuiated gazing @ 17% oy | 02 | oz | 0%
1% in.__|_Stee door it ierglass core 060 = = =
T9in.__| _Stee door it pager honeycomboore | 056 - = B

T in. | Steeldoor i sokd urthane oam core

without thermal break 040 - = =
Wit thermal break o019 = = =
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Unit Size Maximum
(in) Type Supports Rise (1)
52 z
Stanvard Ends
48 15
52 Ends E)
Stanvard pus.
48 Center B
52 2
Heawy ends
48 18
52 Ends ©
Heawy P
a8 Center 2
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9:0"

T~ WINDOW=0.61 SC=0.81
13" SOLID WD. DOOR

42" x 20" EDGE INSUL.

BUILT-UP ROOFING
/ %" PLYWOOD DECK
9'/2" BATT INSULATION
* 4" T&G WOOD

WINDOW=0.61 SC=0.81

%" T&G WOOD

51z BATT INSULATION
1" STYROFOAM

112" PLYWD. SHEATH
3" T&G WOOD
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Size | Tread Width | Speed |  Maximum® Nominal’® | Observed®
(in) (in.) (FPM) per Hour per Hour per Hour
% E 5080 @ 016
2 100 s550 a1z 23
2 120 6750 5052 2700
0 £ sl 075 080
0 100 som &% 4500
w0 120 10800 8100 5400
Tread Width | Speed | Maximun® NominaP | Observed®
(in.) (FPM) in5 min in5 min in5 min
E % E 320 15 168
2 2 100 4t 8 185
2 2 120 562 a2 225
r 0 £ &75 505 e
a8 0 100 750 52 575
a8 w0 120 o0 &5 50

Theoretical marrum,

"Hoany luading, based on 75% fth theoretcal maxinum.

“Tyical observed loading.
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Length of Speed Ride Time
Rise (1) Run (R) (FPM) (sec)
10 » 100 12
B [ 100 %
) ® 100 %
) £ 100 )
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Pallet Width

Angle of ncline (in) Ramp Speed (FPM)
o3 Wak E 100 | 130 | 150
o 100 | 130 | 150
107, 117, 12° Ramp & %0 | 100 | 130
2 100 | 130 | 150
0 %0 | 10 | 130
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Net Usable Area as

Building Height Percentage of Gross Area
O10Fiors | Floors | 110 | Approvimately 80%
C20Fors | Flears | 110 | Approrimately 75%
1120 | Approximately 80%
0S0Fiors | Flears | 110 | Apprarimately 70%
1120 | Approxmately 75%
2130 | Approdimately BO%
O40Fiors | Flears | 110 | Approrimately 70%
1120 | Approximately 75%
2130 | Approsimately B0%
3140 | Approximately 85%
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Large or
Small | Average) | Prestige | Service
Building Class: | (FPM) | (FPM) | (FPM) | (FPM)
Office uildings
UpbsFiors | 200 | 300400 | 400 [ 150200
5010Fos | 400 | 400 50 00
10015Fears | 400 | 500 50 20
15025 Foors | 500 | 700 700 50
3 Foors | - 1000 1000 50
SwasFoos | - |1000020 | 1200 | 700
5we0Fkors | - | 12001400 | 1400-1600 | 500
Over 80 Floors - 100 | 800
Stores
2b5Fears | 150 | 200 1 | 150200
50l0Fs | 400 | 400 50 200
1ow15Fears | 500 | 500 | w700 | 400
Garages
2b5Fears | 20 | 200 E -
50l0Fs | 200 | 300 a0 z
10w15Fears | 300 | 300 50 -
Residential | Hotels and Motels | Apartments [ Domnitories
2106 Floars 150 150 150
112 Flors Eed 0 20
12020Fears | 400500 00 00
20t 25 Floors 50 50 500
25t 30 Floors. 0 50 700
0wa0Foorst | 7001000 | 700-1000 | 700-1000
20050 Floors® | 1000-1200 | 1000-1200 | 1000-1200
Nursing
Institutional _| Hospitals | Homes | Courthouse | Museum | Jail
2b6Fears |200400] 200 | 400 | 40 |20
hlzFloos (400500 400 | S0 | 500 (400
12020 700 | s | 700 | 700 [s00)
0t2sFoors| B0 [so0-700| B0 B
251030 Fors| 1000 | - 1000 -

SFr buldings ofhis height, diision nt ones with a epressun should e
coneidornd
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Small | Average Large or
() () Prestige (1b)

Office Buildings

Downtonn 2000 3500 4000

Suburban 250 3000 3500

Professional 2500 3500 000
Stores 3500 350 4000
Garages 2500 3000 3500
Industial 2000 4000 4000
Residental

Hotel 3500

Moel 25003000

Apartments 2500

Domitories 5000
Instituioral

Hospitls s000

Long ferm Care: 3500

Schoals 5000

Courthouse: 4000

Museum 5000

Sports Arena 5000

Jail

3500
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Run Heights

Each Aditional

Boaorspeed | 9 | 10 [ 1 | 12 [ 13 | 14 | 15 | 20 | 30 ion
00w 75 | 52 | ®s | o4 | w0 | we | nz | we | w2 50
50 rPM 67 | 1 [ o5 | e | e [ e | 1 [ | m 20
i a8 w0 [ &1 | s 5i | se | &7 | e [ 70 15
E [ - |4 [as [ a5 | a6 | a7 | w2 | ea 2
0o T s [ [ [ as [ wr | w2 [ w 3
000 e T s [as | as | as | a7 | w2 | s o

Mo The e 1ot o soente o1 100 FPH amd 190 P melote 075 seoom or toveins Fieoes et mlade 0.5 socond o oveime.
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‘Seconds for Express Run Car Speed

Floors | 500 | 700 | 1000 | 1200 | 1600 | 2000

5 | 60| 43| 35 | 33| 33 | 33

72 | 51| 41 | 38 | a7 | 7

84 | 60| 47 | 43 | 41| a1

3
7

5 | 96| 69| 53 | 48 | 44 | aa
s |08 | 77| 59 | 53 | 48 | a8

10 | 120 | 86| 65 | 58 | 52 | 81

N | 132 ] 54| 71| 63 | 56 | 54

12 | 144 |03 | 77 | 68 | s9 | 87

13 | 156 | 11| &3 | 73 | 63 | 0
14 | 168 | 120 | &9 | 78 | 67 | 63
15 | 180 | 129 | o5 | 83 | 71 | es
16 | 192 | 157 | 100 | 88 | 74 | e9

17 | 204 | 146 | 107 | 93 | 78 | 72

15 | 216 | 154 | 13 | 98 | 82 | 75

15 | 228 | 163 | 119 | 103 | 86 | 78

2 |20 | 171 125 | 08 | 8s | &1

2 | - |eta| 155 | 133 | 108 | 96
0 | - |27 | 185 | 158 | 127 | 11
3 | - |00 215 | 183 | 1as | 126
0 | - |43 | 25 | 208 | 164 | 181
@ | - | - | @5 | 233 | 185 | 16
% | - | - | %5 | %8 | @2 | 1
s | - | - | @5 | 23 | 221 | 188

@ | - | - | %5 | %8 | 239 | 201
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‘Seconds for Express Run Car Speed

Floors | 500 | 700 | 1000 | 1200 | 1600 | 2000
5 | 72| 51| a1 | 38 | a7 | s
6 | 86| 62| 48 | 44 | 41| a1
7 101 ] 72| 55 | 5o | 46 | 4s
5 |15 | 82| 62 | 56 | 50 | s0
s [130] 93| 70| 62 | 55 | 83
10 | 144 | 103 | 77 | 68 | s9 | &7
1 | 158 | 113 | &4 | 74 | 64 | 60
12 | 173 | 125 | o1 | so | 68 | e4
13 | 187 | 134 | o8 | 8s | 73 | es
1 | 202 | 144 | 106 | 92 | 77 | 1
15 | 216 | 154 | 13 | 98 | 82 | 78
16 | 230 | 165 | 120 | 104 | 86 | 78
17 | 245 | 175 | 127 | 1o | o1 | se
15 | 259 | 185 | 134 | 1 | 95 | se
15 | 274 | 195 | 142 | 122 | 100 | 89
0 | 288 | 206 | 145 | 128 | 104 | 93
25 | - |27 | 185 | 158 | 127 | 11
% | - |09 221 | 188 | 19 | 129
% | - |0 7 | a8 | 12 | 147
w0 | - |411| 23 | 248 | 194 | 165
@ | - | - | s | @8 | 217 | 183
5 | - | - | %5 | w8 | 239 | aa
5 | - | - | %1 | 38 | 22 | a8

| 437 | .8 | 84 | 237
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Up-Peak with
Up-Peak | 10% Down | Two-Way
(sec) | Traffic (sec) | (sec)

Commercial Buldings
Muliple Tenant Ofice | 2328 | 2833 3343
SigleTenant Offce | 2025 | 2530 040
Professioral Office: = = 050
Stores - - 050
Parking Garages w050 - 2060
Incustial Buidings | 2530 - 3040

Two-MWay (sec)

Residential Buildings
Hotels and Motls 2060
Apartments 5070
Domitories 5070

nstituions
Hospitls 050
Long ferm Care: 070

Schoals. 050
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Upper

Passengers per Trip

Floors
soved | 2 | 4 | 6 [ 8 [10 ] 12 14 | 16 | 18 | 20 | 22 | 24 | 26 | 28 | 30
2 [ 15|20 | 20 20 [ 20 | 20 | 20| 20| 20| 20| 20| 20| 20| 20
4 2027 |33 58 |39 | 39 | 40 | a0 | a0 | 40 | 40 | a0 | 40 | 40
6 | 20 |32 |40 | 46 [ 50 | 53 | 55 | 57 | 58 | 58 | 59 | 59 | 60 | 60 | 60
8 | 20| 35 |44 |55 |59 |64 | 68| 70| 75| 75 | 76 | 77 | 78 | 78 | 80
10 |20 |54 | 47 |58 |65 |72 | 77 | 82| 85| 88 | 90 | 92 | 94 | 95| a5
12| 20| 35 | 49 |60 | 70 | 78 | &5 | 90 | o5 | oo | 102 | 105 | 108 | 110 | 15
1 |20 | 36 | 50 | 63 | 75 | 85 | 90 | 97 | 103 | 108 | 113 | 115 | 120 | 122 | 125
16 | 20 | 36 | 51 | 65 | 76 | &6 | o5 | 103 | 110 | 16 | 121 | 126 | 130 | 154 | 139
18 | 20| 37 | 52 | 66 | 78 | &9 | 09 | 108 | 116 | 123 | 129 | 134 | 130 | 144 | 150
20 | 20 | 37 | 53 | 67 | 80 | 92 | 103 | 112 | 121 | 128 | 135 | 142 | 147 | 153 | 160
22 | 20 | 37 | 54 | 68 | 82 | 94 | 105 | 16 | 125 | 133 | 1a1 | 148 | 154 | 160 | 170
2 | 20 | 38 | 54 | 69 | 83 | 96 | 108 | 119 | 128 | 138 | 146 | 154 | 161 | 167 | 173
26 | 20 | 38 | 55 | 70 | 85 | 98 | 112 | 122 | 131 | 141 | 151 | 160 | 168 | 174 | 177






OEBPS/images/ch11fig053.jpg





OEBPS/images/table14016.gif
Number of Passengers Entering or Leaving

10[12]14 16 18|20 22| 24 26 28

Lobby Time | 8| 10 | 11| 13 | 14 | 16 | 18 | 20 | 21 | 23 | 24
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Width | Open | Close | Total
Door Type (in) | (see) | (sec) | (sec)
Single-Slide. B3 25 36 66
Two-Spesg E3 21 33 59
Center-Opening B3 15 21 41
Single-Slide. 22 27 28 7
Two-Spesg 22 24 37 66
Center-Opening 22 17 24 a6
Two-Spesd 28 27 45 77
Center-Opening ) 19 29 53
Two-speed 54 33 5 B
Center-Opening 54 23 32 6
Two-Spesg & 39 55 29
Center-Opening ) 25 35 65
Two-Spesg & 25 B 6
Center-Opening

Note. Single-Side refers to a single door panel sliding in one directon.
Tiwo-Speed rfers to 2 door with two panel dor with both panels sliding in the
same ditection. Center-Opening essentiall refes to o paneldoors wth each
siding ina different irecton. Two-Speed Center-Opening refersto o
two-panel doors that slide n different directons.

Source: Adapted from a table in G R.Strakosch (ed), The Vertical Transpotation
Handbook Uohn Wiley & Sons. Inc.. Hoboken. NJ. 1998). Table 4.3.
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Max. Max. Max. Max.
Rain Rain Rain Rain
Location (in.) Location (in) Location (in.) Location (in)
Aabama Tdaho Missour Pensyivania
Bimingham 37 Base 10 Independence 37 e 24
Hunisuile 33 Idaha Falls 12 sefleron Gty 3.4 Harrisburg 29
Mobie a5 Lewistn 10 St Louis 32 Phiadeiphia 32
Mongcmery 38 Tuin Fals 11 Springfeld 37 Pitsburgh 25
Raska iois Montana Scranton 28
Aeutinsands 10 Chicago. 27 Bilings 18 Rhode Island
Archorage 06 Harrisburg 31 Glendive 25 Newport 30
Bettel o8 Peora 29 Great Falls 18 Providence 29
Fairbanks 10 Springfield 30 Nisscula 13 South Carl
Juneau o6 Indiana Nebraska Crarieston a1
Hizona Evansile 30 omaha 36 Calumbia 35
Flagstaff 23 indangpols 28 NothPate 35 Greenvile kN
Phaenix 22 Richmond 27 Scotts BT 28 South Dakota
Tueson 30 South Bend 27 Nevada Lemmon 27
Aukansas Towa Las Vegas 15 Rapid Ciy 27
Eudora 38 Council Bufs 37 Reno 12 Sioux Falls 34
L. Smith 39 Davenport 30 Wimemucea 10 Temessee
Jenesbora 35 Des Moines 34 New Hampshire Kowile 31
Lite Rock 37 Siou City 36 Betin 22 Mempis. 35
calior Kansas Manchester 25 Nashvlle 30
Eurcka 15 Goodland £ New ersey Touas
Lake Tahoe 13 Salna Er Atantec Ciy 34 CorpusChris 46
Los Angeles 20 Topeka 38 Peterson 30 Dallas a2
Lucerne Valley 25 Wichita 39 Trerton 32 BPaso 20
Nesdles. 15 Kentucky. New Mexico Houston a5
Paimdale 30 BowingGreen 29 Abuqueraue 20 Lubbock 33
Redding 15 Lexington 29 Carstad 26 SanAnono 44
San Dieso 15 Louisvlle 28 Galup 21 Ut
San Francisca 15 Paciucah 30 New York Bl 20
SonLuis Obispo 15 Louisiana Binghamin 24 Cedar City 15
Calorado Wonroe 38 Buffalo 23 SatlakeCty 13
Craig 15 NewOrieans 45 Newvorkcity 31 Vemont
Demer 22 Shreveport 40 Schenectady 25 Benmington 25
Durango 18 Waine Syracuse 24 Burlingon 23
Statton 30 Bangor 22 North Carolina Rutand 24
Comnecticat Ktery 24 Ashevile 32 Virginia
Hartford 28 Maryland Charitte 32 Crarittesvle 34
New Haven 30 Baltmore 36 Raleigh a0 Norolk a0
Delavare Frostburg 29 Wimington a4 Richmond 49
Dover 35 Ocean City 37 North Dakata Roanche 33
Rehobeth Beach 36 Massachusetis Bismarck 27 Washingon
Distictof Columbia adams 26 Fargo 29 Seatte 10
Washingion a0 Boston 27 Minot 26 Spokane 10
Flrida Springfield 27 oo Wala Walbs 10
Doytora Beach 40 Michigan Cincinnati 28 West Virginia
L. Meyers 40 Detioit 25 Cleveland 24 Crarieston 29
Jacksenile 43 Gund Rapits 26 Caumtus 27 Mattinsbrg 30
Melbourne 40 Kalamazoa 27 Tledo 26 Morganiown 2.7
Miami 5 Shebaygan 21 Voungstown 24 Wisconsin
Paim Beach 50 TavrseCly 22 Okatoma Green Bay. 25
Tampa a2 Minnesota Bois City 34 Lacrosse 25
Talahassee. a1 Dl 26 Muskogee a0 Milauee 27
Georgia GundFoks 25 OkanomaCity 4.1 Wausau 25
Atianta 35 Minneapols 30 oregon Wyoning.
Brunswick a0 Wortingon 34 Mediord 13 Casper 19
Macen 37 Mississippi Ontaro 10 Creyenne 25
Savarran a0 Bio s Portind 13 Evanston 13
Thomasulle a0 Calumbus. 35 RockSprings 14
Hawai 1508 Jackson 38
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Horizontally Projected Roof Area (square feet)
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Horizontally Projected Roof Area (square feet)

Diametr Rl e e pr oy

ey | T [z [ 3 [ &[5 [ s 7 [ s[5 [w[nl®
T | e | o] w| m| | | m| w| w| m| ®] @
EO T R N N N I ) Y e B )
& [ a0 | a2 | o0 | a0 | a0 | a0 | aesn | eam | ow | 1ew | i | 1m0
& | aneeo [ a0 | o0 | gm0 | 6o | sies | ass | azs | aws | aam0 | aass | e
& | soom0 [ 27000 | 1795 | 15500 | 100 | 50 | 7715 | 670 | oo | o | gm0 | a0
& [ 000 [ snooo | seaso | 2000 | zazmo | 1sts | 670 | 1950 | s2em0 | 11600 | tosts | a0

45z ndicate ae th dimeteof cicular pipng. This tabl is applicable o piingofothr hapes,provided thecoss.sectonal hape fullyencoses acrcle of the
diameter indicated in this table. For rectangular leaders, see Table 1106.2(2). Interpolation is permitted for pipe sizes that fall between those listed in this table.
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Dimensions of
Common Leatler Sizes

Horizontally Projected Roof Area (square feet)
Rainfal rate (inches per hour)

widtnxlengthinches)* | 1 | 2 | 3 | 4 [ 5 [ & | 7 | 8 | 8 [ 10 [n]z
2y 5a10] 1700] 1130| 0| em| sed| aeo| 40| 0| sw| s w0
2x5 550 | 2770 180 1380| 1000] o2 730 0| el0| sw| soo| ae0
T 1269 | 6410] 4210] 3200] 2860] 20| 1890 | 16%0| 1420 | 1280 1160 [ 1080
sx4 15210 6600 | 4400 5,300 2640| 2200 Lee0| 165 1460| 1320|1200 | 1100
BT 15500 7950 | 50| 5970 310| 2680 | 2270 | 19%0] 1760| 1590 | 1440 | 120
Faxs 21310 | 1080 | 7100 | 5,320 | 4260| 3550 | 3090 | 260 | 2360 | 2130|1930 | 1770
BT 21,560 [ 10980 | 7320 | 5430 | 43%0| 360 | 3130 | 2740 | 2440 | 21%0] 190|180
ERE 26520 [ 12760 | 8500 | 6380 5100] % | 3640| 31%0| 2830 | 2850 2320|2120
EAD 27,790 | 13890 | 9260 | 6,940 | 5550| 4690 | 3870 | 3470] 5080 | 2770 2520|2310
axs 52980 | 16430 | 1090 | 8240 | 6590 | 54%0 | 4710] 4120 | 3660 | 32%0 | 2990 2740
oxsly 44,300 [ 22,150 14760 | 11,070 | 8980 | 7,390 | 6220| 5630 4920 | 4430 | 4020 3690
Tax7y 100500 | 50250 | 33,500 | 25,120 20,100 | 16,750 | 14350 | 12580 | 11,160 | 10,080 3130 | 8370

45z ndicate a ominal width °— length fth operingfr rectangular pping.

For shapes ntncluded inthis tbl,use the “equivalet” circulr diamete, 0, of therectangulr piping found fom
equivalent diameter in Table 11134 to find the projected roof area that can be accommodated.

it x et and then use this
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GCD | Family Size | DailyDemand | Annual Demand
06CD | 3 Persons 0 galiday 32,850 gl
persons | 120 aliday 43800 galr
SPersons | 150 gliday 54,750 galir
206CD | 3Pemoms | 120gallday 43800 gahr
persons | 160 aliday 58400 galir
SPersons | 200 gliday 73,000 galr
50GoD | 3Persons | 1s0gsliday 54,750 galr
persons | 200 gliday 73000 galir
SPersons | 250 gliday 91,250 galiyr
§0GCD | 3Pemons | 180gallday 700 gahr
persons | 240 aliday 87500 galr
SPerons | 300gliday | 108500 galhr
706CD | 3Pemons | 2l0gallday 76650 gt
persons | 280gliday | 102,200 gsliy
SPersons | 3S0galday | 127750 galyr
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B1UHheating = 100 GFM x 500 BTUH/GFM-"F
x [220° F—130°F]
= 4,500,000 BTUH
BTUHzosing = 100 GPM x 500 BTUH/GPM-F
x [130° F—40° F]
4.500.000 BTUH
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City, State Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Annual
Phosniz, AZ 083 | 077 | Lo7 | 025 | 016 | 009 | 099 | 094 | 075 | 079 | 073 | 0% | 828
Los Angoos, A 208 | 311 | 240 | 063 | 024 | 008 | 003 | 014 [ 026 | 0% [ 113 [ 19 | 11
San Fancisco, A 445 | 401 | 325 | 117 | 038 | ol | 003 | 007 | 020 | 103 | 249 | 280 | 2om
Denver, G0 051 | 04s | 128 | 193 | 232 | 1% | 206 | L@ | 113 | 0% | 098 | 08 | 1Al
Hanford, CT 384 | 206 | 388 | 28 | 430 | 3a | 357 | 398 | 13 | 35 | 406 | 350 | 4616
Washingion, 0C 321 | 263 | 360 | 277 | 3% | 313 | 366 | 344 | 370 | 32 | 203 [ 305 | mm
Wiani, FL 158 | 207 | 25 | 33 | 552 | 54 | 579 | 86 | 638 | 619 | 343 | 218 | mm
Tampa, FL 227 | 267 | 28 | 180 | 285 | 560 | 64 | 760 | 654 | 20 | 162 | 230 | w7y
Tallhasses, FL 53 | 453 | 647 | 359 | 495 | 692 | 804 | 7.03 | 501 | 325 | 2m6 | 410 | &2l
iama, GA 502 | 468 | 538 | 262 | 395 | 363 | 502 | 367 | 400 | 311 | 410 | 3® | ®20
Savamnah, GA 3% | 292 | 36 | 232 | 361 | 549 | 604 | 720 | 508 | 302 | 240 | 21 | 4me
Honalulu, AL 273 | 23 | 189 | 111 | 078 | 043 | 0% | 046 | 074 | 208 | 226 | 285 | 1829
Boise, 139 | 104 [ 141 [ 127 | 127 | 074 | 03 | 00 | o7 | 076 | 138 | 138 | o
Ghicago, 1L 175 | 163 | 265 | 368 | 338 | 363 | 351 | 4w | 327 | 271 | 301 | 243 | %27
Indianapols, IV 248 | 241 | 344 | 361 | 43 | 413 | 442 | aw | 288 | 276 | 261 | 303 | 0%
Laxington, kY 334 | 327 | 41 | 267 | 478 | 458 | 480 | 377 | 311 | 270 | 344 | 408 | sl
New oioans, L& 587 | 547 | 504 | 602 | 462 | 683 | 620 | 615 | 555 | 305 | 500 | 507 | 416
Portand, ME 409 | 214 | a1s | 425 | 3z | 328 | 332 | 305 | 2w | aa0 | 472 | 423 | &wm
Bostan, WA 3% | a3 | a8 | 360 | 324 | 322 | 306 | a3 | a7 | 379 | ae8 | a3 | em
Datol, M1 1ol | 188 | 25 | 305 | 305 | 3% | 216 | 310 | 327 | 223 | 266 | 251 | ma&
Grand Rapi, W1 153 | 250 | 248 | 33 | 367 | 356 | a7 | 428 | 280 | 33 | 270 | w13
Winnsapols St Paul, N 070 | 18 | 231 | 524 | 434 | 404 | 405 | 260 | 21 | 104 | 100 | 2041
lacksan, M5 450 | 574 | 6598 | 426 | am | 49 | 366 | 223 | 342 | 504 | 534 | %
Kansas iy, MO 115 | 131 | o4 |33 | 530 | 4es | 442 | 354 | 464 | 33 | 230 | 164 | 3o
St Louis, MO 214 | 228 | 360 | 360 | 11 | 376 | 300 | 298 | 296 | 276 | 371 | 28 | ®7
Wissoula, T 106 | 077 [ 0% | 109 | 195 | 173 | 109 | 105 | 108 | 0 | 086 | 115 | 1@
Lincoln, NE 067 | 066 | 221 | 290 | 423 | 351 | 354 | 33 | 292 | 1s4 | 158 | 08 | 283
Las Vgas, NV 050 | 060 | 050 | 015 | 024 | 008 | 044 | 045 | 031 | 02 | 031 [ om0 | 44
‘Abuguorgue, N 049 | 044 | 06l | 050 | 060 |08 | 127 | 173 | 107 | 10 | 0e2 [ 0a | om
Butalo, NY 316 | 242 | 209 | 204 | 335 | am | 31 | 3w | am | 319 | 292 | 3m0 | 4w
Wow Yok, NY 3% | 275 | 3% | 368 | 416 | 37 | 441 | 409 | 377 | 326 | 367 | 381 | #m%
Charions, NC 400 | 255 | 43 | 295 | 366 | 342 | 370 | a7z | 3 | 36 | 23 | 318 | @asl
Cincimat, O 2% | 275 | 3%0 | 295 | 450 | 442 | 375 | 379 | 2se | 296 | 246 | 328 | @&
Clevsiand, 08 248 | 220 | 2o | 237 | 350 | 3a | 3% | aes | 377 | 273 | a3 | 314 | w7l
Colunbus, 08 253 | 220 | 280 | 325 | 388 | 407 | 461 | 372 | 202 | 231 | 310 | 203 | me
Oktahoma Giy, 0K 128 | 156 | 200 | 300 | 544 | 463 | 204 | 248 | 308 | 3e4 | 201 | 18 | B8
Porand, O 507 | 418 | 371 | 264 | 238 | 153 | 072 | 093 | Le5 | 268 | 56l | 571 | mor
Phiadelphia, PA 3% | 274 | 381 | 240 | 388 | 320 | 4% | aw | 3ms | 275 | ale [ 331 | 206
Phesburgh, A 270 | 237 | 317 | a01 | 3m0 | 412 | 306 | 33 | 301 | 255 | 202 | 285 | wm
Charleson, S 408 | 208 | ao0 | 277 | 367 | 592 | 63 | 691 | 598 | 309 | 266 | 324 | mlm
Wemphis, W 424 | 431 | 558 | 670 | 515 | 430 | 422 | 300 | 331 | 331 [ 676 | 568 | mes
Dallas-ForWarh, X | 190 | 237 | 306 | 320 | 515 | 323 | 212 | 203 | 242 | 411 | 287 | 257 | w7
Housion, 7K 362 | 298 | 33 | 260 | 515 | 5% | 318 | am | a3 | 4% | 410 | 30 | a7k
Salt Lake Gy, UT 137 | 133 [ 10 [ 202 | 200 [ 077 | 072 [ 076 [ 133 [ 15 | 140 | 123 | 1680
Richmond, VA 35 | 208 | 409 | 218 | 395 | a5 | 4& | 418 | 398 | 360 | 206 | 312 | @0l
Seatle, WA 513 | 418 | 375 | 259 | 177 | 149 | 079 | 102 | 1s2 | 319 | 690 | 582 | w07
Wilwaukes, WI T | 165 | 250 | 378 | 306 | 35 | 358 | 40a | 3 | 243 | 270 | 222 | maL
Cheyenns, WY 045 | 044 | L05 | 155 | 248 | 212 | 226 | L& | 143 | 075 | 064 | 046 | 1545
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STUH/LF = (58q 1T x 0.55 x 707 F)
+(55q1t x 005 x 70° F)
=210 BTUH/LF

—10sqft x 0.55 x 70° F
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Rainfall | Catchment |Usage | Net | Cumulative
Month | (in.)_|Yield (gal)| (gal) | (gal) | Capacity (gal)
Way. 459 | 20073 |1age0| 5293 | 5298
June, 442 | 19426 |1400] 5026 | 10als
Juy. 375 | 16481 |1ag80[ 1601 | 1190
Augst | 379 | 16657 |14g80| 1777 | 13697
September| 282 | 12,394 144002008 11691
Ocober | 296 | 13009 |14gs0[agrn| 980
November | 346 | 15207 [14400 807 | 10828
Docember | 328 | 13416 [148%0] @e4)| 10162
Janay | 292 | 1283 |agso[eoan|  s1s
Febay | 275 | 12085 [13440[u34)| 6761
March | 350 | 17140 [148m0] 2260 022
April 396 | 17408 |14400) 3004 | 12026
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Blun=200cuit x 0.018 x 70°

252 B1UR/LF
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Cistern

Catchment | Usage | MNet | Cumulative | Capacity
Month (n) | Yield(ga) | (a) | (al) | Capacity gah) | 6936 gal
ay 459 20175 | 14980 | 5293 5258 693
Jure a4z 9425 | 14400 | 5028 10519 693
July 375 16481 | 1489 | Le0l 1920 693
August 379 BEs7 | 148m | 1777 15697 693
September | 282 1234 | 14400 | 2008 11691 4930
October 29 30| 14880 | g7 5820 3088
Novemter | 345 5207 | 14400 | w07 10825 5866
December | 328 13416 | 1489 | @4 10162 3401
January. 292 12833 | 14880 | @oan 8115 1354
February 275 12085 | 13440 | (1354 6761 1
March 590 17140 | 1480 | 2260 5022 2251
April 396 17404 | 14400 | 3004 12,026 5,265
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— 20,000 BTUH x 5000 Db
= 70°F
~ 85.000.000 BTU

BTU — 85,714,285
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M % 8.33Ib/Gal x 60Min/Rrx AT°F
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Conventional Consumption

Water-Efficient Consumption

oo Percentage GcD Percentage
Drinking and Cooking 30 a1 30 73
Dishwashers 35 48 30 73
Faucets 78 108 78 183
Tolets

6 Flushes at 3.5 Gallons 210 257

6 Flushes at 16 Gallons 96 233
Showers

8 Minutes at 25 GPM 200 273

5 Minutes at 20 GPM 100 23
Baths 12 16 12 29
Clothes Washers 150 205 50 121
Other Domestc Uses 16 22 16 39
Total Use per Capita 732 1000% a2 1000%
Cansumpton Use. 72 08 a2 954
L a5 75 20 46
Irgation 10 a5 00 oo
Total per Capita Use. 1207 100.0% B2 100.0%
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B1UHheating = 100 GFM > 500 BTUR/GFN-
x [220° F —200° F]
= 1,000,000 BTUH
BTUHcooing = 100 GPM x 500 BTUH/GPM-°F
x [60° F —40° F]
1.000.000 BTUH
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Lighting Power

Densities (watts/sq
Building Occupancy/Use #) 2004
Ganventon Center 12
Gourt House 12
Diring: Bar LoungeLefsure 09-15
Dormitory o
Exercise Center/Gymnasium o
Healtcare Cinic o
Fospital 12
FoteMotel o
Ubrary 13
Manufacturing Workshop. 14
Museurn 11
Offce o
Religious Buiding 5
Residental 07-10
Retal 15-17
SchodUniversty 12
Theaters 12-16
Warehouse. 08
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Ad;. Total

Degree of Typical Heat Latent
Activty Application BTUH BTUH
Seated atrest Theater, movie 550 140
Very lghtwerk seated Office, hotes,apartments 20 150
Seated, eating Restaurant 580 25
Light work — seated, typing_| Offce, hoels, apartments 510 25 S
Light work — standing or

waling siowly Retail store bark 50 15 S
‘Waling, 3 mphor Light

bench work Factory ) 5 435
Mederate Dancing, Darce Hal 1250 05 75
Heavy work Factory 1600 565 1035
Very Heawy work, athletics | Gymnasium 1800 3 1165
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2000 watts < 3.412 5 TUR/watt-hour
47.080 BTUH
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Heat

gain,
Level of Typical BTUH

Activity Application | Total | Sensible | Latent
Seated, atrest Theater 0| a5 | 105
Seated, it work_| Offce. aw| 2 | 1
Moderate offce werk | Offce | 20 | oo
Stnding waking | salescrk | 500 | 280 | 280
Lght berch work__| Factory 70| zs | 4
Darcing. Nenouo | 50| 305 | 545
Heavy work Factoy | 1450 | 50 | 870
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2000 watts » 1.2 x 3.412 BTUH/watt-hour
— 20472 BTUH, or

5000 watts x 4 BTUH/watt - hour ~ 20,000 BTUH.
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4 | 5 |6 [ 7 ] 8 | 9 | 1w | 12 | 4 | 16 | 18 | 2 | 22
Gircular Rectangular Dimensions in Inches
6 | 8xa] 6x5] 5x6] 5x7] 4x8] 4x9] 3x10
7 |12xa] ox5| 7x6| 6x7| 6x8| 5x9| 6x10| ax12 | 4x14
& | 16x4]12x5| 9x6| 8x7| 7x8| 6x9] 6x10| 5x12| 5x14| axls
5 16%5 | 12x6 | 10x7 | 9x8| 6x9| 7x10| 6x12 | 5x14| 5xls | 5x18
0 205 | 16%6 | 12x7 | 128 | 10x5 | 9x10| 7x12| 7x13| 6x16| 5x18 | 5x®
12 24x6 | 20x7 | 16x8 | 14x9 | 12410 | 10x12 | 9x14 | Bxls | 7x18| 6x20| 6x22
1 267 | 22%8 | 20x9 | 18x10 | 1ax12 [ 12x14 | 12x16 | 10x18 | sx20| Bx22
16 30x8 | 26%9 | 22x10 | 16x12 | 16%14 | 14x16 | 12x18 | 12x20 | 12x22
15 34x9 | 28%10 | 24x12 | 20x14 | 18x16 | 16x18 | 14x20 | 14x22
B 30x12 | 24x13 | 22x16 | 20%18 | 1820 | 16x22
22 36x12 | 30x14 | 26x16 | 22x18 | 20x20 | 2022
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Degree Days: 5000
BTU = BTUHma/° F x DD x 24 hr/day

54,568,235 BTU
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Diameter | Square Feet | @ 1000FPM | @ 2000 FPM
@ 008 oM 175 CrM
5 014 L 2700m
3 020 [ 00
7 027 265 cFM 535 oM
5 03 Ss0cFM 700 cFM
s 0as a0 @0 M

10 o058 545 CFM 100 CFM
2 078 785 CFM 15700Fm
1 To7 0700 21800
1 140 1395 cFM 2730CPM
1 177 1755 cFM 3535 P
» 218 21s00PM 4380 CPM
2 264 2640 0PN 5280 CPM
2 B 3140 CFM 6280 CFM
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Drapery Fabrics

Transmittance
High | Low
Reflectance
Type of Glass Glass | SC [ Low | High
Single Glass
Clear Y in. 100 087 037
Clear Yain. 095 | 080 | 035
Heat Absorbing Yain. 067 0.57 033
Rellectve Costed 060 | 0s7 | 03
Rellectve Costed 050 | 045 | 031
Reflectve Costed 040 | 03 | 026
Reflective Costed 030 | 025 | 020
Insulating Glass

Clear Out, Cear In 083 | 066 | 035
Heat Abs. Out, Clear In 055 | 049 | 032
Rellectve Cosied 040 | 0 | 028
Rellectve Cosled 030 | 029 | 024
Reflective Coated 020 | 019 | 06
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U Coefficient | Light | Shading
Dome atCenter | Diffuser | Coefficient
Clear 08 Yes 058
Clear (= o8 No o088
07 No 080
Trnsiucent(r = 082) | 08 No 057
07 No 045
Trnsiucent(¢ =027) | 08 No 034
07 No 028
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‘Sun Time
N Latitude g 0 2 2 7 O 8 0 2
Exterior color of wall: D = dark, L = light
D[ t[ o[ t]o] t]lo[t[o]t][o[ o] t][o] L]t
Frame
NE 2| 10| 2| 12| 8| 0|12 10|18 8 18|00 6] 4] 2] 2
E 0|14 || 18|32 |s|12]|12]1a|1s|1a|2a|10|0| 6| 6| 2|2
st 15| 6| 2| 16|28 |15 20 [16|15 1 |1a 18 0 0| 6| 4|22
s | -a| 4| o|l2z||o|o|x|o|s|e|oln|e|e|2]2
sw S| S| o|-2| 6| 4|2 |22|0|m|42|m|uln|e|al22
w | Za| o| of 6| 6|2o|12|40|m|4|:|2|l2|s|s|2]2
N 4| Za| o|-2| 6| a|l12|10|20 |20 40| ||| c|alz2]z2
Nehage) | 4| 4| 2| 2| 4| a|10|10|%a|14|12]|12| 88| 4| 4] 0|0
4" Masonry plus Frame
NE [CN VR RE7R RSP P IETH ST BN PN STN VR ISV [T N TN TN N )
E 2| o0 |1s |3 || |1a|12|12]|1a]1a|22]|12|20]|c| 6|5
se 22|20 1w0|2|8|2 || |1s|14]2a|12|12|20]| 5|65
s || 2|2 |12| 6|2|6|: |8 2|62l s 8|44
sw of| 2| o|=2| 2| 2|12|5|2|2|%|2= 2|2 0|s|lss
w of|=2| o| of a| 2|w|5|2|18|aw|2s|2|s|6|lu|ls|s
N || 2| 2| 2| 2|8|6||2|n|2|ulu|elo|ls|s
Nenage) | 4| 4| 2| 2| o o| 6| 6|10|10|12]|12|12|12| 8| 8| 4|4
8" Concrete or Stone or 6" to 8" Concret Block
3 T 2] 4] o W] &[0 6] 8]12|w][w0] ]| 6
E 6| 4| 8 2 |12|@ o |0 s o) o|lo| s
se 6| 2| 8| 4 181218 12 |14]22|12|w|22|10|w0]| 8
s 2| 1| 2|1 12| 6|8 |12|18|12|1a|12|20| 5| 8|56
sw sl 2| 4| 2 8| 4|14 10|26 |2a|15|22|18|10]| 8
w 6| 4| 5| sl 6|12| 8|2 1|2z|15|2s|1|14|w0
N il 2| 4| o 4| 4| 6| 6|12|10|2|m|2|1| 5|6
Nenage) | 0| 0| of o 2| 2| 4| 46| 6|88 6|6| 4|4
Hollow Tile or 8" Cinder Block
NE o] o] o] o |10 0] 62|10 [1a]12]12]|10] 8] 8
E al 2| 12| % |2 e |0 lua|le|a|o|lo]s
st 2| of 2| o (|2 |w e e|la|le|e|o|ss
s ol of of o 12| 6|2a|1s |25 |16 |2 |14|12|10| 8|56
sw 2 of 2| o 6| 4 12|w0|2 |18 |%|2|2s|1w| |5
w al 2| a| 2 6| a|0| a|1s|1a|30|2|32|2|15|u4
N of of of o 4| 28| 6|12z|w|2z|E|n|2z|w0|s
Nenage) | 2| 2| 2| 2| 2| 2| 00| 6|6|w|W0|0|w|W0|[W0]|s|s
8" Brick o 12" Hollow Tile or 12" Ginder Block

NE 2] 2] 2] 2| 10| 2|1.] 8 ]| e]w] 6]10] 8]10]10]w0] 8
E | 6| 8| 6|1a| 8|18 10|18 10 | s/ /. ol o
se | af| 6| 4| 6| alwlo|r|2t|e|elo|e|0|le|10
s al 2| 4| 2| 4| 2|al2|0|6|ls|0|l6|r|2|o0|lo]s
sw s 4| s| a| 6| als|la|lo|lelr|s|lo|lnr 2 t|lolu
w s a| s| 4| 6| c|a|6|w| 6|l s|l2|ln|2a|t|lsls
w 2 2| 2| 2| 2| 2| 4| 2| 6| 4| 8| 6|10| 8|1|1a|1a|1a
Nenage) | 0| o| o| o] o] o|of|o|2|2|6|6|8|8|8|8|6|s

i tabl s based n a mximum dllyetror tempature of 5° Fand an iterirtemperaure of 80° F and a iumal range f 20° F. Ajustment for a diferent
tmperature diferentialther tha 95° and 80° — add ifeence tolisted values. Adjustentfor  ifeent il range — appy ol of the diference b the isted
values,

2Ulse values for light walls only where conditions indicate that the light color will be sustained. For medium colors, interpolate between listed values for L and .
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AM PM
Description of Construction | 8] 10[ 12] 2] 4] 6] 8[10[12

Light Construction Roos — Exposed to Sun
T Wood w or wh

17 o 2 nsulation 12| 38) 54 62 s0] 26{10] 4] 0

Medium Construction Roofs — Exposed to Sun
2" Concretew! o wo
1o 2" nsulation or
2" Woodor 5[ 30| 43|sss0|32[14] 6| 2
2" Gypsumw/ or wio
+ 1" nsubon
T Wood or 2" Woed
+4 battnsulationor | 0| 20| 40|52|4{42(20] 10| &
2 Concreteor
2" Gypsum
& Concretew! or wo
2" nsulaton 20| 58|50 s2] 40|22 12| &

0
Heavy Construction Reofs — Exposed o Sun
3
5

" Cancrete w! or wo 6] 24 3s[as4a]2[ 18] 12
2" nsulaton 6| 20[34] 4244 38| 20|13

Roofs Covered with Water — Exposed to Sun

Lght Roof w 1" Water of 4 16fzz[e] 110 [ 0
Heawy Roof w/ 1" Water | 2| 2| ~4|10| 14| 1614 10| &
Any Roof w/ 6" Water 2| 0| o 6|10]10] 5[ 4| 0
Roofs with Water Spray — Exposed to Sun
Lght Constucton of 4] 12]1s[16]1a]10] 2] 0
Heawy Construction 2| 2| 2| s|12]14]12[ 10] &
Roofs in Shade

Lght Constucton FEEEEEEE

Mesum Consinuction 4|2 2| 5[12|12|10| 6 2
Heawy Constructon 2|2 o 4| &|10]10] &| 4

histable s based o a masimun dailyeterior emperature of 5°  and an
interiortemprature of 80° Fand a diuml rangeof 20° FAdjustrments for other
temperatureconitions should b made by ading te changetemprature
ifferential o th istd volus (e, i ntror i at 70°F, add 10°Fto ETD
valuesntale.Adustmentsfor a dural ange other than 20°F shouldbemace
by adding e difrence betwcen the actual daily eerio mean temperature and
85°F the hasefor tis char (.5, i dalyrange i 24 F and the masimum
temperature rmains at 95, subract 2  from ETD vales intabll.

2 an attcexists with n nslated celing and forcd attic ventiatio,reduce
the values of this table by 25%.
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TRANSPARENT BARKIER GAIN

Tansfer: BTUH — Area x “U" Cosflcient x AT F
Direct: BTUH — Area x SHGF x SC

OPAQUE BARRIER GAIN

Tansfer: BTUH — Area x ‘U Coefficient x ETD

where:
SHGF = solar heat gain factor in BTUH per square
feot
5C = shacing cosficient
ETD — equivalent temperature differential
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Roller Shades

Venetian Blinds Opaque Translucent
Type of Glass Arrangement | Medium Light Dark White Light
Single Glass

Clear open 45 o7 067

Heat Absarting Closad 083 0z 059 025 039
Tinted tighty closed 0z 025

Heat Absarbing 057 053 045 030 03
Insulating Glass

Clear Out,Clear In open 45 082 058

Clear Out,Clear In closed 083 058 071 035 040
Heat Abs.Out, Ciear In 0 03 040 022 030
‘Shading between Double Glazing.

Clear Out, Clear In 036 033

Heat Abs Out, Ciar In 030 028
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‘Temperature Rating of Conductor

60°C 75 90°C 60°C 750 %0°C
140°F 167°F 194°F 140°F 167°F 194°F
size Copper Aluminum- or Copper-Clad
AWS or MCM Twe A Tyve B Type © Type A Type B Type ©
14 AWG £ £ = - - -
12806 = = EY £ ) =
10AWG E = W = £ 3
BAWG w0 £l 5 el a0 a5
GAWG 5 & i3 W 50 &
SAWG 7 3 % 5 & i3
SAWG & 100 o & i3 &
206 3 115 130 i3 0 10
TAWS 0 130 150 & 100 15
0AwG 125 150 70 100 120 155
20AWS 145 175 155 15 135 150
B 165 S 25 130 155 175
w0AWs 155 20 260 150 120 25
250 Mo 25 5 290 70 B 20
300 MG 20 25 20 150 20 255
350 Mo %0 30 0 210 £ 20
400 Mo 20 3 E 25 270 05
500 MM B =0 a0 260 10 550
‘Ambent For ambient tamperatures other than 30°C (86°F), muliply the alow-
Temperature ‘able ampacites shown above by the approprite factor shown below
o G
2125 7077 3 105 Toa 108 105 Lo+
=3 =3 ) 100 100 100 100 )
3138 795 o1 o5 0% 091 0sa 056
%40 96104 [ ) 091 om 0z o1
125 106113 o071 [ o o071 os2 o0&7
Wire Types
oA v, UF
cs RHW, THHW, THW, THNN, XHHW, USE, ZW
ce TBS, SA SIS, FEP, FEPB, M|, RHH, RHW.2, THHN, THHW, THW-2, THIN-2, USE.2, XHH, XHHW, XHHW-2, ZW-2
o T

ac

TES, SA SIS, THHN, THHW, THW-2, THWN-2, RHH, RHW.2,USE 2, XHH, XHHW, XHHW.2, ZW.2
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Maximum
Maximum Allowable Connected
Allowable Connected Ampacity Ampacity
Conductor Ampa Amperage in Free Alrt in Free Alr
Size (AWE) (60° CRise)* (at 80%) (60° C Rise) (@ 80%)
1 B 128 15 128
12 ED 154 EX) 154
10 ED 2 08 2
s w0A 2h EX an
3 BT an ED En
4 o8 ET) 1054 En
3 D ED 1208 %A
2 EN 75 1208 12A
1 T0A ED 1654 [T
o 1254 100A 1954 156 A
n 154 1A 258 1504
E) 1654 1328 2608 204
a0 1954 1564 008 204
250MCM 254 1728 308 2728
300 e 208 1528 w5a S04
350 MM = 204 4208 )
200 Mo 208 2248 4558 644
500 MCM s20h 2564 s15A 4124
500 MM T 2848 575A 4504
700 Mo T Ty 604 5044
750 Mo 208 204 554 5248
500 Mo 2108 D N 544A
500 MG s e 7308 £
1000 MoM a5 N 7808 624h
1250 MoM a5h £ EN 7124
1500 MoM 504 al5a 08 7848
1750 MoM ) a6A 10704 54
2000 MCM S0A aasa 154 %248

0o mor than thre curet.caring conductrs ina raceway,condut, o diectly buriedinearh, The ampates lised
e based o conductorTyes T or UF. WithTyp RH,THHA,TH, THIIL XHHN, or 2N, the ratd values are
spprvimatcy 20% higher

SAusted 1 0% of ated amperae,

“Single-insulated conductor in free air.
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Field Trenches Minimum Maximum
Length of Dran Line(s) — 1001t
Battor Width o Trench 18in e
‘Spacing of Lines, 0. et -
Depth of Earth Cover 12in -
Over Lines
Grade of Lines 18in. Prefered Level | 3in/1001t
Fiter Matertis

Over Drain Lines 2in -
Under Dran Lines 12in. -
Disposal Area
Trench Botiom, Winimum 160 5q t per
System
Trench Sde Wal. Minimum 2.5 ol

Length
Madimum 6 5 ot
Length






OEBPS/images/ueqn11008.gif
2006 + 1871






OEBPS/images/ch11fig017.jpg
z:

SHINGLES
0

4
NOTCHED RAFTER 9
BUILT-IN LINED

SOFFIT: } SOFFIT \
7

HALF-ROUND GUTTER BUILT-IN GUTTER
(A) (B)

HALF-ROUND
GUTTER






OEBPS/images/table11032.gif
Minimum Clear Building
Horizontal Distance sewer | Septic | Drain | Seepage Pit (Cesspool)
Required from: ®) | Tank(®) | Field () ®

Property Line Adpining Cear 5 10 1

Private Progerty

Buidings o Structures 2 5 10 10
Streams/resks. 5 50 5 100

Water Supply Wels 5 100 10 150

On-Site Domestc Water 1 s 10 10

Senics Line

Publc Water main 10 10 10 10

Laree Trees. — 10 — 10

Septc Tank, - - 5 -
Distribution Box. — — 5 5
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Country Consumption per Consumption per Date of
(Rank by Country) Country (kWhAyear) | capita (kWhiyear) | _Information
T [ loslana @) 5312000000 31147 2006
2 | Norway 28) 111,500,000,000 20011 2005
3 | Finend G2) 88,270,000,000 16850 2007
4 | canasn) 530,000,000,000 16279 2006
5 | cawrce) 13,190,000,000 15939 2005
6 | Kumasn 39,540,000,000 15211 2006
7 | Sweden@s) 133,600,000,000 14769 2006
8 | Luembourg (100) 748,000,000 14605 2005
9 | unitedstates (1) 3,892,000,000,000 12924 2007
10| United Arab Emirates (41) 57,880,000,000 12484 2006
1| Baain 8) 8742000000 1820 2005
12| Caymanisiands 161) 546,100,000 179 2007
Worid 14,280,000,000,000 5240 st 2006
European Union 2,711,000,000,000 5828 est 2006
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Consumption per Consumption per Date of
Country Counry (kWhiyear) | capita (cWhiyear) | Information

T | United sates 3892,000,000,000 12924 2007

2 | o 2,859,000,000,000 2180 2006

4| russa 985,200,000,000 6963 2007

5 | dapan 982,500,000,000 7702 2006

6 | Gemany 549,100000000 6663 2006

7 | canata 530000000000 18279 2006

8 | mda 517,200000000 486 2005

9 | France 447,300,000,000 738 2006

10 | el 402,200,000,000 2117 2007

1| southKorea 368,600,000,000 7516 2007

12| Urited Kingdem 348,500,000,000 5774 2005
Word 14,280,000,000,000 3200 st 2005
World Average by Country 78330606630 3200 est 2005
European Unicn 2,858,000,000,000 5828 est 2006
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‘Maximum Developed Length of Vent (feet)

Diameter of Vent (in.

Diameter of | _Drainage
Soilor | Fisture Units
Waste Stack | Being
Gn) | vemted (o) | 1% [ 13| 2 |2 | 3 | 4 | 5 | s |8 [10]|12
i 2 0 | 150
1 8 B (00| — | — JEN (R N U
Ye 10 0
2 I 0 | 7 |20 [ 30
2 2 % | o |15 JEN (R N U
2, 2 0 |10
3 10 2 | 150 | %0 | 00
3 21 2 w|zo|s0| — | | | ||
3 5 27 | s |20 | a0
3 102 5 |8 |20 60
) ) % | & |20 | w0
4 140 - 27 e |70 | — | — | ||
4 320 2 | 5 | 1m0 | &0
4 540 2 | 5 | 1% | =0
5 190 = | & | 320 | 9
5 120 ooz |e = |m| — | ||
5 810 18 | s | 210 | &0
5 1400 6 | 4 | 1% | s0
6 500 = | 130 | 40 | 100
6 100 | — | — | —| - |23 w0 |50|m| ||
6 2000 2 | & |20 | 60
6 250 2 | 77 |20 | 60
o 1800 3 | % |20 |0
8 30 | - | - | |- 2 |73 ||~ |-
8 5600 20 | &2 | 160 |6l
8 7600 18 | 5% | 10 |50
10 2000 31 | 78 |30 | %0
10 720 |~ | || = 2 | e |20 |70 | —
10 11000 2 | 5 |20 60
10 15000 18 | 4 | i | 570
12 730 31 | 120 |30 |20
12 Bow | — | - | |- | - || e w7
12 20000 2 | 79 | 250 | 610
12 26000 1 | 72 |20 |50
15 15000 — o [0
15 200 | — | —| —| - N - 31 | % |20
15 38000 % |8 |20
15 50000 24 | 7a | 180
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Gallons = 50 Feople x © Flushes x 1.6 Gallon/Flush
_ 480 Gallons/Day
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Number of People Using the System

1 2 3 4 [ 5 [ 6 [ 789 1

Tank Size (gal) Septic Tank Pumping Frequency in Years
50 56 | 26 | 15 [ 10 | 07 | 04 [ o3 [ 02 [ o1 | —
70 s1 | 42 | 26 | 18 | 13 | 10 | 07 | 06 | 04 | 03
om 10 | 52 | 33 | 25 | 17 | 13 | 10 | 08 | o7 | o8
1000 124 | 59 | 37 | 26 | 20 | 15 | 12 | 10 | 08 | o7
1250 156 | 75 | a8 | 34 | 26 | 20 | 17 | 1a | 12 | 10
1500 185 | 91 | 58 | 42 | 33 | 26 | 21 | 18 | 1s | 13
1750 221 | 107 | 69 | 50 | 39 | 31 | 26 | 22 | 18 | 1s
200 24 | 124 | 80 | 89 | 45 | 37 | 31 | 26 | 22 | 20
2250 286 | 140 | 91 | 67 | 52 | a2z | 35 | 30 | 25 | 23
2500 05 | 156 | 102 | 75 | 59 | 48 | 40 | 35 | 30 | 26
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Yield(Gallons) = Calchment Area x 0.6234 Gallon/Inch
% % Yield x Inches of Precipitation
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Muttiple
Single-Family | Dwelling Units Minimum
Dwellings | or Apartments - | Other Uses: |Septic Tank
No. of one Bedroom | Maximum | Capacity
Bedrooms Each DFY a)
Torz 15 750
s £ 1000
@ 2units = 1200
Sor6 s E 1500
@ 5 2000
5 5 2250
3 & 50
7 7 2750
s E 3000
s 0 3250
10 10 3500

Edra bedrooms. 150 gallons cach,
Etra dueling nis v 10: 250 gllonseach
Bt iture units over 100:25 gllns pe icure i
Septictank izes alowconnection dispasalafdomesticfod wast uns without
frhe wolume incease.
Folarge or nvesdential stllatons in which sewage fow a is known, iz
the septictankas fullos:

1 Fowupto 1500 GOD: w15 — eptic tank cap.

2. Flow aver 1500 6CD: (o x0.75) -+ 1125 = septic tark capacy in
gallns

'3, Secondary system should be sized for total flow per 24 hours.
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Required Gallons of Water
Inches of Precipitation = % Yield » 0.6234 gal/in.
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Absorption
Capacity,
Required f2 | Gal #of | Maximum
of Disposal | Disposal | Allowable
Aea/100 | Areafora | Septic Tank
Tyve o Soil Gal | 24-hr Period | Size Gallons
Goarse sard or £y B 7,500
eravel
Fine sand = 4 7,500
Sandy loar or 25 5000
sandy clay
Clay with IR 3500
cansiderable
sand orgravel
Clay with small 120 083 3000
amountof

sand or gravel
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/5,000gal
20 X 75% » 0.6234 galin. — 2267-3satt





OEBPS/images/table11021.gif
Drain Diameter

Drain Slope (in/®) | 1'/5in. [ 17/,in. | 2in. | 27/in.
U it on | 6 | 2on | 2t
g it 61t st | on | 12t
Ty 3t an | sn| en

Nlte: The actual length of the horizontal drain between th trap and the vert.
must be less than the listed distances to avoid forming a potential siphon.
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Maximum Number of Fixture
Units That May Be Connected
To:.

Wore Than Tiree
Stories in Helght
one
stack of
Three
Ay |storiesin Total at
Horizontal | Height | Total | one Story
Diameter of | Fixture or | forTwo | Branch | or

Pipe(in) anch _| nterals | Stack_| ntemal

W 1 B 2 T

A E a O 2

2 G 1 2 5

D 2 E) 2 B

3 El E) El [

4 160 20 | w0 %

5 50 w0 | uo | a0

3 20 %0 | 10 | 30

s 0 | zo0 | s | eo

10 500 | s | w0 | 100

1 300 | 600 | 8400 | 1500
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Maximum Number of Fixture Units That
May Be Connected to Any Pottion of e
Building Drain or the Building Sewer

Diameter of
Pipe (in.) hoin | %in | in | pin
B 21 %
EA % e

3 B Bl *

@ 1w | 25 | 20

5 30 | a0 | w7

3 700 | s | 1000

s 1400 1600 | 120 | 230

10 2500 2900 | w0 | a20

2 3900 4600 | se00 | e700
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Load Values in WSFU
Fixture Ocoupancy Tyve of Supply Control Cold Hot Total
Bathocm Group private Flush Tank. 27 15 36
Bathrocm Group Privte Flush Valie 6 3 s
Bathiub Privte Faucet 1 1 14
Bathiun Public Faucet H 3 4
Bicet Privte Faucet 15 15 2
Combiaion Fixure privte Faucet 225 225 3
Dishwashing Machine, private Automatc 27 1 14
Drinking Fountain Offces, et g Vabe 0z 3 0z
Kichen Sink Private Facat 1 1 13
Kichen Sink Hote, Restaurant Faucet H 3 4
Laundry Trays (1-3) private Faucet 1 1 14
Lavatory privte Faucet [ 05 o7
Lavatory Public Faucet 15 15 2
Senvice Sk Offces of. Faucet 225 225 3
Shawerhead Private Miing Valve: 1 1 14
Shawerhead Public Miing Valve 3 3 4
Urinal Public Flush Tark. 3 3
Urinal Public 214" Fush Valie: 5 5
Urinal Public 17 Fish Valve 10 1
Washing Machine (8 16) privte Automatic 1 1 14
Washing Machine (8 b} Public Automatic 225 225 E
Washing Machine (15 1b) Public Automatic H 3 a
Watr Closet Private Flush Tark. 2 2
Water Closet Privte Flush Vahie s 5
Waler Closet Publlc Flush Tark. H 5
Water Closet Public Flush Vahie 10 10
Watr Closet Publc or Private Flushomeler Tank 2 2
Hose Eibb Privte Faucat 25 25
Second Hose Bibb. Pvate Faucet 1 1
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‘Hoom Volume x 6 ALH
60min /hr
(Width x Length x Height) x 6 ACH
60min /hr
Room Area x 10 ft x 6 ACH
80 min/hr
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1

AT — change in temperature, generally in degrees Fahrenheit (°F)
AW — change in specific humidity (Ib/lb)

Ah— change in enthalpy (BTU/Ib of air)

0.075 — Ib/cu ftof air at standard atmospheric pressure

0.24 — specific heat of air

60 — minutes per hour

0.018 - 0.075 Ib/cu ft x 0.24 specific heat of air

1.08 - 0.075 Ibfcuft x 0.24 specific heat of air x 60 min/hr

smapanoe

They are all proper expressions used to equate a change in temperature for a volume of ir with
the BTUH entailed in that change.

2. BTUH=CFH x 0.018 x AT
b. BTUH=CFM x 1.08 x AT
c. BTUH=CFM x 0.075 x 0.24 x 60 x AT

d. BTU!
BTUH = Weight of Water per Hour x AT

GPM x 8.33Ib/gal x 60 minhr x AT = GPM x 500 Ib min/gal - hr x AT
BTUHsens _ 2.4 x 10°BTUH x 067

CFH x 0.075 x 0.24 x AT

U= o ar T.08 x 24°F
16x 10°BTUH
= ST = 62037 CFM = 6200CFM
o = BTV iatent _ 2:4 x 10°BTUH x (1-067)
B0 AW 7840 x 0.0025 b/

__ 8x10°BTUH
4840 x 0.0025 Ib/lp
BTUH x CFflb _ 2.4 x 10°8TUH x 13.2CF/lb

= €0min/hr x Ak~ 60 min/hr x (31.5 — 24)BTU/b.

=6611.6CFM = c. 6600 CFM

CFM = 7040CFM = c.7050CFM

BT g 1.5 5 BTUK
TO8x AT T.08 x 20°F

_ BTUHgengiple _ _5x 10°BTUH

CFM = = 6,944CFM = c6950CFM

DR CFM 100 Z0006F0 ¢
BTUH Demand w % 6400 DD x 24 hr/day = 263,314,285 BTU
Cost 15X 10°BTU x $2 per gal — 57501 s S50

85% x 1.4 x 10°BTU/gal.
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Cost 061
435 BTUH

Ceef: 0,037
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EastWall

Window

wal

Door

Length: 2867 ft
Gross Area: 258 sq t

Window Area: 155q 1t
BTUH = Area x U AT

NetArea: 2195q ft
BTUH = Area x U x A

Docr e 24 sq t
BTUH = Area x U x A

545 BTUH

65 BTUH

Heght: 91t

Ceef: 0,037
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South Wall

Window

wal

Length: 3L67 ft
Gross Area: 285 5q t

Window Area: 15q 1t
BTUH = Area x U A

NetArea: 2705q ft
BTUH = Area x U x A

22 BTUH

s718TUH

Heght: 91t

U Gost: 061

Ceef: 0,037

WestWall

Length: 2867 ft
Gross Area: 258 sq t

Window Area: 12054 ft
BTUH = Area x U x AT = 4978 BTUH

NetArea: 1385q ft
BTUH = Area x U x A

—343BTUH

Heght: 91t

Cost: 061

Ceef: 0,037

Edge

Length: 3167 ft
Gross Area: 0B sq
BTOH = Area x U x A

—18728TUH

Length: 3L67 ft

Linear Length: 120,681t

BTUH = Linear Lengh x BTUHIIN. ft= 4827
BTUH

Width: 2867 1t
U Gosf: 0030

Width: 2867 1t
A0BTUHILF.

nfitration

‘Assume Medum Cansiruction
Widih 2867 1t
Vaume: 8,170cu ft

BTUH = Volume x AC/hr x 0.018 x AT
BTUH

11,003

Length: 3L67 ft
AirChange: 11 AGIhr
CAdjusted for F)

Height: 91t

‘Maximum Hourly Heat Loss.

30,022 BTUH.






OEBPS/images/utable06001.gif
Temperature |  Latent Heatof |  Pressure
of Water Vaporization () A
= F 10758 61U 005
W F 10713610 o1z
& F 10593 BTU 025
7 F 10543 BTU 0%
5 F 1046 ETU 051
100 F 10372610 055
200° F 775610 5
22 F 5703810 147 T
%0 F 5455 610 ED 2t
00 F 7140810 508 o
705 F 008TU 32062 200+






OEBPS/images/utable07001.gif
Load Source Equation Reference, Table, Description
Extemal
P lass Area Calculated fom Archtectural Plans
aass s Shading Cosficiet for Combinatin of Glass and Intemal Shading
(Tables 7.18-7.20)
soar BTUH = A(SC) SHGF star: Solar Heat Gain Factorfor the Particular Lattude, Time, and
Orientation (Tabe 7.16)
For Externaly Sharied Glass, Compute the Shaded Area and Use SHGF fo north
Orientation
Gass P2 Based on the Type of Window, Glazing,and Interr Shading, f Used
2 lass Area Calculated from Archtectural Plans
Conduction BTUH = U4 (HTD) HID: Hourly Temperature Diference, Insic to Outsic (Table 7.158)
Carrect for Outsice DET and Dally Range.
Carrectfor nsice DET
v Designed Heat Transmisicn Coeficints
& Areas Calolated from Architectural Plans
Wals BTUH = UA (ETD) GRS Equivaknt Temperaure Difiereria (Table 7.22)

NS

Carrect fr Outside DET and Daly Range.
Carrect for Inside DET

Designed Heat Transmissicn Coeficints
‘Areas Calculated from Architectural Plans






OEBPS/images/utable070011.gif
Solar | Solar
Time| Normal Time
Date | (a.m.) (BUTHRY)| N | E | S | W | HOR | (p.m)
2n| 8| 12 | 5|u1| 75| 5| 1] a4
9| 23 |12[is4f160( 12| 85| 3
10| 274 |16 |12s|203| 26| 96| 2
1| 2 |96l (2619 | 12e | 1
12| 294|202 2521|133 12
Half-Day Totals 62 |461/819] 63 | 356
20| 5 2 [ 1] 2[ o[ of o 7
6| 1 |wlw| ujn| 2| s
7| 28 ||| 2|2 | s
8| 201 |28|216| 30|26 |15 | 4
o | 253 |32 13| s2|a (s | 3
10| 269 |3 |uas| 8|3 |2 | 2
1| 255 |37 sif02| 37|24 1
12| 255 || a1fi08| a1 |22 | 12
Half-Day Totals 219]1000/352181[ 1075,
(am)[@UTH®) | N | £ | 5 | W | HOR | (o)






OEBPS/images/ueqn14014.gif
1,000.000sq 1t = 35,000 sq Tt per Elevator Car = 28.57
1.000.000sq t = 265.000 s ft per Service Car — 3.77





OEBPS/images/ueqn14015.gif
(300> p x N)=RT
HCaorrom zoe = (300 x 19 Persons/Car
153.0 sec = 372 Persons
(300 x 19 Persons/Car
% 10Cars) + 167.65ec = 340Persons
HCrop zone = (300 x 19 Persons/Car
« 10Cars) - 184.0 sec — 309 Persons






OEBPS/images/ueqn14016.gif
(300> p x N) =R
HCaorrow zone = (300 x 19 PersonsCar
% 8Cars) + 153.0 sec = 298 Persons
HCuooc zone = (300 x 19 Persons/Car
x 8Cars) + 167.6 sec = 272 Persons
HCros zone = (300 x 19 Persons/Car
« BCars) - 184.0 sec — 247 Persons






OEBPS/images/ueqn14017.gif
Length = 13-6" + (1.732 x Floor-to-Floor Height)





OEBPS/images/ueqn14010.gif
Time 1o RunUp = Numberoi Stops
x Time Between Stops
1 « E 02 sec — EE 99 sac






OEBPS/images/ueqn14011.gif
Llotal Rise — (Typical Stop-to-Stop Hise)] x 60 seC
ElevatorSpeedin FPM
. Stop-to-Stop Time (sec)






OEBPS/images/ueqn14012.gif
(2U0Tt — 18.1810) x BU sec
500FPM
4 502sec — 26.856C

Time to Run Down —





OEBPS/images/ueqn14013.gif
__ Reightof Express Run x 60 seC
Express Run Time — — - e peedin FAM





OEBPS/images/ueqn14008.gif
lotalRise = (Lobby Floor Helght) + [{Floor-lo-Floor
Height) (Upper Fioors Served — 1)]






OEBPS/images/ueqn14009.gif
lotalRise
Brobable Number of Stops 11 5tops 1818t





OEBPS/images/ch10fig033.jpg





OEBPS/images/ch10fig032.jpg
A - FUNINRCATION
HUMIDIFICATION AND HEATING.
(EATING
ATING AND DEHUMIDIFICATION
E - DEHUMIDIFICATION
F - DEHUMIDIFICATION AND COOLING
G -COOLING.
H -COOLING AND HUMIDIFICATION

T TR ]






OEBPS/images/ch10fig031.jpg
RA - 78°F & 50% RH
FA - 95°F &60% RH

MIX POINT - 1/6 FA & 5/6 RA
SA - 62°F

/

]

o388 8 848 £ 3

LI S0





OEBPS/images/ch10fig030.jpg
A - 78°F &50% RH
FA - 95°F &60% RH
MIX POINT - 1/6 FA& 56 RA
SA - 58°F

ECS LOADS ;i /,9"'
VENTILATION.

]

]

LI S0

HEAT GAIN
REHEA D
“
. T}

cs8E s 85 g 8






OEBPS/images/ch10fig037.jpg
HOT RETURN ——— | > “——— CHILLED SUPPLY
CIRCULATING PUMP —| Q ———— CIRCULATING PUMP

HorsuppLy —| | I CHILLED RETURN
HOT WATER CHILLER WATER

HEAT EXCHANGER HEAT EXCHANGER





OEBPS/images/ch10fig036.jpg
SPACE Ill

+——— CHILLED SUPPLY
CIRCULATING PUMP

HOTSUPPLY ———— RETURN
HOT WATER CHILLER WATER

HEAT EXCHANGER HEAT EXCHANGER





OEBPS/images/ch10fig035.jpg
HOT WATER CHILLER WATER
HEAT EXCHANGER HEAT EXCHANGER





OEBPS/images/ch10fig034.jpg





OEBPS/images/ch10fig038.jpg
— e

HEATING COILS

COLLECTION PAN —>—

500 FPM
MAXIMUM FACE (N
VELOCITY ACROSS 'GUTTER

coiLs
COOLING COILS





