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FOREWORD

For many years it has been apparent that the world in general and the United States

in particular can not continue to use energy at ever increasing rates and, in many cases,

wasting large amounts of energy. The known supply of hydrocarbon fuels is limited. It

was not until the oil embargo of 1973, that this fact was clearly pointed out to almost

all people. Something must be done to reduce or at least slow down the rate of increased
energy usage and to minimize the wasting of energy.

It has been estimated that about 14% of all energy consumed nationally is used to

heat or cool buildings of the commercial and industrial type buildings. An additional 20%

is used in residential buildings.

There are many ways to reduce energy in buildings. One way is to completely neglect

the comfort of people.  This is not an acceptable solution and thus other options must be

considered .  There are some people in ASHRAE who believe that comfort and energy may be

simultaneously optimized through the use of operating strategies which consider the dynam-

ic characteristics of comfort, the built structure and the environmental control system.
William Chapman is such a person. Under his direction an ASHRAE task group (TG) was
organized to pursue this idea. At the ASHRAE meeting in Seattle in June 1976 a seminar
was held to tell ASHRAE members what several people thought should be done. This workshop

is an outgrowth of that seminar.

The goals of the Task Group on Dynamic Response are to determine those activities
necessary to develop operational strategies for the optimization of energy use in build-

ings and, through the other technical organizations in ASHRAE, to work toward the accom-

plishment of these activities. The workshop reported in these proceedings represent a

major step toward achieving these goads by bringing together experts representing the many

aspects of environmental control systems to determine 1) the present state of our kno
wl-

edge, 2) the additional information needed and 3) the research necessary to obtain the
needed information.

William P. Chapman, chairman of the ASHRAE Task Group on Dynamic Response and a Vice

President of Johnson Controls, Incorporated opened the workshop by te1ling the participants

the purpose of the workshop and what was expected of each participant. He then introduced

the keynote speaker, Paul R. Achenbach, from the National Bureau of Standards. Mr. Achen-

bach outlined past and future problems related to the achievement of the goals of the task
group for the workshop.

The workshop was then divided into eight (8) working sessions. 1. Equipment,

2. Controls, 3. Structures, 4. Human Factors, 5. Circulation/Distribution, 6. Design,

Operation and Use Pattern, 7. Management and Codes, and 8. Energy Storage. These proceed-

ings report the findings of these eight working sessions.

In addition at the conclusion of the workshop, a summary session was held. The re-

sults of this summary session are also included as part of these proceedings.

The organizers and participants of this workshop realize that the recommendations
 in

this proceeding are not all inclusive. There may be oversights and some of the recommend-

ed research efforts may already be in progress or have been done.  The ASHRAE Task Group

on Dynamic Response welcomes your comments. Comments should be sent to: Dennis E. Miller,

Johnson Controls, Inc., P.O. Box 423 MS 47-680, Milwaukee, WI 5320
1.

The Ray W. Herrick Laboratories, School of Mechanical Engineering of Purdu
e Univer-

sity is proud to be a part of this important workshop.  We hope that this 
workshop and

these proce dings are a useful part of the program to understand and opt
imize energy usage

in building and at the same time maintain the comfort of its oc
cupants.

We wish to thank all those who participated in the workshop, ASHR
AE for its forsight

in seeing the need for such a workshop, and DOE for their financial help.

David R. Tree
Workshop Chairman
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NOMENCLATURE

A         amplitude of temperature change KSU Kansas State University

ACES annual cycle energy storage kW kilowatt

ADPI air diffusion performance index      L         heat losses

AMCA air movement and control associa- LiBr lithium bromide
tion

M         metabolic heat production
ASHRAE American Society of Heating, Re-

frigerating and Air-Conditioning     m         meter
Engineers, Inc.

Met unit of measurement for the met-
ASHVE American Society of Heating and abolic heat production, 1 met =

Ventilating Engineers 50 kcal per square meter per hour

BTU British thermal units min minute

°C degrees Celsius MRT mean radiant temperature

Cal calorie NBS National Bureau of Standards

Cfm cubic feet per minute NBSLD National Bureau of Standards
computer prpgram for heating and

Clo measurement of the insulating cooling loads in buildings
value of clothing

P         vapor pressureADOE Department of Energy
PIHI predicted indoor habitability

DX direct expansion index

E         the maximum evaporative cooling PM\7 predicted mean comfort votemax allowed by the envirdnment
PPD percentage of persons dissatis-

E         required evaporative cooling fied
reg

E         sweat regulatory losses              Qc        convective heat lossr

ET Effective temperature scale          Q         diffusional losses through the
diff skin

EUI energy utilization
Q         radiant heat exchange

°F degrees Fahrenheit
R

Q         respiratory heat lossesresft feet
R or r rate of temperature change

gpm gallons per minute
RH relative humidity

hr hour
Sq sqare

HSI heat stress index
SW sweat secretion

HVAC heating, ventilating and air-
conditioning                         T         dry bulb temperatureA

HUD Housing and Urban Development        T         basal temperatureB

i         permeability index for clothing TC ASHRAE technical committee
m
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NOMENCLATURE (continued)

T         body core temperatureCORE

TG ASHRAE Task Group

T         mean ambient temperatureM

T         neutral temperature or tempera-N ture at which there is thermal
comfort

T         body skin temperatureS

TS thermal sensation

TS/a+ thermal sensation; mode: ascend-
ing; temperature: maximum

TS/a- thermal sensation; mode: ascend-
ing; temperature: minimum

TS/d- thermal sensation; mode: descend-
ing; temperature: minimum

TS/d+ thermal sensation; mode: descend-
ing; temperature: maximum

VAV variable air volume systems

W        watt

ZnBr zinc bromide
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CHAPTER I

OPENING SESSION

1.0  Welcoming, by Raymond Cohen, Director of Ray W. Herrick Laboratories, School of Mech-
anical Engineering, Purdue University

We have many conferences at Purdue servicing many thousands of visitors to the cam-
pus who enjoy these fine conference facilities. I hope you do also. But beyond that,
because of the Herrick Laboratories' long association with ASHRAE, we are especially glad
that you chose to hold such an important workshop as this here.

The energy problems of our times have become all pervasive for ASHRAE, as they are
fast becoming for our society. This workshop is one manifestation of ASHRAE's response
to these problems - a response that started when I was chairman of ASHRAE's Standards
Committee in 1971-73. The National Bureau of Standards had been working on standards to
minimize energy use in buildings and it \2as suggested to me by Walt Spiegel, then presi-
dent of ASHRAE, that we should appoint a project committee to consider the work of NBS
with the idea of developing an ASHRAE Standard with that same objective. The Standards
Committee had been accustomed to developing consensus standards based on common practice.
ASHRAE shied away from standards that went much beyond measurement techniques leavihg rat-
ing standards or the like to trade associations.  So it was not an easy matter to respond
to Walt Spiegel's request, especially when viewed, in addition, in light of the expected
arguments and controversy from different segments of ASHRAE. We knew there was no visible
consensus, if indeed there was one at all. But we did appoint Standard Project Committee
90 and ASHRAE Standard 90-75 was produced three years later. ASHRAE responded to the need
then and has continued to respond since. Now there are very few programs in ASHRAE that
are not energy conservation related.

ASHRAE is doing a fine job in the conservation field. I am glad to have been a part
of it. I presume all of you are too, otherwise you wouldn't be here. This particular
topic of "dynamic response 6f buildings" is terribly important to energy conservation.

2.0  Conference Theme and Introduction of Keynote Speaker, by William P. Chapman, Chairman
of ASHRAE Task Group on Dynamic Response and Vice President for Research, Johnson
Controls

We have a workshop here today, gentlemen, and I want to welcome you to it.  We empha-
size the WORK in WORKSHOP.

This workshop has been a long time in coming. We had our first planning session for
this workshop without realizing that we were planning for the workshop; it was in Seattle
in June of 1976. We held a seminar to tell the membership what several of us thought had
to be done. At that time we asked the membership if they agreed with us.  On the panel
with me were Ross Meriwether, Chuck Sepsy and Larry Spielvogel.

That seminar didn't produce much, I will have to confess. For one year we struggled.
We didn't really get off the ground until the next year when the Task Group on Dynamic
Response was formed. It was placed in Section I of the R&T Committee under Bob Tamblyn,
who is here this morning to participate. In that first year, July, 1977 to June, 1978,
the Task Group developed a hypothesis; namely,

The design and operation of buildings, if changed from our present worse case design - the
static, thermal equilibrium assumptions - to the consideration of dynamic response charac-
teristics of all elements, we could have more energy effective buildings.

1



The problem, though, is that we lack a great deal of data, so much in fact, that the
research that is required goes beyond the capabilities of any corporation; goes beyond
the capabilities of a group such as ASHRAE if they had to rely on their own general funds.
So it was essential that we turn to the Department of Energy and ask them for their par-
ticipation and their help. We were encouraged by DOE last year to do some work for them,
but we had to get our thinking straightened out; we had to get organized; we had to put
something of substance together. This, in fact, was the first challenge that the R&T
Committee gave us. Well, we did that and we have formulated our plans. In this packet
(see Appendix A) you will find some of this background. You will find the objectives.
You will find the thinking of the Task Group.  At this moment the objective of this Task
Group is to verify its hypothesis.  We intend to do that by actually operating a number of
systems. But before we can do that we need research data so we come back to our primary
objective, which I hope will be the product of this workshop.  A product which we plan to
put forth to the membership at Los Angeles.  A product which we will work on for many,
many man hours in a period from today until Los Angeles.  A tentative plan will be open
for discussion at Detroit and will be the subject of several meetings. Our product
should be the long range research plan to develop the dynamic response characteristics of
the building system.

We may have described that system as consisting of three subsystems, or three ele-
ments, (1) the passive element, which would be the building envelope, the pipes, conduit,
the non-energy consuming elements that affect the operation of the system; (2) the active
elements, those elements that are actually using energy, primarily the motors that drive
the pumps, fans, compressors, the lighting, the auxiliaries - those devices that discharge
energy and create the internal load - and that is the cross-over into the third element;
namely, (3) the occupant.

The occupant is a dynamic machine. I will say that our technical committee, 2.1
Physiology, is about five years ahead of the other technical committees of our society in
appreciating dynamic response. I hope you were in attendance at our seminar in Albuquer-
que. Ralph Goldman gave a very fine presentation on work that T.C. 2.1 has done. But
they, too, know there is more to be done, so they are participating in this Task Force.

The Task Group this morning in this workshop are saying that because of the dynamic
characteristics of the occupant it is possible to operate our system in such a way that
we need not have a fixed room temperature, but rather it can be flexible. Our comfort
conditions, our temperature, our humidity, our air velocity, can vary, and during this
variation the occupant can adjust for a limited period of time for a limited amplitude.
We can, therefore, allow the system to provide varying conditions.  This indicates that
we should be able to set priorities of operation to take advantage of changing conditions.
The highest could be energy effectiveness within limits of comfort conditions. It would
be an amateurish, foolish operation, of course, to completely optimize energy without
regard to comfort and consume no energy whatsoever. One could work in the dark. One
could work in the cold or the heat. One could open the windows and go back 50 years to
the conditions that were prevalent then before we understood the physiological aspects of
the environment. We feel that we need not be that unprofessional. We feel that by main-
taining a professional attitude we can make our structures more energy effective and
maintain the quality and performance that we have developed after these many years of re-
search. We feel we can meet the goals, the objectives that have been set for us; namely,
to reduce operating loads 25%. We can do this without sacrificing quality. This is our

hypotesis.

Personally, I am convinced of it, and I think most of us on the Task Group are con-
vinced of it, but our problem is to prove it. If,.indeed, we' prove it we then have an-
other task.  We have to convince our membership to change today's design criteria.  We
will have to publish new design procedures in our Handbooks. The design professionals

will not accept our hypothesis if it is not endorsed by ASHRAE and published in the Hand-
book. It has to be described there as the operating strategies of energy effectiveness,
and that leads us to the point of our keynote speaker this morning.

He is going to speak on the problems and the opportunities that we have and the dif-

ficulties of taking our technology  from the laboratory,  from the research stage,  and
bringing it into the marketplace, the designer's office. It is not too early to think
about this next step at the outset. I remember in 1958 we had a conference in the old
ASHRAE laboratories in Cleveland when we first started to speak about dynamic characteris-

tics. we were speaking about dynamic characteristics of coils - water to air coils - not
even a change of state; it was too complex to think of steam coils. One of the points

brought up at that conference was that if we get this information, if, indeed, we can
describe the elements in terms of their dynamic characteristics, how in the world will we

2



ever use the information?  How in the world will we ever be able to bring such a complex

design procedure into the consultant's office?  Well, some of us said, we don't know, but

let's not worry about it at the moment - let's at least get on with the work, somehow
there will be a way. What happened, of course, was that we didn't get started aggressively
enough; we did establish RPS (we are in the 200 series now) to study the dynamic char-
acteristics of a simple coil, the water to air coil. We worked hard, we came up with
extremely complex equations to describe dynamic response, and we have worked along and

plodded along through several other projects.  In the meantime the computer industry took
over, and today the application of our.data is not a concern. We will not have difficulty

getting a design procedure put to practice because all of our consulting offices have
access to computers. So the problem of using complex procedures is over. It   does    il-

lustrate, however, the resistance at that time, 20 years ago, to take work from the lab-

oratory and get it into being and make it useful. It is today an important aspect, and it

is proper to consider it at the outset of our workshop. Utilization of research has to be

considered before research is initiated.

With that as background, let me introduce our keynote speaker, Paul Reese Achenbach.
Paul has been in the research arena of our industry, our profession, for many years. SO

far back that air was pure. We didn't have Air Conditioning in our name. Paul has been

with the Bureau of Standards most of that time; he had a small excursion from the Bureau

many years ago, but even then his work was related to the HVAC industry. Paul is a Fellow

of ASHRAE, holds the F. Paul Anderson Award, and I am sure has been known to many of you
for many years for his work in all aspects of our profession.

3.0  Keynote Speech, by Paul R. Achenbach, Senior Research Engineer; National Bureau of

Standards

OPPORTUNITIES AND PROBLEMS IN THE DYNAMIC
APPROACH TO ENVIRONMENTAL CONTROL, IN

BUILDINGS
\

by

P. R. Achenbach

3.1  ABSTRACT

Most of the energy-using processes in buildings as well as the energy requirements for
environmental control in buildings vary with time. The dynamic nature of energy use in

buildings is caused almost wholly by the cyclic nature of the solar system as it affects
climate and the pattern of energy use by the occupants.

The application of computer technology during the last 15 years has provided the means for

analysis and prediction of the energy used in many of these dynamic processes and has

opened up a broad new vista for experimental and analytical research. The integration of
the various dynamic releases of energy and the various dynamic requirements for energy
in an occupied building provides a major opportunity for greater overall efficiency in

energy utilization.

This discussion identifies the many institutional barriers that impede the prompt flow of
a new complex technology from concept to application in the particular context of building

design and construction. It also emphasizes the need for planning ways to facilitate
technology flow at the same time that the research plan is developed.

Key Words: Analytical modeling; building design; building research; computer analysis;
dynamic energy use; energy conservation; institutional barriers; technology
flow.

3.2  OPPORTUNITIES AND PROBLEMS IN THE DYNAMIC APPROACH TO ENVIRONMENTAL CONTROL IN
BUILDINGS

P. R. .Achenbach

It is unnecessary to justify characterizing the analysis of the energy requirements

of  buildings  as ·a dynamic process  to this audience. The American Society of Heating,

Refrigerating, and Air-Conditioning Engineers (ASHRAE) has had this Task Group on Dynamic
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Response in existence for about a year and a half and many of you have been involved
 in

this type of analysis for a decade or more. However, a brief review of past practice may

provide a sense of direction for the future. For example, in the 1950's the ASHRAE Guide

published winter design temperatures for calculation of design heating loads that w
ere

chosen to be approximately 15 degrees F (8 degrees C) above the lowest temperatu
re ever

recorded in each locality. This steady-state approach was reasonably satisfactory in

that the increment of about 15 degrees took advantage of the short duration of the 
lowest

temperatures and the heat capacity of the building in selecting equipment capacity.

By 1959, the Guide published several winter design temperatures; namely, those mini-

mum daily average temperatures which occurred once in 5 years, 10 years, 13 years, 20

years, and 40 years, respectively. This approach allowed the designer to choose a level

of risk as well as to vary the choice with the heat capacity of the particular build
ing

and other factors. These temperatures were used for calculations of a steady-state heat-

ing load.

The writer was Chairman of the ASHRAE Heating Load Technical Committee at the time.

When it was proposed in the Committee that the Guide include a paragraph suggesting w
hat

factors of building design, materials, climate, and occupancy should guide the d
esigner in

choosing one or the.other of these design temperatures, one of the consulting
 engineers

objected because he said it would make every new college graduate an expert in c
alculating

heating loads and selecting heat equipment. However, the multiple listing of winter de-

sign temperatures and the paragraph of guidance was placed in the Guide.  
There was no

indication that the information decreased reliance on experienced engineers for 
design

purposes.

Annual energy requirements continue to be calculated using heating degree
-days and

cooling degree-days or cooling degree-hours for some purposes. However, there has always

been substantial dissatisfaction with the use of cooling degree-days and there 
is growing

dissatisfaction with use of heating degree-days based on an outdoor tempera
ture of 65°F

(18°C) for well-insulated buildings.

Since the advent of computer technology in the calculation of the energy re
quirements

for buildings an abundance of programs, many of which are proprietary, hav
e been developed

for calculating loads, energy requirements, and costs. These have ranged in complexity

from the "bin method" based on hourly temperature frequency data to the us
e of hour-by-

hour sequential coincident values of temperature, humidity, solar radiatio
n and wind data

for a typical year.

An examination of the basis for the dynamic nature of the energy requireme
nts in

buildings reveals that it is almost wholly caused by the cyclic nature of
 our solar sys-

tem. The relative motions of the earth and sun are the basis for the annual weather
 cycle

and the diurnal climatic cycle and are probably responsible for our pref
erring to sleep in

the dark and carry out work and recreational activities primarily in the
 daytime.

Most of the energy conversion and distribution apparatuses, control system
s, energy

price schedules, and load management techniques used for buildings are des
igned to accom-

modate the dynamic nature  of the energy requirements. Even our clothing is designed to be

compatible with two or more seasonal weather patterns. A short list of such adaptations

is shown in Table 1. The table is illustrative only, but it does reveal the broad nature

of the measures used to cope with varying energy needs.

Many of the participants in this workshop, like me, have been making lists of energy

conservation opportunities in buildings for a decade, more or
less. The list shown in

Table 2 is neither unique nor comprehensive, but it has been tailored somewhat to

TABLE 1

Adaptations to Dynamic Environmental Requirements

o  Heating and cooling systems, (seasonal integration)

o  Intermittent operation

o  Automatic control

o  Modulated distribution systems: V.A.V. - double duct

o  Summer and winter clothing

o  Night setback
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o  Pickup factors

o  Energy storage: solar, A.C.E.S.

o  Shading techniques

o  Demand charges

o  Off-peak electric rates

o  Peaking generators

TABLE 2

Energy Conservation Methodologies Benefitting from Dynamic Analysis

o  Modeling of building systems

o  Evaluation of seasonal efficiency of equipment

o  Use of floating balance point

o  Evaluation of boiler/furnace auxiliaries

o  Economizer cycle for ventilation

o  Analysis of infiltration

o  Zoning of buildings - exposure and occupancy

o  Integration of energy-using systems

o  Solar energy utilization

o  Energy storage

o  Cogeneration

o  Life-cycle cost analysis

o  Dynamics of human physiology

o  Building use schedules

indicate the many energy use processes in buildings that can benefit from d
ynamic analysis.

The uses of ahalytical and computer programs to evaluate the energy conserv
ation potential

in these various dynamic processes have expanded so rapidly that few ind
ividuals have been

able to assimilate them. It is my understanding that evaluation of the status and ade-

quacy of these computational aids is one of the objectives of this Worksh
op.

The following figures will illustrate the dynamic nature of the daily and se
asonal

energy use pattern in different situations. The Manchester Office Building, Figure 1, was

designed in 1973 for the General Services Administration and measurement 
of its performance

has been sponsored by the Department of Energy (DOE) as a field research pr
oject of the

National Bureau of Standards (NBS), to illustrate methods for saving energy in t
he design,

construction, and operation of government buildings. It also provided a field laboratory

for the installation of conventional and innovative energy conservation tec
hnologies.

Figure 2 shows the predicted monthly and total annual energy consumptions for variousenergy-using systems at the design stage 1/.  Figure 3 shows enetgy usage for the building
during the first y3ar of operation.  The predicted annual energy use for the building was
about 55,000Btu/ft (173 Kwh/m2) of floor area whereas the observed results were about
43% higher, or 78,600Btu/ft2 (248 Kwh/m2) for the first year of operation.  This disparity
was caused by departures of the actual building construction and operating schedules from
thoie on which the design energy analysis was based. For example, it was discovered after
construction was completed, that the exterior wall insulation was partially by-passed by
cold air leakage, and the outdoor air dampers for the heating and air conditioning systems
were not operating properly. As these construction and operational features are corrected

it is anticipated that the observed energy requirements will approach that determined by

dynamic analysis.
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Figure 4 is an aerial view of the Jersey City Breakthrough site developed by the
Department of Housing and Urban Development (HUD), and utilized as an NBS field research
site 2/for· HUD and DoE to evaluate the energy conservation potential of a diesel-powered
total energy plant in comparison with an alternative conventional central plant using
purchased electric power. The total energy plant supplies all of the electric power, hot
water and chilled water to the 485-unit apartment/commercial complex on the site. Figure
5 is a machine plot of the thermal energy demands on the primary hot water system for
heating and cooling and the heat provided by the water jackets and exhaust heat exchangers
of the diesel engines. It shows four-day plots of the daily energy profiles in the months
of February, May, August and October. For the twelve months from November 1975 to
October 1976, the eneryy savings realized with the total energy plant was equivalent to
160,000 gallons   (606  mj)  of  fuel, oil,  or  17.3%  of the observed annual energy requirements
for the total energy plant.

Figure 5 illustrates both the diurnal and seasonal variations in energy use by the
apartment complex. Several design improvements were identified during the study which
could raise this annual savings potential to about 25%. The data from the Jersey City
development should be useful for validating dynamic energy analysis procedures as well as
to predict the potential energy savings obtainable by using on-site integrated power pack-
ages for a large community.

Figures 6 and 7 show the minimum, maximum and average 15-minute power demands for each
hour of the day in the months of January and August, respectively, in all-electric 3-bed-
room ranch type houses equipped with heat pumps in Little Rock Air Force Base. 1/ The
upper and lower plots show the respective maximum and minimum 15-minute power demand
occurring on any day of the month and the middle plot shows the average for all the days
of the month. These figures show that daytime demands were substantially higher than
night ddmands that the maximum demand at any hour of the day or night is more than double
the monthly average for these all-electric houses. Good dynamic analysis procedures should
be able to duplicate this type of data.

One of the purposes of this workshop is to assess how dynamic analysis of the per-
formance of buildings and their energy-using systems can be utilized in the design and
operation of buildings to optimize energy utilization. In my opinion, reaching this ob-
jective requires, not only research, but a well-planned process for introducing research
results into design and construction practice. One of the Institute Directors at NBS ex-
pressed this concept very succinctly as follows:

"Applied research, to be useful, must be done well, but in addition those
who do applied research must also identify or help create, if necessary,
the institutional mechanisms which will use the results of their research."

Figure 8 is a chart showing the principal paths by which technology moves from con-
cept to construction practice. The row of boxes across the top of the chart illustrates
the flow of technology from the concept stage to incorporation of test methods and per-
formance requirements into specifications, codes and regulations.

The bottom row of boxes illustrates the use of research results in modeling, product
and system development, construction practice and design practice. Other lines of com-
munication could have been shown on this figure together with several feedback loops, but
it would have made the chart too complex for this presentation.

ASHRAE, as a Society, performs all of the functions illustrated in the top row of
boxes and engages in the development of computer algorithms and improved analytical models.
The Society approaches the area of codes and regulations with some diffidence, although
this function is identified in their Articles of Consolidation. The Department of Energy
engages in all of the activities shown in the top row of boxes plus the development of
computer programs and analytical models, and in product and system development in a very
limited way. A university engages principally in conceptualization of user needs, re-
search, dissemination of information through education and in conferences and seminars,
and in computer programs and analytical modeling. University staff members participate
in most of the other areas of activity illustrated in Figure 8 in a limited way, often as
extracurricular activities.

LeLLers A to G, in Figure 8, illustrate the location of institutional constraints or
barriers that can impede the free and prompt flow of technology. These barriers will be
described briefly and illustrated through current or past research programs. I am con-
vinced that some or all of them will be applicable to the comprehensive research programthat his Workshop seeks to develop and promote. Furthermore, the ultimate success and
usefulness of the research may be determined by the amount and quality of advance planning
brought to bear on maintaining the flow of technology through the steps illustrated in
Figure 8.
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Barrier A

It is difficult to maintain interest in and support for research projects
 that re-

quire five years or more to complete, partly because the 
support to undertake such projects

is often not forthcoming until the need for the results i
s already urgent. Under such

conditions, it is sometimes impossible to produce the ne
eded results at the time of ap-

parent greatest need. Furthermore, it is not unusual for the administrator who is re-

sponsible for approval of funding to change in a 5-year
period. In addition, researchers

and research organizations sometimes do not have a strong
 desire or adequate means for

converting research results into application guidelines 
for handbook and standards pur-

poses. The introduction of new technology into standards and c
odes is often time-consum-

ing and may be regarded by some researchers as compromis
ing the purity of research results.

Barrier B

A large number of computer programs and analytical model
s And much computer software

have been developed in recent years for calculating the en
ergy requirements for buildings.

Several' of the programs are proprietary, and others h
ave been developed in government-

supported research programs or by academic
institutions. Some programs evaluate building

heating/cooling requirements only and others include so
me or all of the HVAC systems and

equipment in buildings. The building design professions need to know how rel
iable various

programs are for use in contractural
transactions. No generally-accepted criteria for the

adequacy of a computer program for energy analysis has
 yet been developed for this appli-

cation. A current ASHRAE research project will provide comparisons of the calculated

annual energy requirement of an identical office buildi
ng using several proprietary

hourly-simulation computer programs, such as the DoE-2 
program, the BLAST program with the

results obtained by manual calculation using short-form modifi
ed REAP program. A project

of this type can reveal the variation in results obtaine
d with various energy analysis

procedures and begin to indicate how much computer prog
rams can be simplified while re-

taining suitable accuracy. However, a single project of this type is ad hoc in natu
re

and does not solve the fundamental reliability and simp
lification problems in energy anal-

ysis technology nor develop criteria for evaluating co
mputer programs.

Barrier C

There is often great difficulty in attaining consensus 
on proposed standards that

integrate more than one discipline, trade practice, or 
major class of materials; or for

which several different more limited standards are alre
ady in existence. I refer to this

barrier as the "debating society syndrome. " Efforts to issue an updated National Plumbing

Code and a revision of ASHRAE Standard 90 have revea
led some of these difficulties.

Barrier D

Manufacturers, designers, and builders have been reluct
ant to commit good environ-

mental and energy conservation practices into building 
regulations when historically only

performance related to health and safety has been regulated. Also, the inherent autonomy

of state and municipal regulatory bodies has made i
t difficult to attain any large mea-

sure of uniformity in energy-use practices.

Barrier E

There is much inertia to be overcome in getting good energy conservation
 guidelines,

standards, and model codes into everyday design and co
nstruction practice, because of the

diffuse nature of the design, inspection and regulatory
 functions in building practice.

It would require a major training and demonstration pro
gram to introduce new technology

into design and construction practice in less than five
 years.

Barrier F

There are a number of obstacles to getting good design
 practices converted into good

construction practices. Some of these obstacles are the effects of climatic factors during

construction, upgrading workmanship, availability 
of materials and hardware, labor prac-

tices, costs, inadequate training programs, etc.

Barrier G

published results frequently stimulate the design 
of new products, equipment and

systems. However, commercial products sometimes do not perform comparab
ly to the research

10
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-

predictions or to analytical models because of the constraintsimposed on equipment design

by factors such as safety, reliability, durabilit
y, cost, and performance of controls,

that are not taken into account in the modeling 
process.  These constraints Wer9'partly

responsible for lower than expected energy saving
s in the Jersey City total energy plant.

How then does a workshop like this one, comprised
 of leaders from professional soci-

eties, academic institutions, government, and ind
ustry, develop plans, procedures, and

objectives that will cause new research results 
to flow smoothly and expeditiously into

construction practice and the commerce of building? I would like to suggest a broad

objective that could be supported by all partici
pants and all of the sponsoring organiza-

tions of the workshop.

Section 1.3 of the By-Laws of ASHRAE states the o
bjective of the Society, as follows

(underlining by the author):

The Society is organized and operated for the exclusive purpose of '

advancing the arts and sciences of heating, refri
geration, air-conditioning

and ventilation, and the allied arts and sciences
, and related human fac-

tors for the benefit of the general public, as d
efined in the Certificate of

Consolidation. To fulfill its role, the Society shall recognize the effect

of its technology on the environment and natural 
resources to protect the

welfare of posterity.

The officers of ASHRAE have pledged themselves to
 support this objective.

The Preamble of the U.S. Constitution reads as f
ollows (underlining by the author):

We, the people of the United States, in order to
 form a more perfect

Union, establish justice, insure domestic tranqu
ility, provide for the

common defense, promote the general welfare, and
 secure the blessings of

liberty to ourselves and our posterity, do ordain
 and establish this Con-

stitution of the United States of America.

There is a strong parallelism between the underli
ned portions of these two documents

which could serve as an overall objective of the
 rdsearch program which you are about to

develop. Promoting the welfare of the general public is a
n objective which all partici-

pants in the workshop could *uppbrt and the succ
ess in reaching this objective could well

be the measure by which the results of the progr
am are evaluated by the nation.

It could be argued that, in addition to superior
 technical talent, which this work-

shop  provides, the leadership 'o f this program needs the wisdom of Solomon, the patience

of Job, the diplomacy of a Secretary of State, a
nd the determination of a corporation

president in order to successfully move dynamic response techn
ology into practice in a

reasonable time frame. You obviously have a very attractive research are
a to develop and

it has major potential for promoting the general
 welfare through energy conservation.

May I suggest that this week is not too early to
 charge a Task Group with formulating the

procedures to get the forthcoming research resul
ts beyond the handbooks, library shelves,

and the filing cabinets of the researchers who cr
eate the new technology.

REFERENCES
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CHAPTER II

EQUIPMENT

Committee:

David A. Didion, National Bureau of Standards (Chairman)
Alwin B. Newton, Consultant
Floyd C. Hayes, Trane Company
William E. Clark, Carrier Corporation

P        Richard A. Erth, York Company
James F. Hamilton, Purdue University

A REPORT ON RECOMMENDED RESEARCH IN

BUILDING HVAC EQUIPMENT DYNAMICS

1.0  SCOPE

The intent of this report is to identify research activities which will provide a

better understanding of building equipment's dynamic performance.  When possible, there

is also an indication of the research product or document format that would be most satis-

factory. This, of course, requires the identification of the appropriate product user;

such as, equipment designer, system designer, building owner, equipment operator, etc.
The portion of the total building system consider6d to be this committee's responsibility
is illustrated graphically in Fig. II-1. The building system is lumped into four basic

categories; (1) the shell with its thermal communication links with the diurnal and
seasonal weather patterns, (2) the HVAC hydronic or air conveyance system which provides   '
the environmental conditions desired in the habitable spaces of the building, (3) the

energy conversion equipment which creates the steam, hot water and chilled water neces-

sary for the HVAC system at the expenditure of the primary energy of fossil fuel and
electricity which crosses the building line, (4) the controls systems which provide the

communications links among the first three. As indicated by the dotted line in Fig. II-1,
this report deals only with category (3), the energy conversion equipment. It does not

deal with the fans and pumps of the air handling rooms, nor the heat exchangers in the

air boxes unless they are an integral part of the equipment itself, such as a DX coil.

It is concerned with traditional chillers, and boilers of all types, unitary and field

assembled equipment, residential and commercial applications.

2.0  APPROACH

The first thing that became apparent in discussions was the need for a clarification

of what is meant by equipment dynamics. In light of the parent committee's desire for
knowing how a building performs under dynamic conditions, it was felt that equip

ment per-

formance under both part load steady state (off design) and true dynamic conditions
 should

be considered.  Fig. II-2 illustrates an example of each.  A refrigerating system op
er-

ating under part load steady state (off design) condition would have a different
 tempera-

ture difference between the refrigerant and the heat exchange media across each 
coil than

it would under full load steady state conditions. This increase in AT will result in a

significantly lower performance than would be predicted by considering a similar system
operating at full load under the same condensor/evaporator temperature conditions.  A

"true dynamic" behavior of a building machine might typically be one where the temperature
of some of its components varied for a significant part of its total operational period
and as a result of this temperature variation, the performance of the overall machine dif-
fers from that of the steady state condition.  For example, this behavior is noted in uni-
tary furnaces and air conditioners which are operated with on/off controls.

With the distinction between the two types of equipment conditions clarified, the
discussions began by considering categori«s of specific equipment individually (i.e.,
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boilers, compressors, etc.). .It was noted, however, that seve
ral categories had similar

needs and thus the final project recommendations are listed under two maj
or sub-headings,

general and specific.

3.0  RECOMMENDED RESEARCH PROJECTS IN EQUIPMENT DYNAMICS

3.1  General

1.  Establish representative use cycle (load cycle) that the equipment se
es for

heating/cooling of various buildings, climates, building HVAC systems or a
n annual and

diurnal basis.
1

(Equipment Designers)

2.  Determine energy benefits of ofF design system optimizatio
n; that is, energy

savings if equipment is sized to "average load" rather than maximum load.

(Equipment Designers)

3.  Evaluate typical equipment dynamics (control caused rip
ples) for magnitude of

potential energy savings for small equipment and large equi
pment categories, and cyclic

equipment and modulating equipment patterns.

(Government Research Program Managers)

3.2  Specific Equipment

1.  Boilers

*  Develop performance simulation model of modulating boi
lers to aid product

designers in understanding boiler dynamics.

(Equipment Designers)

*  Do a study to identify the barriers to high seasonal 
efficiency low pressure

boilers/furnaces (include economics and environmental e
ffect).

(Government Research Program Managers)

2.  Positive Displacement Compressor (and Compressor Syste
ms) - reciprocating,

rotary, screw.

*  Develop dynamic model of unitary equipment looking at
 variations in load and

ambient conditions (development of higher seasonal effi
ciency systems is happening in

private sector without government stimulation).

(Equipment Research and Development People)

3.  Electric Motors

*  Conduct a feasibility study which will evaluate the energy impact, des
ign

options, and economics of new motor designs which have 
an improved performance over the

entire load range.

(Government Program Managers
and Equipment Manufacturers)

4.  Centrifugal Compressor and Compressor Systems

*  Develop generic documentation that enables system des
igner to select chiller

systems on 'an off-peak design criteria basis to obtain improved seasonal energy perfor-

mance. (Manufacturers' cooperation in supplying data is imperativ
e.)

(HVAC System Designer)

01(. . .) indicates the primary intended audience the 
project's report should be

aimed for.
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5.  Absorption Chillers

*  Develop generic documentation that enables the system and controls' designers

to optimize the part load performance through generator and cooling tower t
emperature

monitoring.  Where primary energy is being used as the driving force (gas-fir
ed, etc.)

this documentation should be carried out to include a testing and rating evaluat
ion

procedure.

(HVAC System Designer)

The following two projects are not dynamic problems per se, but since there is con-

siderable renewed activity in this area it was felt that they should be include
d because

of the danger of wasteful duplicative efforts.

, *  Document the history and present state-of-the-art of absorption systems; par-

ticularly point out the barriers to higher COP's and the inherent advantages/
disadvantages

of the different working fluids combinations.

*  Determine capability of known working fluids for air-cooled small commercial

units to about 40 tons, particularly methanol-LiBr (ZnBr) already proven to
 be feasible.

6.  Engine Driven Heat Pumps

*  Develop generic documentation that enables a product manufacturer to ev
aluate

the potential of this concept particularly under part load conditions and 
establish a cri-

teria for sizing his product with different building loads.

(Equipment Manufacturers)

7.  Cooling Towers

*  Explore the need for and availability of analytical models which will simulate

part load performance as a function of both water-side and air-side te
mperature and mass

flow variations. (Manufacturers cooperation in supplying data strongly recommended).

(Equipment Manufacturers)

*  Conduct a state-of-the-art study of the degradation of performance of cool
ing

towers as a function of water treatments. (i.e., biological growths, corrosion, etc.)

(Building Owners/Operators)

4.0  SUMMARY

All the projects under the General sub-heading should be given particular 
attention

by the Federal Government as candidates for sponsorship.  They involve studying the
building system at the interface of its subsystems and thus are unlikely 

to be sponsored

by private industry.  They literally fall between the cracks 
of the various building

industries' responsibilities. Yet, the information to be obtained from these studies is

essential for better equipment design.  Although the projects are not ran
ked in any par-

ticular priority order it should be noted that perhaps the most important project 
to get

started on is number 1 under the General sub-heading. This project is a determination of

how significant true dynamic behavior is in building equipment.  That is
, how much dynamic

behavior is actually being demanded. For this determination to be made it is necessary to

look at the entire building system. Referring again to Fig. II-1, a study of the relative

time constants of the different lumped sub-systems would reveal wh
ether the equipment

is actually even receiving a significantly variable load or
not. For example, it would

seem reasonable that the large mass of chilled water in the piping system 
of an office

building would dampen load variations to the point that part load steady
 state analysis of

the chiller is all that is needed. Whereas, a residential unitary air conditioner might

receive a widely varying demand.  In any case, different equ
ipment in different building

systems should be studied in a generic manner to determine 
the actual magnitude of the

demand at the equipment interface.

The research topics suggested in this report are in no way meant
 to be exhaustive.

They are the thoughts of the committee during the period
 the workshop was conducted and

the committee members recognize that there have been oversights and that s
ome of the work

may have already been completed without our knowledge.
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CHAPTER III

CONTROLS

Committee:

George R. Schade, Honeywell, Inc. (Chairman)
James R. Tobias, Honeywell, Inc.
James W. Ford, Public Works, Canada
James Y. Shih, National Bureau of Standards
Clayton A. Mote, Consumer's Power Company
Theodore J. Williams, Purdue University
J. Garth Thompson, Kansas State University

RECOMMENDATION OF THE CONTROLS COMMITTEE

OF THE DYNAMICS RESPONSE WORKSHOP

1.0  INTRODUCTION

The research recommendations of the controls committee can be classified into two
broad categories.  The first category is the development of a research capability - spe-

cifically a computer simulation program which would be usable for evaluating building con-
trols and control strategies with respect to energy consumption. The second category of

recommendations includes the development of new control strategies and the resolution of

some problems which are known to exist in HVAC system control. The computer simulation

program would, no doubt, be a useful tool in carrying out the recommendations of the
second category. However, several research projects have been identified which could be
carried out concurrently with the development of the simulation program by· utilizing
existing methods.

2.-0 COMPUTER PROGRAM

The development of the computer program is given the highest priority.  Engineers

working in HVAC feel the need for a means of objectively comparing the merits of various

control strategies in specific applications. On site testing of competitive systems is
often unsatisfactory since it is generally impossible to exactly duplicate conditions for

a fair basis of comparison. The instrumentation required to evaluate controls with re-
I spect to energy consumption may be expensive and costly to install.  On site testing pro-

ceeds very slowly, consequently years of effort would be required to fully evaluate
 a con-

trol method. Testing new concepts on site requires the implementation, of hardware to
carry out the control function being investigated. Finally, it may be difficult to prop-
erly utilize the result of tests in one application to estimate the effects in- different

applications. These problems would not exist in the simulation. The simulated test

would be repeatable, and would proceed several orders of magnitude faster than a test
 of

actual hardware.

The desired simulation program would be sufficiently detailed that it would be 
a use-

ful research tool for evaluating the energy consumption effects of various building 
control

strategies and controller characteristics. In order to achieve this level of validity, it

would be necessary to simulate the dynami,c operation  of the building subsystems, including
structure, control systems, HVAC equipment, physiology of occupants, and weather, and

 it

would be necessary to simulate the dynamic interactions between these subsystems. Program

validation is considered necessary.

3.0  NEW CONTROLS STRATEGIES

While the development of the computer program is proceeding there are several top
ics

which should be investigated concurrently.

Systems operating at light load sometimes exhibit unstable "hunting" behavior due to

nonlinearities of elements in the system. One example of this type of behavior occurs in
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systems utilizing control valves in which the modulated flow through the valve is a n
on-

linear function of vlave opening,,especially for small valve openings.. When such a system

is operating at light load, unstable "hunting" behavior dan occur.  It is recommended to

study this phenomenon to establish the effect of this type of system behavior on build
ing

energy consumption.

There is much to be learned concerning other aspects of part load system operation.

There is little information available to the engineer concerning the effects of dynamic

response of HVAC equipment on system energy consumption under part load (off design) oper-

ation.  The dynamic effedts of cycling equipment is one area which deserves further 
in-

vestigation. Another area of concern is the part load operation of parallel equipment,
such as the use of parallel fans in VAV systems. It is recommended to identify the dynam-

ic characteristics and part load characteristics of the elements of environmental cont
rol

systems.

There is a need to investigate the efficacy of imposing standards on the operation
 of

controls. In order to determine the impact which such standards would have on system

energy consumption, it is necessary to determine the effects of the contro
ller character-

istics which would be standardized (for example, linearity, hysteresis, offset, r
epeatabil-

ity, etc.). This research on standards should also include the evaluation of formal
testing and rating procedures for control components.

4.0  SUMMARY

The recommendations of the control committee follow in summary form.

I.  Development of Research Capability

The highest priority is the development and "verification of a computer" program which
simulates the dynamic operation of a building, including the struct

ure, control sys-

tems, HVAC systems, occupants, and weather. This program must be sufficiently de-

tailed to be used as a research tool for evaluating the energy consumptio
n effects of

various control strategies (for example: enthalpy optimization, or adaptive control),

and for determining the effect which control characteristics (f
or example: propor-

tional band, offset, hysteresis, etc.) have on energy consumption.

II. Specific Research Projects

The controls committee makes the following specific recommendations for re
search

projects.

1.  A·study be developed to apply optimal control theory to a bu
ilding in order to

minimize its energy consumption. This investigation must consider the physiol-

ogy of the occupants in the development of the optimal strategy. It is further

recommended to study the sensitivity of this optimal strategy to determin
e the

degradation in human comfort and energy consumption as a result of sub-op
timal

control.

2.     A  study to establish the effect on building energy consumption of unstable  con-

trol due to non-linearities of control system elements. A specific type of in-

stability to investigate is the control system hunting caused by control 
valve

non-linearities at small openings.
(

3.  A study to explore the dynamic characteristics and part l
oad (off design) charac- ,

teristics of elements used in environmental control systems (for example,
 the use

of parallel fans in VAV systems).

4.  A study to determine the effect on energy consumption of
 the controller charac-

teristics, such as linearity, hysteresis, offset, repeatability,
 etc.

5.  A study to evaluate control system performance standards.

6.  A study to evaluate formal testing and rating procedures fo
r control components.
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CHAPTER IV

STRUCTURES

Committee:

Ross F. Meriwether, Meriwether & Associates (Chairman)
Tamami Kusuda, National Bureau of Standards
Michael G. Bitterice, PPG Industries
Wayne P. Ellis, H. B. Fuller Company
Gintas P. Mitalas, National Research Council of Canada
Richard 0. Walker, Purdue University

Other participants:                                      
    -

Dan Nobbe, University of Michigan
Ted S. Lundy, Oak Ridge National Laboratory
Paul R. Achenbach, National Bureau of Standards

1.0  INTRODUCTION

The general topic of this group (the "structure", or the building itself) was sub-

divided into a series of specific subjects for discussion:

1.  The relative contribution (and, hence, importance) of each component of the

building to the total thermal load and annual energy consumption.

2. Heat transmission (including solar effects) of opaque walls, floors, and roofs.

3.  Heat transmission and solar radiation of windows and skylights../

4.  Infiltration (sensible effects).

5.  Moisture gain (through infiltration or permeable walls).

6.  Sensible heat storage in the structure (during shutoff'or setback).

7.  Latent heat storage in the structure.

8.  Internal gains.

9.  Overall heat balance of the building.

A series of questions were developed to guide the discussion of each specific

subject:

1.  Do we have adequate techniques and data for steady-state evaluation of the lo
ads

caused by the subject?

2.  In what way does the dynamic behavior of the subject differ from the steady-sta
te

analysis approach?

3.  Do we have adequate techniques and data for dynamic analysis of the load behavi
or

due to the subject?

4.  What additional data or research is needed to adequately describe the dynamic

response?

5.  In what ways might the dynamic behavior of the subject be affected by vari
ations

in other elements of the building/system complex?
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6.  Can we reasonably expect to be able to quantify (calculate) the change in the
subject behavior with other changes in the system?

7.  What data or research is needed to define the interaction of the subject and
other elements in the system?

8.  What research is presently underway or planned that will lead to a description or
better understanding of dynamic response of the subject and the reaction to other
elements?

2.0  INDIVIDUAL SUBJECTS

Each of the nine subjects listed above are discussed below.

2.1  Building Components

The discussion of the relative importance of the various subjects (and sub-elements
within a specific subject) led to the conclusion that the importance varied with the type
of building (residential/commercial/institutional), the type of design (high-rise/low-rise,
large/small fenestration area), and the location (climatic conditions).  For example, the
heat transmission of floors and sub-grade walls is important in residential and a few
types of commercial/institutional buildings in Canada and the northern U.S., but would not

be very important in other areas of the U.S. or in other types of buildings. The probable

order of importance of the subjects (as related to energy usage) were listed as:

COMMERCIAL RESIDENTIAL

1.  Internal gains 1.  Infiltration
2. Windows 2.  Windows
3. Infiltration 3.  Opaque walls, roof, floors
4.  Opaque walls, roof, floors 4.  Internal gains
5.  Sensible storage 5.  Sensible storage

'  6.  Overall heat balance 6.  Overall heat balance
7.  Moisture gain 7.  Moisture gain
8.  Moisture storage 8.  Moisture storage

Some discussion was devoted to the use of floors and sub-grade walls as a transfer

medium to the ground as a heat source/sink to help maintain a constant (or less variable)
room temperature. It was also concluded that the variability in construction practice and
in material properties could be as much of a contributing factor to heat gain or loss as

some of the eight items listed above.

2.2  Heat Transmission

The discussion of heat transmission revealed the weakness of the available data on

floor losses. However, a current research program at the National Research Council of
Canada may provide the needed information. It was also felt that the heat transfer char-

acteristics of slab-on-grade was inadequately treated in the ASHRAE literature, particu-

larly as it affects cooling requirements. It was concluded that research on this subject
was a definite need.

The discussion of insulation indicated that the data on loose-fill or ventilated

insulation was inadequate. Similarly, the long-term heat gain/loss effects from shrinking,

settling, or cracking of various types of insulation were not adequately covered in lit-
erature. However, a current research program by DOE through the Oak Ridge National Labo-

ratories is addressing these questions and may fill in the missing information. It was

also pointed out that the phenomenon of "bridging" across insulation in walls was not
covered in the ASHRAE handbooks, and needs to be addressed to provide adequate information

on heat transmission across complete walls. A call was also made to expand the wall heat
transmission data to include two-dimensional and three-dimensional flow. The recommended

approach was to use response factor procedures verified by a limited number of field te
sts

to provide this data, but even this approach may require a large research program.

2.3  Windows and Skylights

One weak area in the available data for calculating glass solar loads is in glass

which has had one of the many types of films added to
it. TC 4.5 is exploring this sub-

ject and should be able to define what's needed in the way of a research project or a
standard test procedure. It was also felt that the variation in U values of heat absorb-

ing glass was not adequately known.
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Mention was made of an industry organization recently formed (or in the p
rocess of

forming) under the name of National Fenestration Council.  This group will
 likely sponsor

a number of research projects of interest to ASHRAE.

Discussion also revealed the lack of adequate data on the thermal perform
ance of win-

dow frames. The manufacturers might have the needed data, but it is not available in a

readily usable form.

A discussion of shading,, shuttering, and draping indicated a general nee
d for new and

up-dated data and test procedures to handle the many new materi
als and interior shading

techniques now in use or proposed.

The group felt that the published cooling load factors for converting sol
ar heat gain

into cooling load needs to be expanded to cover a wide variety of buildings. It was felt

that there was also a need to try to experimentally verify s
ome of these values-under

field conditions.

Skylights were mentioned in the discussion of fenestration, but the grou
p did not

feel competent to evaluate the adequacy of the presently availab
le data. However, the

group agreed that the subject should not be overlooked be
cause of the possible increasing

use of skylights for natural daylighting. It was suggested that the subject of the ade-

quacy of the Handbook data be explored with a knowledgeable technical pe
rson at one of the

leading plastics manufacturers. Mr. Bill Berkhart was recommended as one possibility.

The renewed interest in the use of windows for natural vent
ilation accents the need

for data to adequately evaluate its impact on annual energy consumption. In the light of

extensive work on this subject by the British and others,
 it was felt that the cognizant

TC should survey the available literature and look into ext
racting key information for

possible inclusion in the next Handbook.

2.4  Infiltration

It was agreed that even the steady-state data on infiltra
tion was totally inadequate

for commercial and institutional buildings and was only marginally adequat
e for simple

residential structures. The delta-P approach most widely recorhmended now appears  tof have

the potential to handle most cases, but measurements are
 needed in each type of application

to establish flow coefficients and identify sources of leakage. The lack of information

on the impact of variable outside air on infiltration ra
tes is just one illustration of

the lack of data on the interaction of infiltration with 
other elements of the building/

system.

The need to improve the measurement technology for infil
tration was identified, with

specific emphasis on the need to correlate the negative
 pressure and the tracer gas

techniques.

It was agreed that some type of simple tests need to be
 devised to measure the infil-

tration of existing commercial buildings under a variet
y of operating and climatic condi-

tions. It was also agreed that there is a need to be able t
o identify the exit paths for

infiltration air, particularly for use in evaluating th
e moisture problem.

2.5  Moisture Gains \

t

·

As background for the discussion of this subject, Wayn
e Ellis submitted a bibliogra-

phy of over 300 pertinent references.  The bibliograph
y is included in these proceedings.

It was agreed at the outset that most of the literature
 and previous research on this

subject addresses the question of condensation and its 
attendant deterioration of various

materials in or on the walls.  Very little has been done
 on the energy impact (increased

humidification or dehumidification) of moisture gain or
 loss.

It was felt that the general needs for information and 
research on this subject are

outlined in the National Program Plan for Building Ther
mal Envelope Systems and Insulating

Materials (see section 3.2). However, the emphasis in the Plan is still on the de
teriora-

tion of materials due to condensation, with any emphasis on energy impact. likely to be

only the indirect effect of the change in heat tran
smidsion resulting from moisture

' changes within the wall cavity.

NBS has recently proposed a research program to DOE 
which will deal with techniques

for moisture control, but again the emphasis is on the 
condensation problem.
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The discussion also concluded that infiltration is such a dominant factor in the

moisture gain (loss) within the space €hat the energy impact of moisture migration through

permeable walls is of little concern in all but a few special cases (such as basements).

2.6  Sensible Heat Storage in the Structure

The group concluded that the methodology for handling sensible heat storage in the

structure and its furnishings is adequate, but the coefficients need to be reexamined and
expanded to cover a broader variety of cases. There needs to be a general improvement in

the "weighti'ng factors" (cooling load conversion factors) .

2.7  Latent Heat Storage in the Structure

It was quickly concluded that there is virtually no meaningful data on the storage of

moisture within the conditioned space. The value of natural ventilation to reduce the

need for sensible cooling cannot be adequately evaluated until we cAn also evaluate the

possible later increase in cooling load resulting from the moisture absorbed within 
the

t conditioned space while in the ventilating mode. A research project is needed to establish
the absorption/release rates for interior materials (building and furnishings) unde

r a

variety of dynamic operating conditions (air flow rates, etc.).

2.8  Internal Gains

There was some question about the adequacy of the handling of the heat gain from

lights, but the group was informed that Kansas State University was currently study
ing the

subject and may be able to provide improved data.

There appears to be little information available on the transient (that is, time

lagged) heat gain from appliances or office equipment (such as copying machine
s).

Of particular interest to some of the group was the effect of the use of natural
daylighting on the internal gain from lights.  Mike Bitterice distribute

d some material on

natural daylighting practices for the group to use as a reference (see References, Section '

C). It was also pointed out that PPG is planning a project to develop analytical te
ch-

niques, and that Stephen Selkowitz at Lawrence Berkley Laboratories is developlng plans to
identify research needs on this subject.

2.9  Overall Heat Balance of the Building

Tamami Kusuda gave a brief presentation on the need to develop an analytical procedure
for evaluating the relative frequency response characteristics of all the 

elemed€a df the

building, the occupants, the HVAC systems, and the environment to help g
uide the selection

of frequency of analysis or level of detail needed to properly analyze the interacti
ons of

these elements.

3.0  SPECTRUM ANALYSIS FOR DYNAMIC RESPONSE

A brief outline of Tom's presentation follows.

In order to describe dynamic response of building with respect to its energy consump-

tion, spectrum analysis technique should be considered. The spectrum analysis technique

would permit the characterization of building dynamic response in the freq
uency domain

rather than in the conventional time domain representation. If the building energy con-

sumption data is recorded continuously throughout the year, a well-known
 technique, so-

called the Fourier Transform Method, can be applied to generat€ its power 
spectrum for

various frequency levels. Likewise, frequency domain analysis, spectrum representation

can be made for the weather data, building occupancy data, and building op
erational data,

all of which are excitation signals to the building problems. A power spectrum of the

building energy consumption could be related to these excitation spectrum
s by the so-called

' frequency response function or filters.  Mathematical representation of 
the building

energy consumption spectrum, excitation spectrum function, and the freque
ncy response

function is,expressed as follows:

E (n) = W (n)  · X (n)

n=0,1,2, . . . 00
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where

E (n) = Fourier Transform of Energy Consumption at frequency n

W (n) = Frequency response function evaluated at frequency n

x (n) = Excitation function at frequency n

The building frequency response function consists of numerous response functions, all

of which are coupled to each other by complex heat transfer relationships.  Well-known

response functions are building envelope impedance, transfer functions of heating/cool
ing

systems and controls. Although exact formulation of response functions is depqndent upon
the specific envelope systems, HVAC system and controls, their predominant frequen

cy are

fairly well-known; for example, the predominant frequency for the envelope system varies
from seven-day cycle (heavy wall) to one-hour cycle (light wall). The predominant fre-

quency for heating/cooling equipment is in the range of ten minutes to o
ne minute; whereas

the control system time constant  is  less than three minutes. The adgantage of spectrum

analysis for the entire building as well as for its components is that the sensitiv
ity of

certain components to annual energy consumption characterized by their pred
ominant fre-

quency would appear as distant peaks on the energy spectrum. For example, if energy spec-

trum showed large peaks for three to one minute cycle, it would be obvious 
that the con-

trol characteristics are very important for building energy consumption. Figure IV-1

shows the conceptual spectra schemes for the weather data envelope response fun
ction.

Similar spectra should be developed for typical weather data, occupancy data, a
nd opera-

tional data together with the frequency response functions for various envelope s
ystems,

HVAC systems, and for controls.
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between heat production, heat storage and heat loss. To determine this balance the

CHAPTER V

HUMAN FACTORS

Committee:

Ralph F. Goldman,  U.S. Army Research Institute of Environmental Medicine - (Chairman)
Lawrence Bergland, J.B. Pierce Foundation Laboratories
Fred Rohles, Kansas State University

HUMAN FACTORS IN DYNAMIC CONTROL OF

ENVIRONMENTAL CONDITION

1.0  BASIS OF COMFORT

There are two major facets to any working definition of comfort. One considers the
state of mind, which is psychological comfort, and one considers the state of body, which
is physiological comfort. ASHRAE has defined thermal comfort as "that condition of mind
which expresses satisfaction with the thermal environment" (ASHRAE Standard 55-74) . This

definition requires identification of the thermal-environment. Indeed ASHRAE Standard
55-74 specifies the steady state dry bulb temperature, relative humidity, mean radiant
temperature and air velocity for thermal comfort (see Fig. V-1).. It also includes, within
the specification, a given level of clothing and activity. The other part of the defini-

tion, involving the condition of mind, is more difficult to study. In general, it has
been approached by a variety of questionnaires, comfort votes, thermal sensation ballots,

  and other affective scales of the subjective quality of the environment based on value
judgement of satisfaction or dissatisfaction (see Fig. V-2).

The thermodynamic state of the body involves assessment of the physiological balance

following parameters must be known:  mean skin temperature, rate of change of mean skin
temperature, homogeneity of skin temperature at various points, skin wettedness (% sweat
wetted surface area) and core temperature.

The heart rate is also an important factor, increasing in parallel with metabolic
rate and therefore useful in estimating heat production, while the change in heat content
is   important in determining   the heat storage  or  heat debt. The change in heat content is
derived   from a change   in  the   "mean body temperature".     The   "mean body temperature"   is
obtained from various weighted averages of the skin temperature (Ts) and the core temper-
ature, (Tcore) (e.g. 1/3 Ts + 2/3 Tcore)

The state of body aspect of thermal comfort introduces the need to be aware of indi-
vidual variability in thermal responses to environment. In extreme heat, both physiology
and psychology correlate almost perfectly and thEre is little difference between individ-
uals. In extreme cold, again there is little variability and a good correlation exists
between psychology and physiology. It is within the "thermal comfort zone" that we are
most acutely aware of individual variability, in both state of body and state of mind per-
ceptions of comfort.

The history of scientific studies of comfort predates ASHRAE, but not its predecessor
organizations. The studies of comfort only really began with the ability to do something
about discomfort, i.e. using some form of heating, ventilation or air conditioning. Back
in the 1940's, the ASHVE produced a comfort chart which included many of the parameters we
still use today. Air temperature, relative humidity and air motion were incorporated in
terms of Effective Temperature lines, with a summer comfort zone differentiated from a
winter comfort zone. It recognized the fact that the percentage of subjects feeling com-
fortable varied from zero up to as high as 97 or 98% (but not 100%) and back down to zero
again as one moved across a range of Effective Temperatures. The concept of an average
comfort zone, as differentiated from an optimum comfort line, also appears in the litera-
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ture of some 35 years ago.

2.0  MEASUREMENTS OF COMFORT

2.1  Psychological Comfort

The classic comfort ballot, developed  in  the  1940' s, attempted to assess the state  of
mind with respect to comfort. It consists of a seven point scale ranging from cold with
a value of 1, cool at 2, slightly cool at 3, comfortable at 4, slightly warm at 5, warm
at 6, and hot at 7. This concept has been modified and expanded:

In 1967, Gagge and Stolwijk substituted the term neutral for the original comfortable
vote of 4 in the 7-category scale;

Fanger modified the comfort ballot further by setting neutral equal to zero rather
than 4, and using 1 1 and + 2 and + 3 to cover the entire 7-point range;

Rohles added a very cold and a-very hot judgement, thus shifting the neutral vote
to a value of 5 and extending the scale to a 9-point scale (See Fig. V-2).

Thermal satisfaction with the environment can be taken to be the central point plus
or minus one scale division (e.g. a vote of 3,4 or 5 on the original seven point scale).
The widths of the three central categories of the seven point scale have been investigated
in field studies. The central category (i.e., 4 on the 7-point scale) has a temperature

 

width of about 4.7°C, while the widths of the categories just above or below the central
temperature are narrower, about 3.8°C. The standard deviation of a boundary of this sev-

en-point scale was found to be about 2.9°C for studies where several observations were
taken from the same subject, and about 2.8°C from studies where only one observation per
subject was made; it appears that the between subjects and within subjects variation is
similar.

Other scales used, include a 5-category scale ranging from very pleasant, through
pleasant and indifferent to unpleasant and very unpleasant. More recently, the cohcept of
preferred temperature has been investigated, i.e. the temperature at which the subject re-
guests no change in temperature. It is usually studied experimentally by direct determin-
ation of where a subject sets his temperature, or in a questionnaire by asking such ques-
tions as "would you like the temperature in here higher, just as it is, or lower?"  In
contrast with neutral temperature (which is the temperature corresponding to the central

' category of the 7 or 9-point scales of warmth) preferred temperature is apparently in-
variant for a given level of clothing and activity, while neutral temperature changes de-
pending on the thermal experience of the subject group.  Part of the explanation lies in
the meaning of words warm and cool. In cold climates people prefer to be warm rather than
"neutral" while  in  a hot climate,   cool  is  seen  as the desired state.

In climatic chamber investigations of comfort, it was found that the neutral tempera-
ture (Tn in °C) can be expressed mathematically as a function of the mean ambient temper-

ature (Tm) by the relationship:  Tn = 2.56 + 0.83 Tm.  Field surveys on thermal comfort

by Humphries showed comfortable votes at ambient temperatures ranging from 17 to 32°C.

More recent studies show that neutral temperature is strongly and linearly related to the
mean ambient temperature. When buildings were neither heated or cooled there was a
strong linear relation between the monthly mean outdoor temperature (Tm) and the indoor

neutral temperature   (Tn) (i.e. , comfort  vote 4) which follows the equation :     Tn  ='  11.9

+ 0.534 Tm. These observations cover the range from 10°C to 33°C. When heated and

cooled buildings were included, a curvilinear relationship was found. While some of the

variations in neutral temperature and seasonal differences are easily explained in terms
of behavioral adjustments (i.e., adjustments of clothing, opening or closing of windows to

manipulate air movement, etc.) a person's judgement of neutral temperature is definitely

affected by his thermal experience. In chamber studies of the preferred temperature, the

thermal experience with subjects just before an experiment does not generally affect the
preferred temperature, nor does their general thermal experience. Preferred temperature

does not appear to vary throughout the day despite the natural 24 hour rhythms of body

temperature. Variation in preferred temperature between subjects has a standard devia-

tion of 1.3°C, while the preferred temperature of a given individual measured on separate
occasions has a standard deviation of about .6°C. The value of preferred temperature for

a total exposure of 3 hours is 25.6°C and is the same for men and women provided the c
on-

ditions are standardized (wearing 0.6 clo; <45 ft/min air motion).

Most of the recent experiments on the seven-point comfort scales have been conducted

in environmental chambers with fairly ·rigorously controlled conditions'of equal  air  and
mean radiant temperature, low air speed, sedentary activity, and light clothing (about
0.6 clo intrinsic). As with the studies of preferred temperature, the thermal experience

of the subjects just before the experiment does not affect the neutral temperatu
re.  No
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maximum insulation when the individual is inactive, and maximum ventilation (to reduce

3        seasonal differences are generally found.  The central categories of the seven point
scale have equal psychological widths. A move from 3 to 4 represents the same change in
sensation as a move from 4 to 5. The comfort votes of a sample of people are normally
distributed between the vote range of 2 to 6. The category widths of the central three

categories of the 7-point scale are 2.5, 3.8 and 3.1°C respectively, with a standard
'deviation of 2.3°C between the boundary of a vote of 3 and 4, and of 3.2°C between a vote
of 4 and 5. The standard deviation of a set of comfort votes obtained from a group of
people at a fixed temperature under constant standard conditions is about 0.8 of a comfort

vote scale unit. If slight variations in clothing or activity are allowed, the standard

deviation rises to about 1 scale unit. A given individual, measured on separate occasials,

shows a standard deviation of about 1 comfort vote scale unit. His comfort vote measured

at intervals of about an hour during a long exposure to a constant temperature, has a
standard deviation of about 0.8 of a comfort vote scale unit. A neutral temperature, es-
timated from comfort votes obtained  over a number of conditions,   has a standard deviation

of about 1.2°C. Obviously then, one must be very careful in what scales are used and

must be acutely aware that psychological comfort represents a band of environmental,

clothing, and air motion conditions. Thus there are a •variety of factors that allow it
to be manipulated.

2.2  Physiological Comfort

It is the body's responses to the four key environmental factors (air temperature,

humidity or more appropriately vapor pressure, air motion and mean radiant temperature)

interacting with the person's clothing and metabolic heat production which determines

his physiological comfort. The metabolic heat production at rest is 1 Met or 50 kcal.

m2.hr; it increases to 2 or 3 Met with work and may be as high as 10 or 15 Met for short

periods of time.

Three parameters are needed to determine the influence of clothing on comfort:

1) the insulation per se (usually expressed in clo value units), 2) the permeability in-

dex (im) and 3) a pumping coefficient.

Of particular interest for warmer environments is the ratio im/clo. This expresses

the limit imposed by the clothing to the evaporative heat transfer process (
i.e., the

maximum sweat evaporation cooling allowed. between the skin and the envir
onment.

The pumping coefficient describes how both insulation and permeability are modified

by wind speed and/or wearer motion. In essence, the insulation decreases and the

permeability increases with increased air and/or wearer motion. This latter coefficient

is not as yet well explored, but is heavily involved in the area of functional clothing

 

design; simply this means that the clothing has to have some adjustability to allow

insulation and increase permeability) when the subject is most active.

The physiological parameters that affect comfort include: mean skin temperature, the

rate of change of skin temperature, body core temperature, the induced change in bo
dy

heat content, and skin sweat secretion. The induced change in body heat content has a

strong effect, and is derived from consideration of body mass, body specific heat an
d a

mixing of skin and deep body temperature. The various mixing coefficients range from

half and half for extreme cold conditions, to 0.1 skin and 0.9 core for an inac
tive sub-

ject in the heat.

The important factor in the skin sweat secretion is the amount of skin surface t
hat

is sweat wetted.

Mean skin tsmperature (Ts) during comfort has been described by McNall as:

T = 35.7-0.0276 x metabolic heat productionS

 

while sweat secretion (SW) during comfort has been described as:

SW = 0.42 (metabolic heat - 58)

where 58 is the metabolic rate in watts per unit of body surface area (i.e., watts per m2).

Thus, during sedentary activity people prefer a skin temperature of about
 34°C, while at

3 Met of activity the preferred skin temperature is about 31°C.

Similarly, at rest people prefer no active sweat secretion (although diffusion of

moisture through the skin represents about,a 6% skin wettedness). At higher activity

levels they prefer a sweat secretion which produces a latent heat loss of
 42% of the in-

(
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creased heat production of the body. The required evaporative cooling (E ) is thE sumreq
of the metabolic heat production plus (or minus) non-evaporative heat losses by radiation
and convection. The required evaporative cooling may be larger than the maximum evapora-
tive cooling allowed by the environment. The maximum evaporative cooling allowed by the

environment (Emax) is limited by: 1) the difference between the vapor pressure of sweat
at skin temperature (at Ts = 35°C, Ps = 42 mm Hg) and the ambient vapor pressure, 2) the

permeability ratio of the clothing worn (usually about 30%) which allows only a percentage
of the maximum potential evaporative cooling allowed by the skin vapor pressure to air

vapor pressure gradiant, to be actually achieved by the body and 3) the rate of sweat pro-

duction, which has a maximum of about 1 liter an hour, corresponding to a maximum evapora-

tive cooling of about 600 kilocalories per hour or about 700 watts. The ration of E re-

quired to E maximim (Ereq/Emax) has been used by Belding as a heat stress index and, as
formulated by Gagge, it represents the percent sweat wetted area of the skin. For comfort

Ereq/Emax (i.e., percent skin area sweat wetted) should be less than 20 t
o 25%.

A final factor which must be considered in physiological comfort is that the change
in local temperatures, particularly those of the extremities, should be limited. Finger

temperatures below 60°F and toe temperatures below about 65°F are unacceptably cold for
comfort. Indeed, the usual onset of thermal discomfort is frequently triggered by the
sensation of cold feet.

A great deal more could be said about the differences of comfort voting and comfort

perception, using the various state of mind and state of body measurements, but the fore-

going is considered adequate to introduce the potential confusion for the uninitiated.

A state definition of thermal comfort as adopted by ASHRAE for steady state condi-

tions is presented in ASHRAE Standard 55-74. It involves an air temperature between about
72 to 78°F, with relative humidity from 30 to 70%, a mean radiant temperature equal to air

temperature, sedentary or near sedentary activity level and air velocity in the 30 to 45

ft./min. range. Two levels of clothing are considered. The KSU-ASHRAE comfort envelope

was developed for persons dressed in 0.5 to 0.7 clo units of clothing insulation. The
ASHRAE Standard 55-74 envelope covers the 0.7 to 1.0 clo range. Adjustments are not
required for time of day, season, state of acclimatization, physical fitness, state of

nutrition, recency of nutrition, age or sex.

3.0  STRATEGIES FOR MODIFICATION OF STEADY STATE COMFORT CONDITIONS

Obviously, the comfort zone can be modified if one modifies:  1) the heat production

of the individual (i.e., activity level); 2) his clothing; 3) the air motion; 4) the m
ean

radiant temperature or 5) humidity. Air temperature can be offset by mean radiant temper-
ature in a one to one relationship, i.e. a decrease of 1°F in air temperature can be off-
set by an increase of 1°F in mean radiant temperature. However, where one or more sur-

faces have temperatures which are different from those in the remaining surfaces, 
the

asymmetric radiation field may cause severe discomfort and it is not possible to adjust air

temperature to compensate. The recommendation is that wall, ceiling and floor surfaces

should be held as near equal in temperature as possible (or practicable) although a maximum dif-
ference in surface temperatures of 20°F can exist without significant influence o

n comfort.

The applicability of this recorrmendation to spot radiant heaters has not been adequately explored.

Clothing adjustments are also easily adopt€d. Levels of clothing insulation are

shown in Figs. V-3 A&B. At sedentary to medium activity levels (100 to 200 kcal per hour

or 105 to 135 watts) the temperature should be displaced from its normal value b
y 1°F for

each 0.1 clo insulation deviation from the standard 0.6 clo insulation value; at 
higher

activity levels the temperature displacement should be 2°F for each 0.1 clo insu
lation

change. The air temperature should be increased as clothing insulation is reduced and

vice versa. Starting with the 0.6 clo of clothing insulation as a base, this means that

air temperature could, in theory, be increased by 4°F (leaving 0.2 clo for modest
y) and

decreased by up to 14°F (if people would wear 2 clo of clothing). The practicality of

such clothing adjustments is sure to be tested during the coming energy crunch, 
and

testing is required. The steady state implications of the interchange between clothing and

comfort are shown in Fig. V-4. Although it seems possible that more clothing than the

1.4 clo presented could be worn, there might still be a problem of cold hands
 and feet.

Higher heat production by the individual obviously decreases the air temperat
ure at

which the individual will be comfortable. The effect of working heat production is most

dramatic. It has been suggested that the air temperature can be decreased by 3°F for
each 25 kcal per hour increase in metabolic rate above the resting level. Also, there must

be the stipulation that relative humidity must be maintained at or below 60%
 to allow

sufficient evaporation to avoid sweat accumulation and/or skin wetting with sweat.
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Increasing air velocity also increases the efficiency with which the body can lose
heat. The recommendation is that the air temperature be increased by 1°F for each 20 ft/
min increase in velocity above 40 ft. per min.  As with most of the other changes, (i.e.,
activity, clothing, mean radiant temperature and the like) there are limits as to how far
this can be taken. For air velocity this has been spelled out to a maximum increase of
5°F in air temperature corresponding to a maximum of 100 ft. per min. increase in air
velocity above the 40 ft. per min. level. Air velocity increments above this are ineffec-
tive. Also, if the air temperature itself is higher than skin temperature, increasing air
velocity will simply increase the rate of heat loading and not necessarily provide any
non-evaporative cooling benefit.

The time of exposure used to develop the comfort charts was 3 hours. As shown from
earlier work, adaptation is quite rapid and there is no compensation for the expected
actual time of occupancy. However, within certain limits, fluctuating conditions are
allowable. If the maximum peak to peak dry bulb temperature variations are greater than
2°F, their peak to peak variation should not be greater than that calculated by the fol-
lowing relationship

AT = 15*/PERIOD

Relative humidi'ty fluctuations  of  10%, with rates of change  of  less  than  20%  per  hour  are
also acceptable.

The extent to which a strategy of physically conditioning or specifically acclima-
tizing the subject to heat or cold conditions will be successful is unknown. However,
there is no question that the first day of warm weather is sensed as less acceptable than,
the same conditions at the end of a summer. Similarly there is a natural acclimation to
cold which occurs over a winter season. While these do not change things much in the
normal comfort zone, the altered perceptions at the boundaries of the comfort zone are
certainly modulatable by the physiological changes which accompany altered acclimatization
to heat or cold. Incidentally, acclimatization to heat and cold can coexist since they
involve rather different mechanisms. Finally, within the comfort zone it would probably
not have much effect, but as one approaches the outer bounds of the comfort zone, the
extra heat production which follows feeding (specific dynamic action preferably termed
the thermogenic effect of feeding) or the change in heat content which can be induced by

drinking a pint of hot or cold beverage (i.e., coffee or tea at 65°C or cold lemonade or
iced tea at 1 or 2°C) can modulate body temperature. The effects at the boundaries of
thermal discomfort are unknown but it is recognized that we can alter heat content by some

14 kilo-calories when a pint of liquid is ingested at about 30°C above or below body temp-
erature. This amounts to roughly a 0.4°F change in mean body temperature. Studies which

involve letting environmental conditions drift to the edge of the discomfort zone, offer
the most potential for modulating the boundaries of discomfort by these various interven-

tion strategies.

Most of what has been discussed so far is state of the art and reasonably well vali-
dated. However, some of the strategies for steady state modulation of comfort, as sug-
gested above, might profitably be the subject for specific research. These will be

addressed after we conclude our discussion of prediction models for steady state, and the

possibilities for comfort under dynamic control of the environment.

4.0  CURRENT COMFORT PREDICTION MODELS

Just as buildings can be modeled to predict energy flows, inside air and wall temp-
eratures, the effects of weather, ventilation and many other aspects, people can be mod-
eled to predict their thermal and psychological responses to the environment. The simu-

lation of buildings using such models as the NBS Predicted Indoor Habitability Index

(PIHI), has become a necessity for the successful thermal and economic design of buildings.
Human simulation is becoming an equally valuable tool to assess the comfort aspects of a

space or the heat and cold stress potential of an environment. Human thermal simulation

models are of various types. Some are empirical and therefore, limited to conditions
similar to the underlying tests. Some are rational with a broader range of applicability

and many are a combination of the two. Some of the models predict physiological responses

and other models predict just the comfort response of people. A few predict both comfort

and physiological responses. An example of some of the empirical models is the Goldman-

Givoni model which is a physiological predictor. It can predict rectal temperature, skin

temperature, sweat rate, metabolic rate and heart rate from environmental
conditions. It

is widely used throughout the world to predict the response of individuals to various
environments. Another model which is primarily empirical is the Belding heat stress equa-

tion or heat stress index HSI. This model predicts the sweat rate of an individual and
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forms a ratio of this predicted sweat rate to the maximum rate at which water can evapo-
rate from the skin in the environment. The ratio is used as an indicator of the stress
that the environment imposes. It is widely used in industrial situations for predicting
stress and comfort. Another empirical method is to use the comfort regression equations
developed by Nevins, Rohles and McNall at Kansas State University. The equations are
based on comfort test results from a large number of subjects in various standard situa-

tions.  With the appropriate equation,and the temperature and humidity, the thermal sensa-tion (hot, warm, slightly warm, neutral, slightly cool, cool, cold) of an average person
can be predicted.

               In the rational model category there are three models which predict
comfort. They

are the Fanger model, the KSU model, and the Pierce model. The KSU and Pierce models also
predict physiological responses to the environment.

The mathematical model developed by P.O. Fanger is the oldest and probably the most
well known and widely used of the comfort models. The model makes a rigorous analysis

where all of the energy loss mechanisms from the body are quantified, but with the skin
temperature and evaporative sweat rate constrained to correspond to those of a comfortable
person. The calculations quantitize the respiratory heat loss, the heat loss to convec-
tion, radiation and evaporation and also to diffusion through the skin. The effects of

work efficiency and clothing are also included. The calculated heat loss is then compared
to the person's total metabolism. If the person is to be comfortable, then according to
the Fanger theory, the heat losses should equal metabolism. If the losses are greater
than metabolism the person feels cold. If the losses are less than metabolism the person

would be gaining heat and feeling warm. The thermal sensation then is a graded response
to the deviation between losses and the metabolic rate. The relationship between this
difference and thermal sensation is based on data from 1400 subjects at Kansas State
University and the Technical University of Denmark. The calculated thermal sensation is
called the Predicted Mean Vote or PMV. The computations involved for a PMV solution to
one environmental condition are rather time consuming if done by hand and not very
appealing for every day engineering applications. To make the PMV determinations less
tedious Fanger prepared tables of PMVs for various combinations of activity, clothing, and
environmental conditions. The tables make thermal sensation predictions quite manageable
so that for a particular situation the PMV can usually be determined in less than 10
minutes. Another  very useful feature of the Fanger comfort model is the prediction of
the percentage of persons' dissatisfied (PPD) with the environment. The criteria used

here is that when an individual feels slightly warm or slightly cool he would also be
dissatisfied with the environment. From the distribution of votes at any given condition
or PMV, Fanger determined the percent that would be dissatisfied based on this criteria.
Therefore, by calculating the predicted mean vote for an environment one can determine the
percentage of persons likely to be dissatisfied with the environment. This is a very use-
ful engineering tool for determining the acceptability of a space. It is the only model
that currently has this feature. Fanger's analytical methods for predicting thermal sen-
sation were developed for steady-state conditions near thermal neutrality. The accuracy
of the predictions may deteriorate as conditions deviate from comfort.

In an effort to formulate a new rational effective temperature scale A.P. Gagge de-
veloped a simple mathematical model of the human thermal regulatory system. The result-
ing new Effective Temperature scale (ET*) has been adopted by ASHRAE. Gagge's experi-
mental work at the Pierce Foundation Laboratory showed that skin temperature is a good
indicator of both thermal sensation and comfort in cold environments, but at conditions

where sweating occurs, skin temperature changes are small and in this region skin wetted-
ness or the fraction of the skin surface covered by water is a better indicator of dis-
comfort than skin temperature.  To predict skin temperature and skin wettedness in any

 
environment, Gagge developed a physiological thermal model of a standard man suitable for
low and medium activity levels. The model was a simplification of more complicated
thermal regulatory models previously developed by Stolwijk (7). The simple lumped para-

meter model considers man as two concentric thermal compartments, one compartment repre-
senting the skin and the other representing the core.  The temperature within a compart-
ment is assumed to be uniform so that the only temperature gradients are between compart-
ments. All of the metabolic heat is assumed to be generated in the core compartment of
the two-node model. In the cold, shivering and muscle tension may generate additional
metabolic heat. This increase is related to skin and core temperature depressions from

their set point values. The core loses energy when the muscles do work on the surround-

ings. Heat is also lost from the core through respiration. This model uses Fanger's

method for calculating the respiratory heat losses. In addition, heat is conducted pas-
sively from the core to the skin. This is modeled as a massless thermal conductor. The

controllable heat loss path from the core consists of pumping variable amounts of warm
blood to the skin for cooling. The heat reaching the skin is dissipated by the conven-
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tional means of convection, radiation, evaporation of sweat and the diffusion of water
through the skin to the surrounding environment. If there is clothing, all heat and vapor
flowing from the skin are assumed to have passed through this impedance. By considering
the preceding discussion about heat production and dissipation mechanisms an energy bal-
ance can be written on the skin and core compartments.

Core:
heat + shivering = work + respiration + conduction + convection by
blood + the rate of increase in internal energy of the core.

Skin:
heat from the core = radiation + convection + diffusion + evaporation
+ the rate of increase of internal energy of the skin.

The equations can be rearranged as first order differential equations for skin and core
temperature. These differentials can be numerically integrated to find the skin tempera-
ture and core temperature at any time. The model also determines the rate of weight loss
and skin wettedness. To determine the thermal sensation, the Pierce model calculates the
temperature of a standard environment that would produce the same physiological strain.
The person in the standard environment would have the same skin temperature and skin wet-
tedness and transfer the same amount of heat as in the actual environment. The standard
environment was chosen to be rather typical of man's indoor environment (50% RH, still

 

air, wearing 0.6 910). Then from the standard effective temperature representing the phy-

siological strain of the actual physical environment one can use the regression equation,
based on extensive testing at Kansas State, to predict the thermal sensation. Since the
thermal sensation data base is from sedentary subjects, the accuracy of the predicted

responses would be expected to deteriorate at higher activity levels. At the higher ac-
tivity levels or during transients, thermal sensation can be predicted from an adjusted
skin temperature. The Pierce model also predicts the level of discomfort a person will ex-

perience in a particular environment. The discomfort scale ranges from comfortable to

very uncomfortable. In warm enviroments discomfort increases' less with increasing temp-
erature than does thermal sensation. Discomfort is predicted from mean body temperature.

The human thermal sensation prediction model developed at Kansas State University
was first published in 1974. The form to be discussed here is an improved version pub-
lished in 1977 (8). It is a two-node model and except for the prediction of thermal sen-
sation is basically similar to the Pierce two-node model. The control equations for sweat
rate and blood flow are only slightly different.  The major difference is in how the KSU

model predicts thermal sensation. In cold environments it predicts thermal sensation from
changes in overall conductance between the core and the skin. That is, the passive con-

ductance plus the conductance due to blood flow. In warm environments thermal sensation

is predicted from changes in skin wettedness.

The comfort model by Fanger and the two-node models by Pierce and KSU do quite well

for steady-state uniform environments. The two-node models are also good predictors for

transients into warm environments. However, in cold or asymmetric environments or during

heavy exercise the single skin and core compartments of the two-node model with their uni-.

form temperatures are too simplified to adequately model the physics and physiology.

In the cold to preserve the temperature of vital organs, blood circulation to the append-

ages may be reduced.  This action causes a drop in temperature of extended peripheral

areas resulting in nonuniform skin and core temperatures. Under asymmetric conditions
physiological strain as well as skin and core temperatures may not be uniform. For these
cases the simulation model should have about as many compartments or as many body segments
as the human. Stolwijk (7) has developed a successful multi-node, multi-body segment
model. In his model each segment is composed of a skin, muscle, fat and core compartment.
The Stolwijk model predictions of skin and core temperature and evaporative weight loss

and metabolic rate agree quite well with experimentally measured values. Montgomery

has modified and applied this model to simulate a cold water diver.  With this modifica-

tion he has been successful in predicting skin temperatures of the finger and abdomen of

working divers.  To date these more complicated multi-node models have not been programmed
for comfort or acceptability predictions nor for the effects of clothing.  There are many

applications in hot industries where the multi-node comfort model could be of benefit for

assessing and reducing the stress and discomfort of a work space. The multi-node comfort

model could also be applied to the problems of comfort for sedentary persons working and

living in energy conserving environments such as the 18 to 20°C currently being advocated.

With these models, various types of spot heating and local increases in clothing insula-

tion could be explored for design purposes.
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The three comfort models reviewed are similar in that they all use the hea
t balance

equation together with some physiological parameters to predict the therm
al sensation of

a person in an environment. The Pierce and KSU models couple the energy balance with a

physiological thermal regulatory control system. All three predict neutral conditions

well for various envionments. As conditions deviate from the neutral, the predictions

by the two-node model are more accurate. The KSU and Pierce models also have some tran-

sient capabilities.  There are other considerations as well.  The Fanger model predictions     

can be made from prepared tables and graphs. This model also predicts the percentage of

persons dissatisfied in an environment. To the practicing engineer seeking to make a

thermal sensation prediction for a particular situation, the KSU and Pierc
e models are

more formidable and require computer assistance. The KSU and Pierce models give a rather

complete prediction of the thermal physiological response or state of a pe
rson, providing

estimates for sweat rate, skin and core temperatures and skin
wettedness. This informa-

tion is often essential for heat and cold stress applications. For accurate predictions

of human response to cold or asymmetric environments, or during heavy exe
rcise, the more

complicated body segment multi-node models are better models thermally an
d physiologically.

Comfort assessment capabilities should be added to these as there a
re many industrial and

residential applications for which the simpler models are inappropriate.

Another model of a different sort is the Predicted Indoor Habitabil
ity Index devel-

oped by Powell, Kusuda and Hill (10). The development of this index was undertaken to

' help decide when air conditioning was justified in residential
structures. With NBSLD

they predicted the conditions inside an unairconditioned apartment. From the predicted

inside condition they determined various parameters associated with comfort and heat stress

such as predicted mean vote, effective temperature, heat stres
s index and the thermal

sensation from the KSU regression equations. Then they correlated these various comfort

parameters with the outside weather such as maximum air temperatu
re, wet bulb, daily mean

temperature, etc.  The correlation of the KSU thermal sensation with the m
ean daily temp-

erature was about the best but it still contained a great deal of
scatter. A multiple

correlation is probably called for to correlate maximum thermal
 sensation with mean daily

temperature, absorbed solar energy, and building characteris
tics such as mass and orienta-

tion.

As indicated, some validation of the various models has been u
ndertaken but more is

needed.  The human models are somewhat in the same position as building mo
del validation.

Certainly the comfort models have not been adequately validate
d for slowly changing con-

ditions as in temperature drifts.

5.0  DYNAMICS STATE

ASHRAE Standard 55-74 "Thermal Environmental Conditions for Human Occupancy" speci-

fies the conditions for comfort steady-state
criteria. While it does not identify the

factors to be considered in unsteady or dynamic
 conditions, three variables must be de-

fined. These are a) the basal temperature (TB) about which the tempe
rature fluctuates;

b)   the  amplitude   (A)   of the temperature change;   and  c)   the  rate   (R)   that the temperature

is changing. The dynamic response also must be considered in 
light of three conditions:

a) discrete relationships i.e., the thermal conditions t
hat one experiences when going

from one locale to another - the house to the automobil
e to the office; b) the cyclical

variation of the thermal conditions which are a f
unction of the furnace cycling, or thermo-

stat accuracy; and c) the ramp condition - the t
hermal conditions that one experiences

when the temperature of a space is allowed to drift, i.
e., permitting one's house to cool

down following the night set-back of the thermostat.' E
ach of these conditions, the dis-

crete step change, the cyclic change and the ra
mp, will be considered separately in light

of our present knowledge and suggested strategies for d
elaying the period of discomfort.

5.1  Discrete Exposures

The "super-market effect" represents an excellent example of the discrete
 exposure

condition. This is characterized by the complaint of coolness that is universally voiced

when people go into· air conditioned stores from outside during the summer.   As such, the

question arises - for whom do you air-condition - the customer or the
 employee?  Research

on this question has shown that if the store environment is comfortable fo
r the employees

- 74°F/4% RH - the customer, upon entering this climate from the 90°F outdo
ors will feel

cool, but probably for no longer than 5 to 10
minutes. Thus, the discrete condition is

of little engineering significance.
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5.2  Cyclical Conditions

A series of ASHRAE-supported tests have recently been completed at Kansas State
University which has examined tne responses of lightly clothed sedentary humans at a
variety of basal temperatures, amplitudes and rates under cyclical conditions. This anal-
sis, when complete, will provide models for predicting the thermal sensations at the high
and low points of the cycle both when the cycle is initially decreasing and then increas-
ing and when it is initially increasing and then decreasing. These relationships are
pictured graphically in Fig. V-5. The equations for predicting the thermal sensation (TS)
are presented below; the coefficients of determination (i.e., the correlation coefficient
squared) range from 0.94 to 0.96 for these equations.

Regression Equations

TS/a+ = -8.673 + .183 TB + .172A - .149 rl
TS/a- -6.921 + .162 T  - .228A - .178 r  + .212 rB                   1          2

TS/d- = -6.703 + .153 TB - .085A - .065 rl

TS/d+ = -9.395 + .192 TB + .137A - .121 rl + .045 r2

where:

TS/a+ = Thermal Sensation; Mode: ascending; temperature: maximum
TS/a-  =' Thermal Sensation; Mode: ascending; temperature: minimum
TS/d-  = Ther#al Sensation; mode: descending; temperature: minimum
TS/d+ = Thermal Sensation; mode: descending; temperature: maximum

TB = basal temperature (°F)

A  = amplitude - (peak-to-peak in °F)

rl = initial rate (°F/hr)

r2 = subsequent rate (°F/hr)

TS category ratings are: 1=very cold; 2=cold; 3=cool; 4=slightly cool; 5=neutral; 6=
slightly warm; 7=warm; 8=hot; 9=very hot. These equations do not consider other features
of the thermal environment which may also change i.e., humidity, air motion and radiant
heat loads. When completed the results of the study will also predict thermal comfort,
the weighted mean skin temperature and the percentage of occupants who will be comfortable
under various combinations of the independent variables.

5.3  Ramp Conditions

Numerous studies have been conducted to determine man's response to both increasing
and decreasing thermal conditions.  In general, the results demonstrate that, for seden-
tary  persons, slow temperature drifts   (t 0.5°C/hr) about the thermal neutral temperature
are almost indistinguishable from the traditionally preferred, constant temperature condi-
tions. The neutral temperature is determined by the clothing level of the occupants in
the space; about 24.9°C for 0.5 clo, 24.2°C for 0.7 clo and 23.5°C for 0.9 clo of clothing
insulation. According to our studies, a 0.5°C/1·r drift which causes the ambiept tempera-
ture to deviate from the neutral point by 2°C will only reduce thermal acceptability to
about 80%. With faster rates of temperature change, the permissible deviation for 80%
acceptability is larger. The 8 hour ramp studies at high and low humidity ,levels indicate
that, for sedentary applications, humidity effects can be expected to be small when
applying slow rates of air temperature change; as long as the dew point is below 20°C.

These results provide a basis from which to formulate energy conservation and load
shedding strategies that consider occupant comfort and thermal acceptability. For example,
large office buildings whose interior zones need cooling all year could consider allowing
temperature to ramp during the working day from 22 to 27°C in the summer, when the people
normally wear light weight clothing, from 21 to 26°C in the spring and fall, add from 20
to 25°C in the winter when people wear warmer office attire.  Such drifting schedules
could make good use of the outside air for cooling (economizer cycle).  The savings po-
tential will depend on the building, local climate and internal loads. Presumably the
acceptance level would be improved over those found in this study if the occupants made
clothing adjustments, like adding or removing a sweater, as a normal population might be
expected to do during the course of a temperature drift. Temperature drifting is particu-
larly attractive for existing buildings where energy conservation possibilities are more
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limited than in the design of a new'building.

It should also be pointed out that the equations ftom the KSU Study for predicting

        the thermal sensation at the maximum temperature for the ascending mode (TS/a+) ca
n be

used for increasing ramp conditions; conversely, the equation for predicting (TS/d-) can
be used for estimating the thermal sensation for decreasing ramp conditions.

In view of these findings, the rAmp condition or drift appears to be a most fruitful

area for examining strategies for maintaining thermal comfort. Starting   from a comfortable
thermal condition, an individual will become progressively uncomfortable as the tempera-

ture rises. When he becomes uncomfortably warm (warm discomfort) he can employ several

strategies. First he can decrease the humidity level, which for all practical purposes

is probably unrealistic. Second, he can increase the air velocity in his work station by
the use of fans. Finally, he can remove as much of his clothing as is practical. If

these fail to reduce his discomfort, the ambient temperature must be reduced. However,

shielding of any radiant heat sources should be the first strategy before the act
ual

thermostat setting is reduced.

In the area of cool discomfort, opposite behaviors are suggested. For example, when

the temperature decreases from a comfortable condition  to an uncomfortable condition,
the humidity level can be increased; as in warm discomfort, this is probably impra

ctical.

Second, he can put on more clothes, then he could increase his metabolic rate by g
etting

away from his desk periodically or spend some time in a warmer area.  Finally, incr
easing

the air temperature is an option, but use of radiant heat (open window blidds ar.lo
cal

radiant heaters) should be considered before the room air thermostat setting is 
raised.

The relative effectiveness that these strategies enjoy, either individually o
r col-

lectively, in minimizing thermal discomfort has not been explored systematically. More-

over, the few studies which have been conducted require validation.  Study of
 these

strategies represent areas of needed research.

6.0  SUMMARY OF RECOMMENDED RESEARCH RELEVANT TO ENERGY CONSERVATION

6.1  Studies of Off Design Conditions for Steady State Environments

1.  Validation of steady state models at the boundaries and outside A
SHRAE 55-74.

2.  Utility and acceptability of improved insulation in extending comfort
 to

cooler temperatures.

a) The value of warmer footwear, since onset of thermal discomfort sensat
ion

is cold feet; what is the equivalent & TAeffect of 0.1 clo of footwear.

b) altered clothing levels for men and women in general.

c) value of wearing a warm hat to minimize heat loss from head.

3.  The minimum air temperature, given adequate clothing elsewhere for u
nimpaired

manual dexterity; estimated to be about 58°F.

4.  The effects of vapor barrier or reduced permeability clothing on the
 lower

boundaries of comfort temperature.

5.  Effects of acclimatization/acclimation on the upper and lower boundar
ies of

comfort.

6.     Effects of short occupancy or sudden transients across the comfort  zone.

7.  Development and evaluation of such indices as the predicted ind
oor habitabil-

ity index (PIHI of Natl. Bureau of Standards) and the Air Distribution Pe
r-

formance Index (ADPI of ASHRAE) .

6.2  Studies of Auxiliary Heating and Cooling

1.  Use of local auxiliary heat (convective or radiant) to the hand or foot area

of the working station.

2.  Use of overall auxiliary heat (convective, radiant, conductive -
 e.g. electric

blanket) for specific work areas, rest areas (TV viewing; nursing; home b
ed

or bedside chairs) etc.

3.  Use of auxiliary cooling:  air jets, cool cushions, evapor
ative coolers, etc.

focused at the work site.
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6.3  Studies of Design Conditions for Dynamicall
y Altering Environments

1.  Applicability of steady state models to slow 
drift ramps.

2.  Validation of dynamic response comfort predi
ction model.

3.  Applicability of the dynamic cycles model to 
ramps.

4.  At dynamically reached boundaries of comfort
, explore adjustments of:

a) clothing

b) air motion

c) relative humidity

d) mean radiant temperature

e) hot/cold drinks

f) work/rest cycles; work space-recovery room times of exposure (recovery) ;   or

even cross over from perimeter to building core 
working areas which may be

at  opposite  ends  of .the comfort boundaries  for  hot  and cold conditions.
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Fig. V-1  COMFORT ZONES FOR SEDENTARY OR SLIGHTLY ACTIVE PERSONS

Typical Indoor Attire
Clo for t:he' :Seta·son of Description                              
0.9 winter heavy slacks, long sleeved

shirt, sweater or jacket

0.6 spring-fall long sleeved shirt, skirt or              -
trousers

0.4 summer Short light dress, light trousers,
short sleeved shirt

0                                      no clothing

.
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Vote No. Test No.

Name & No.

Circle the number beside the adjective
that best describes how you feel.

9   Very hot
8   Hot

7   Warm

6   Slightly warm
5   Neutral

4   Slightly cool
3   Cool

2   Cold

1   Very cold

Name Test No.

Vote No.

comfortable    :   ·   ·   ·   ·   ·   · · uncomfortable

bad temperature    :   ·   ·   ·   ·   ·   · · good temperature

pleasant    :   · ·

unpleasant-.-

good ventilation    :        ·   ·   ·   ·
___                                 poor ventilation

unacceptable    :   ·___                            -    acceptable

uncomfortable temperature    :   ·   ·   ·   ·   ·   · · comfortable temperature
i satisfied    :   ·   ·   ·   ·   · ·    dissatisfied

Fig. V-2 The nine point comfort vote and seven item semantic
differential scale ballot used at KSU by Rohles
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CHART A CHART B
68  72  76 80 84 88°F 68 72 76  80  84  88°F

32 ·i,i· , · ' 'i v'          32               , /  /  88- Sedentary Office Work 4/Z- 88 , Sedenta y Office VI ork 
40-60% rh 60-80% rh

30 -    20-30 fpm vel 9**11- 30 -    20-30 fpm vel 00.9,
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th 2        -    /  .·"As•1'AE"  .-3E./.    - 76           w .      /.5./f 1 7E /a,1,      .-906-76/,· ,/ S[5 -74/'   IZ LUZ 24
'eil  2 /  /,4  1 ILL ' -908-               4                        1

X

/  -                                /                    83/-72           / U.  22 -                                                                                     72

.,©90 711   1 V   |   1           -94                                            -98
'*1 .1-1.1....... , 16 ·/. ' 1/' 1·1'1'1'18 20 22 24 26 28 30 32 18 20 22 24 26 28 30 32

AMBIENT AIR TEMR,°C AMBIENT AIR TEMR,°C
CHART C CHART D

687276808488°F 687276 °
3 2,i, , ,i,i,t,i-          32

Sedentary Office Work 99 - 88                               - sedeiitary off ice
vJork

 U8-F8820-40% rh 80% rh
30 -      20-30 fpm ve I

NJ4r84
7%»- Light 0.3Clo

0 8400 -
@ 9-281 4-'3   1- IN. a: 228- 35   92a  -1 / / red 4..

    26-         i  *  3i:  A««  ,- 80        " "
-

. I i J. 3  9-80'07 / -0 - e.   -80&-C  / f. / ' 7£«-80#.   #i 26  
m w        -        ·3/ASHRAE / '>./   -906- 76         M W ASHRAE    ,0,·           -gok_ 76
W 2 24 -      ,%/ST.55-74/ 4,   LU 2 24 - ST.55-74/#   c            w

-908- /   E   2,       -908 -
'%'  .2/   b-/   A   / »1

804      2         k 63  22
41-

1 //.5.A 804- 72
I U- liu4)       - *(f) LL -

-60

--»- 11 r -  -68

16                                      ·16  ' v '.' ' ' ' ' ' ' ' '
 '

18  20  22   24   26   28   30 32 18 20 22 24 26 28 30 32
AMBIENT AIR TEMR,°C AMBIENT AIR TEMR,°C
aThe range for 80% acceptable is shown by two horizontal lines between 72 and 78F

(22.2 and 25.6°c) on ordinate, as specified by Standard 55-74A.  Chart A describes

conditions for normal air movement and average humidity; for the locus with 0.6 clo,
ET* always equals Ta by definition; Chart B describes conditions with high humidity,

 

as might occur during summer in New York or the tropics; Chart C covers low humidity
conditions, as would occur indoors in winter or in desert areas; Chart D shows the

effect of air movement, such as would be expected from a ceiling fan,  For practical
application of charts, optimum clothing insulation is shown that should be worn when

offices are conditioned under FEA Summer and Winter Guidelines' temperatures necessary
for energy conservation.

Fig. V-4 Evaluation of ASHRAE Standard ET* for Sedentary (Office Work),
in Terms of Ambient Air (or Adjusted Dry-Bulb) Temperature, Clothing Insulation

(Icl)' Relative Humidity, and Air Movementa
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CHAPTER VI

CIRCULATION/DISTRIBUTION

Committee:

Herman F. Behls, Sargent & Lundy (Chairman)

Harold E. Straub, Environmental Elements Corpora
tion

J. Richard Wagner, The Poole and Kent Company

Frederick B. Morse, Purdue University

AIR/HYDRONIC CIRCULATION

1.0  INTRODUCTION

The process of moving air and water through a building is extremely dynam
ic.  If the

dynamic response of systems, components, and controls were taken into account signi
ficant

variation in energy requirements would be observed. Typically the design engineer selects

either an all-air system, air-and-water system, or all-water system based
 on the type of

structure, space, and economics. However, to include minimum energy requirements in the

analysis requires either  1) a dynamic simulation of structure, equipm
ent, air/hydronic

circulation, and controls, or  2) an energy budget study to establish incremental 
energy

differences due to systems, equipment, and controls.

2.0  HVAC SYSTEMS

Common HVAC (Heating, Ventilating, and Air-Conditioning) systems designed
 and in-

stalled are:
1

1.  All-Air Systems

a.  Single-Path Systems:
Single Duct, Constant Volume
Single Duct, Variable Volume
Single Duct, Reheat

b.  Dual-Path Systems:
Dual-Duct, including Dual-Duct Variable Volume
Multizone

2
2.  Air-And-Water Systems

These systems are comprised of central air-conditioning equipment, a duct 
distribution

system, and a room terminal. The hydronic circuits may be either two-pipe, three-pipe,

or four-pipe arrangements.

3.  All-Water Systems3

These systems accomplish cooling solely by distributing chil
led water to terminals

located in the habitable spaces throughout the building. Dehumidification occurs at

the terminal unit.

lASHRAE Handbook,    19 76    Sys tems, .Chapter   3

2ASHRAE Handbook, 1976 Systems, Chapter 4

3
ASHRAE Handbook, 1976 Systems, Chapter 5
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Each system has its own characteristics.  Some systems utilize energy more efficient-

ly than others, all have a definite dynamic response to a specific building.  The effect
of time lag depends on the type of HVAC system being considered.  The time lag or system

response is most pronounced in systems using on-off fan
control. Here, the system starts

from rest with unconditioned air which must be circulated through the space and back to
the heat exchanger. In constant flow variable temperature systems, the problem of startup

is eliminated but the effects of variable temperature remain. Variable volume/constant

temperature systems are least affected by thermal time lag. Except for the slight effects
of variable flow rates on heat gains and losses through the duct walls, variable flow sys-
tems are in thermal equilibrium.

3.0  HVAC SYSTEM CONSIDERATIONS

Factors other than the basic system, such as the 1) supply ductwork, 2) return air
ductwork, 3) hydronic piping, 4) terminal boxes, 5) coils, and'6) fans, are discussed
herein to demonstrate the need to consider all factors when establishing the overall dynam-

ic response of a system designed for a specific application.

3.1  Duct Network Design

Duct systems are usually designed for steady state, design-load
conditions. Even in

constant flow systems. this does not assure optimum results with regard to overall system

first cost, performance, and operating economy. The determination of duct pressure losses
is an area which frequently receives too little attention. One reason is that, in spite

of recently renewed efforts, the design data on duct fittings which is available 
to de-

signers is still rather limited. It is not uncommon to have significant differences be-

tween calculated conditions and those which occur in the field. Quality of workmanship
has a pronounced effect on the performance of individual duct systems. Presently, there

is consideration toward standardized duct fittings by ASHRAE Technical Committee
 5.2, AIR

DUCT DESIGN & CONSTRUCTION, to minimize the need for completely customized duct systems on
every job and to assure predictable system responses.

In variable air volume (VAV) systems, the optimization of duct network layout and

design by manual calculations would be prohibitive, if not impossible. To fully analy
ze

such systems, the dynamic load changes of the building must be considered.  
Also, the

dynamic performance characteristics of the terminal boxes are a
factor. The economics of

operation which VAV systems offer is only realized when the load changes in t
he space are

reflected back to the fan and the fan operates at both the minimum required fl
ow and pres-

sure. The layout and sizing of the duct system affects the pressure requirements. Ideal-

ly,   it  should be possible to, reduce the required fan pressure  as the system flow decreases.

However, this rarely occurs because of somg long duct run which needs full 
pressure at all

times.

In the past, return  air duct systems  have been treated  as an "orphan.
" Return air

duct networks must be designed in the same detail as the supply system when
 considering

system dynamics.  A return duct system, both ducted and non-ducted, must 
pick up air at

a temperature which is representative of the space load or at least not d
etrimental to the

operation of the system. This necessitates a dynamic simulation of the air distribution

within a space, including the size and location of return air inlets with 
respect to the

space heat gains and losses.  Non-ducted returns are another matter.  They
 frequently in-

volve ceiling plenums which are highly subject to leakage and infiltratio
n of unconditioned

air from outside of the controlled area.  Ceiling returns on top floors ar
e particularly

susceptible to high heat gains from the roof. The performance of return light troffers

is  still  not  very well established, even under steady state conditions. Under actual

field conditions, they are frequently affected by short-circuit air paths
 within the space

which, therefore, diminish their effectiveness.

The duct layout should recognize areas which have special heating or cooli
ng require-

ments which do not match those of the surrounding areas. If providing for these special

areas will have a detrimental effect on the overall performance of the sys
tem, they then

should be segregated and handled separately.

A condition which is frequently overlooked when designing VAV systems is t
hat they

operate at full flow during startup and at any other time when the proper tem
perature

supply air is not available. Diversity does not exist under those conditions. If diver-

sity was considered in the fan selection or duct design, then such condit
ions represent

an "overload" on the system. The uniformity of distribution and dynamic response of the
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system under such coriditions depends . BA- the duct layout and design. The failure to con-
sider such off-normal modes frequently results in control problems and inefficient

operation.

An increasingly common control scheme for VAV systems is to reset the supply air tem-
perature as the load changes. This introduces another dynamic consideration. Although

operating at the highest possible air temperature for cooling may reduce the load on the
refrigeration equipment, it tends to diminish the diversity in the air system to the point

 

that there may be no savings in fan power.

In VAV systems, the particular fan control scheme used and the location of the var-
ious sensors for pressure and velocity have a significant affect on the dynamic perfor-
mance of the system. There may be major differences in performance and energy consump-
tion between two otherwise identical systems if they had different control schemes or
even the same control scheme with different locations for the duct sensors. Also, the

results will vary for different control set-ups such as proportional band, etc.

3.2  Duct Leakage

Duct leakage is a particularly difficult problem to deal with because of the many

variables involved. In some cases, leakage is not particularly detrimental when it occurs

within the "thermal envelop" of the conditioned space.  However, when it occurs outside

of the envelop, it can be a complete loss to the system. The location or distribution of

the points of leakage is an important factor. Two otherwise identical systems will re-

spond differently if one has uniformly distributed leakage and the other has equal, but
concentrated leakage. In constant flow or on-off fan systems leakage will tend to stabi-

-lize, but in variable flow systems the leakage pattern will change as the pressure and

flow conditions change within the system.

The problem of leakage is not limited to supply ducts. Return, exhaust, and outside

air ducts are also subject to leakage, as well as shafts and plenums. It is not uncommon

for leakage into outside air ducts and plenums to render an outside air economizer cycle

completely ineffective.

The current trend toward specifying sealed ductwork, even on low pressure systems, is

encouraging. Minimizing duct leakage increases the reliability of dynamically simulating
a system with both supply and return air ductwork, specific equipment, and specified
controls.

3.3  Stratification

Stratification of air temperatures is a common field problem, and does affect time

lag or the dynamic response of a system significantly. Stratification happens any time
two air streams at different temperatures are mixed and will occur most frequently in

mixed air plenums, after steam heating coils, after face-and-bypass dampers and after

zone mixing dampers. The most common problems are coil freezeups, nuisance freezestat

tripping, and the inability to get uniform supply air temperatures throughout th
e duct

system. Locating temperature control sensors in stratified areas introduces an almost

unpredictable element of uncertainty and instability.

1 3.4  Duct Insulation

Heat gains or losses throughout a system have a definite affect 04 a system and its

controls.  As a result, insulate& or uninsulated ducts must be considered when dynamically

evaluating a system. Analysis of insulation throughout a duct system based on known

response factors would result in the minimum energy requirement for a building.

3.5  Hydronic Piping Design

Many of the considerations for the layout and design of duct systems also apply to

piping systems. In some respects, the calculation of pipe pressure losses is more def
i-

nite than calculating duct losses because of the relatively standardized fitting
s.  Ther-

mal time lag is normally more pronounced in water systems than in air systems due.to the

higher mass flows and lower velocities.

The layout and design of piping systems warrants the same approach recomme
nded for

duct systems,i.e., examining the "worst" branch and trying to improve the design  by  elim-
inating poor conditions and lowering the pressure losses.  Common practice 

is to design
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water syitems on the basis of #reselected water temperature difference such as 10°F, 15°F,
or 20°F.  Using these temperature differences, design flow rates are calculated from the
design space heating or cooling loads. When used to select coils or other heat transfer
equipment, the design water flow rates are usually considered as the maximum allotted flow
for the given coil. Selecting a coil which does not require more than the allotted flow
usually results in an "oversized" coil in the sense that it will carry the required load
with significantly less than the allotted water flow. The "oversize" is even more if the
load calculations include any safety factors or contingencies. A 10% safety factor on

 

the air-side of a coil can result in a much higher factor on the water-side. Water sys-
tems typically operate with a good bit of unnecessary excess flow. In contrast, air sys-
tems are typically light on air. The load matching characteristics of hydronic heat
transfer equipment is one of the principal factors when considering the dynamic behavior
of systems.

Water systems differ from air systems in that various water circuiting arrangements
are possible such as primary/secondary pumping. However, the basic system concepts are
similar with regard to constant oP variable   f lows and temperatures. The relationship
between required flow and load is somewhat more complicated in water systems than in air
systems. In water systems, the required flow depends on the characteristics of the par-
ticular coils or heat transfer equipment specified. Two otherwise identical systems

could respond differently if equipment from two manufacturers were used. In air systems,
the relationship is more direct. If 100 cfm is required in an air system, the terminal
box or diffuser will not change the effectiveness so long as they deliver 100 cfm. In

water systems, passing 10 gpm through a coil does not ensure that it will transfer the
desired amount of heat.

While the use of variable flow systems offers opportunities for energy savings, some
designers are reluctant to use them because of possible problems with low flows through
chillers or other flow sensitive equipment or possible noise problems due to excessive

pressure differentials. Designers prefer the assurances of 3-way control valves in spite
of the continuous load that they place on the pumps. In addition to system analysis,

training seminars and handbooks are necessary to assure efficient system design.

Fouling factor allowances on heat transfer surfaces, notably chiller tubes, can have
a significant effect on performance and can cause periodic variations in capacity and
power between cleaning. The "C" factors for the effect of surface roughness on the pipe
friction losses are used to assure that design flows can be achieved even after the piping
has corroded to some degree.  When "old pipe" factors are used, the friction losses at
startup with new pipe, and for some years thereafter, will be significantly less than
calculated. Unless the system is throttled down, excessive flows will result. It is now

becoming increasingly common for designers to calculate losses on the basis of new, clean

pipe. Chemical treatment is used to keep it that way.

3.6  Terminal Boxes

The performance characteristics of terminal boxes and their degree of regulation will
affect the extent to which load changes are reflected back to the fan. If boxes do not

hold their set minimum and maximum flow rates, then the boxes themselves add a dynamic
factor into the system which affects the duct design. When the terminal box minimum and

maximum flows vary with pressure, then the duct system design will affect the flows by
virtue of the pressure distribution established within the system.

Terminal boxes, including control devices, are either single or dual duct, both con-

stant and variable volume. The control devices for these boxes on the market today vary

from a plain damper to pressure compensated dampers, both with thermostatic controllers.
Further sophistication of these control boxes will be rapidly forthdoming, and each will

have its own response characteristics. Standards are available for determining the pres-
sure requirements, sound generation and regulation characteristics and various controlled

pressure and air flow rates. Studies are necessary to establish the time lag and effi-

ciency, or inefficiency in terms of energy requirements, of terminal boxes and their con-
trols on simulated systems.  Any study should include methods of controlling the system
pressures and flow beyond that controlled by the terminal unit.

3.7  Fans

Fans and their performance under actual operating conditions are an important factor
in the dynamic behavior of air systems. Fans are usually selected on the basis of full-
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load, steady-state conditions. In constint flow or on-off fan systems, this is normally
satisfactory.  However, in variable flow systems, the fan selection must be looked at over

the entire range of operation, including off-normal conditions.

In  constant  flow or on-off fan systems,  the fan normally performs under steady-state

conditions except for periodic variations in filter loading and non-linear flow through
mixing dampers. Filter loading can be a problem under certain conditions. Many designers

specify that fan systems be balanced with the equivalent of dirty filters, apparently
thinking that this assures operation under the worst possible conditions. What they fail

to realize is that when the filter pressure drop is a major portion of the total fan pres-
sure requirement, changing the filters can cause problems with noise and moisture carry-
over due to increased air flow if the cooling coil was selected with a high face velocity.

The performance characteristics of fans are of particular interest in variable flow

systems where they are required to operate under varying conditions. Here, the method of

fan capacity control is of major importance, yet most data available is very generalized.
The relative performance of discharge dampers, variable inlet vanes, and speed control

are frequently established only by charatteristic curves with only a limited range of
data. Although fan manufacturers do not recommend operation outside of a range of points,
many fans do operate under such conditions with apparent success. More data is needed on

fan capacity control and off-optimum operation.

The horsepower requirements of the fan are the key to the economics of variable flow

systems and although power savings can be achieved during part-load operation, even

greater savings are possible by designing the duct system for minimum pressure losses and

by selecting the fans for minimum horsepower requirements.  The proper application and
selection of fans is not as well understood by many system designers as it should be.

Although the AMCA (AIR MOVEMENT AND CONTROL ASSOCIATION) SYSTEM EFFECT FACTORS have helped

bridge the gap between fan catalog ratings and actual field performance, fan problems con-

tinue to be a major source of trouble. Continuation of the SYSTEM EFFECT FACTOR studies

is necessary to assure proper design and as a result minimum energy requirements.

3.8  Pumps

Pumps in water systems are analogous to fans in air systems except that the applica-

tion and selection of pumps is better understood by system designers. Except for cavita-
tion problems, pumps are generally less affected by adverse conditions of installation.

One limitation with pumps is that their speeds cannot usually be adjusted in the field to

match the system load. Pumps are usually direct-connected whereas most fans are belt-

driven.

4.0  SPACE AIR DIFFUSION

The complexity of practical room air diffusion problems is due to innumerable vari-

ations in building construction, system design, and operating ·requirements, and makes

knowledge of the basic character of air diffusion imperative. The theory of room air

diffusion is not complete, but a considerable fund of knowledge supported by experimental

guidance is available for the solution of many air diffusion problems.  Over the years air
diffusion studies have generally been conducted in two areas, each giving little attention

to the dynamic performance of grilles, registers and diffusers. One area is the jet char-

acteristics of the air flow from the diffusers or grilles; this method does not consider
the comfort conditions in the space. In the other area, research studies were only con-

cerned with air patterns in a space due to magnitude of air quantity and
location. The

Air Diffusion Performance Index (ADPI) attempts to bridge the gap between the dynamics of

air flow from diffusers and the dynamics of air flow in a space. If many measurements Of

air velocity and air temperature were made throughout an occupied space, the ADPI would

be defined as the percentage of the locations where measurements were taken which meet
the previous specifications on effective draft temperature and air velocity.  If the ADPI

is maximum (approaching 100%), the most desirable conditions have been achieved.

Increased flexible environmental requirements will require joint air diffusion/human

factor studies so that controlled varying degrees of comfort will be reflected in terms
of time lags or system responses on both the air and hydronic systems. The pickup of the

heating or cooling loads must be on important parameters in these studies.  With re
spect

to variable volume systems, low air flows must be considered when evaluati
ng system

pickup factors.
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5.0  CONCLUSIONS

In terms of dynamically analyzing HVAC systems with the intent of minimizihg building
energy conservation, the following major items need to be evaluatdd and established:

1) Effectiveness or inefficiency of all types of HVAC systems.

2) Dynamic response of insulated/uninsulated supply and return air ductwork,
including constant and variable volume terminal boxes, coils and fans.

3) Time lag or dynamic response of hydronic systems, including coils and pumps.

4) Response between space air diffusion and occupancy loads as a function of

varying degrees of comfort (human factors).

5) Response of controls to any variation of the system parameters.

Of lesser importance, but significant, are such items as duct leakage and air strat-
ification throughout air bystems. To assure the design, installation, operation, and
maintenance of energy efficient HVAC systems, specialized HANDBOOKS and WORKSHOPS will
be necessary.

/0
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CHAPTER VII

DESIGN, OPERATION, USE PATTERNS

Committee:  v

Alfred Greenberg, GEO-Energy Limited (Chairman)
Rod Vial, Port Authority of New York
Walter D. Houle, IBM
Thomas Kinman, University of Cincinnati

Joseph T. Pearson, Purdue University

BUILDING DESIGN, USE AND OPERATION

1.0  GENERAL

Although building operations are profoundly influenced by those areas covered by
chapters II through VI and Chapter IV of these proceedings, the final energy consuming

and operating characteristics of a given building are more than just the sum of these in-
dividual factors. End results are also affected by non-technical factors representing oc-

cupant, owner and regulatory activities. Two sessions of the workshop were planned to

consider these interests as related to the theme of the workshop; these are 1) Design,
Use and Operating Patterns and 2) Management and Codes. Because of the close relationship
of these subjects, the two sessions were combined in the workshop. The end result of the
combined sessions was to identify areas of dynamic response and interaction which ulti-

mately influences energy utilization and operating characteristics of buildings.     As  a  gen-
eral overview, the committee determined that research and work projects for ASHRAE/DOE

should take a total system approach including the involvement of disciplines and areas of

activities not necessarily directly within ASHRAE's scope.  Further, this work should be

done in the field under actual operating conditions, as well as in the laboratory. The

specific conclusions of the committee with respett to the two general areas covered are

presented in the remainder of this chapter and in chapter VIII.

2.0  DESIGN, USE AND OPERATING PATTERNS

A general conclusion of the committee was that basic research is needed to determine
how energy is used, and wasted, in modern buildings when considered as total systems. The

outcome of this research will serve to: a. highlight common problems for all buildings
in specific categories; b. furnish base data on energy utilization as well as operating

and maintenance procedures; c. catalog systems in common use; d. determine the ranges of

energy use (BTU/sq. ft-year) for categories of buildings and uses and
e. indicate an over-

all potential for energy conservation. Fundamental to this research is the use of exist-

ing buildings as laboratories for the studies. In order to obtain the general goals,

other areas of work were identified which must lead the overall study.

2.1 •Buildings,and Dynamics for Consideration

preliminary to carrying out the study of energy use patterns in buildings, a uniform
approach to characteristics to be considered and building classes is necessary.' The

building types to be considered should include at least the following:

a. Residential: single family; low rise; high rise; mobile; condominiums, etc.

b. Domiciliary: hotels; motels; nursing homes; dormitories; barracks, etc.

c. Industrial: warehouses; refrigerated buildings; manufacturing; assembly, etc.

d.  Places of assembly: enclosed stadia; houses of worship; cultural centers;
auditoria; theaters; community centers, etc.

e.  Health care: hospitals; clinics; laboratories and other research facilities
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f. Institutional: prisons; museums·; governmental; libraries; fire houses; police
stations; post offides; communications centers, etc.

g.  Shdpping Centers: ·Department stores; specialty stores, enclosed malls etc.

h.  Commercial buildings:  office buildings; stores; banks; computer centers; radio
and television stations; restaurants; entertainment centers,   etc.

i.  Transportation terminals: airport; bus; railroad; ship; large garages

j.  Swimming pools; gymnasia; laundries; health clubs; tunnels; etc.

The dynamic characteristics determined to be generally applicable in varying degrees to
each of these categories are:

a)  Weather

b)  Occupancy Patterns and levels

c)  Process, Functions, Operating Factors

d)  Commercial Considerations (sales esthetics, image, contracts, etc.)

e) Management Concerns and Perceptions (productivity, acceptability to clients,   etc.)

f)  Occupant Acceptance, Tolerance and Psychological reactions

In addition, many buildings have special or unique functions or requirements which may

make specific research necessary for better understanding and results.

2.2  Specific Steps in the Study of Existing Buildings

To obtain the data required to characterize energy use patterns in buildings a num-

ber of intermediate steps are necessary. Each of these may in themselves represent a spe-
cific area for a research project.

2.2.1  Enetgy Audit Procedure

A standard detailed energy auditing procedure (or "Technical Assistance" as it is

called by the Federal Regulations) must be developed. This procedure shall provide a

uniform methodology for recording and analyzing energy utilization characteristics common
to all structures. These procedures should provide all data necessary for proper utili-

zation of any computer simulation program currently available or for any other reasonable

purpose. The factors relating the dynamic functions of the systems must be noted in the

audit.

2.2.2  Building Instrumentation

Many buildings have very limited instrumentation to help determine how the systems

and the equipment are functioning.  Some buildings today include computer based monitor
ing

systems. These buildings represent the potential of a ready made research laboratory.

In order to realize this potential a number of steps are required; these in
clude:

1.  Standards for the instrumentation and measurement procedures required to obtain
the energy use data needed must be determined.  The instrumentation accuracy and

the specific data requirements must be standardized.

2. Common procedures of operator education and training are needed in order to insure

that they know what is expected for the studies as well as the objectives of the

research. Operator interest, diligence and expertis6 will be necessary in order

to minimize the number of uncontrolled variables in the experiments performed.

Because of energy costs as well as the awareness of their systems, many building ma
nagers

are interested in research. Their participation in this effort is necessary and must be

invited early in the effort.

2.2.3 Data Formats and Dissemination

A ·common format  for the presentation of the data collected must be established. This

not only includes the specific data recorded, but also the location of th
e data on the re-

cording medium and the medium itself. A storage and dissemination source must be estab-

lished. and a method of publicizing the data available determin
ed.
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2.2.4  Determination of Characteristics

The primary research step is to extract from the building data the relationships be-

tween energy use and 1) HVAC system/building design, 2) building use patterns ·and 3) oper-

ating procedures. It is likely that each of these will require separate examination in
the data base and then combined to develop areas of essential interest and overall conclu-

sions. Specific areas which must be considered in these studies will include: 1) air
and water distribution, 2) controls and 3) primary equipment.  Research necessary in these

areas is covered elsewhere in these proceedings, but the inclusion of field related veri-

fication of rating is essential. Other potential considerations specific to building
design and operation are:

1.  Internal shading devices are utilized almost universally on a voluntary basis.

For energy optimization, manual control is not practicable. Consideration of

automated internal and/or external solar shading should be studied for feasibility
and effective energy management.

2.  Since mean radiant temperature (MRT) can be used as one effective measure of com-

fort and can also be potentially helpful in reducing energy consumption, an inex-

pensive, easily installed and usable space MRT thermostat would be useful if        

developed and made available.

3.  Buildings must be looked at from the viewpoint of determining if a rational num-

ber of dinimum design systems can be established which are applicable to most

buildings. This would reduce design time, construction costs, operator training
periods and troubleshooting time and costs. The feeling is prevalent that too

many designed systems are one of a kind with little rational justification for
their uniqueness and no demonstrable added benefits,in the ultimate'results.

This work will lead to the organization of information on the sources of energy use not

directly related to the hardware systems of the buildings. This information can be used

to evaluate present and future design and operation.

3.0  SUMMARY

It was concluded that a necessary part of future efforts in energy conservation must
be to include the consideration of operation and use patterns in buildings, as well

 as

characteristics of specific designs. Little information is presently available on these

subjects. Research is identified to obtain this information. This research includes

work on:

1.  Energy audit procedures

2.  Instrumentation and data standards

3.  Data formats and dissemination policies

4.  Characteristic identification

These research needs should be addressed by ASHRAE Technical Committees and Tas
k Groups.

A number of more general conclusions and observations resulted from the commi
ttee's

discussions; these included:

1.  Numerous sources verify that of all the buildings which will be in operation in

the year 2010, 80-90% are now in operation. It follows inevitably that the major

long term impact in energy reduction in buildings is to start now to reduce energy

consumption in existing buildings. New technology research efforts, while im-

portant, are secondary at this point and can be paid for in large part from the

energy we conserve now.

2.  Initially, most of the research expertise will have to come form the academic a
nd

industrial world. This will serve a most worthwhile purpose in acquainting all

sides with the real needs and problems encountered in buildings. This will in-

evitably result in improved products, performance, operation and measurement.

Laboratory research alone is not an adequate approach to help improve the opera-

tions of buildings. A substantial part of the work must be done in the field if

the results are to be beneficial to buildings. The team approach developed will

stand· our entire industry, as well as our country, in good stead.
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3.  Within the framework discussed above, all applications oriented Technical Commit-
tees and Task Groups within ASHRAE should prepare appropriate work statements for
the various building types within their scope. Since there is so much over-

lapping, also areas not covered yet within ASHRAE, new groups may have to be set
up or other organizations may have to be approached to assist or perform some of
the work required.

)
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MANAGEMENT and CODES

1.0  INTRODUCTION

The codification and implementation of safety and structural codes for buildings h
as

always followed demonstrated needs and sometimes tragedy and public opinion.  Today
, the

inclusion of energy conservative systems and equipment in new and existing buildin
gs

requires that effort and money be expended by those who may not directly ben
efit and who

may not be held accountable for the building's energy consumption.  The end beneficiari
es

of all energy savings are the public, the owner and the operator, but they ate f
requently

not in a position to:

a.  knowledgeably demand energy conservation features from the construction team.

b.  resist tenant and management pressures for more energy in the form of excess air

conditioning, heat, lighting, etc.

c.  measure the performance of the building when completed.

d.  obtain satisfaction from the design team after acceptance when defects are
discovered.

It is in the national interest that all buildings be constructed and operated· 80 that

minimal energy is expended.  Standards and operating codes, therefore, must b
e instituted

which will require that minimum energy consumption, like safety, sanitation and other

public benefiting standards, be achieved.  Regulatory, as well as market pres
sure gen-

erated by energy costs, is needed to make real progress toward reducing (or eli
minating)

building energy waste.

In order to achieve these standards and codes, considerable research and data collec-
tion must be accomplished.  ASHRAE should provide basic data and recommendation

s to the

governmental and industry code makers.  Code makers should not and do not take 
a leader-

ship role in the development of criteria and standards for effective energy manag
ement.

Their prime role is to disseminate that which is developed by others and attempt 
to

educate and assist in the implementation by legislative and enforcement groups. ASHRAE

can and should assume the task of proposing energy codes and energy standards for new

and existing buildings.  This should include the evaluation of present codes, standards
and regulations relating to energy conservation.

The recommendations by the Management and Codes section of the Workshop for ASHR
AE/

DOE research projects fall in the legislative, as well as the technical areas. Although

a departure from the traditional ASHRAE concerns with hardware and technical data
, leg-

islative input ·has become equally important and necessary to help achieve the necessary

results.

2.0  ENERGY DESIGN REQUIREMENTS

Research studies are needed to define energy use requirements and guidelines for new
and existing buildings.  This study would·define mandatory tasks to be performed by the

design team when proposing a design for erecting a building and by the owner when o
perat-

ing it. Included might be:
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a.     requirements that energy  use  prof iles be submitted  to the owner  as  part'  of   the
design package.

b.  requirements that sufficient instruments, meters, etc. be included in the build-
ing to assure the owner of means to measure and record energy usage.

c.  definition of minimum education, operating procedures and instructions for the
owner and his staff to operate the building at maximum energy efficiency.

d.  definition of an accounting and reporting procedure for energy use and recommen-
dations of how this data might be accumulated by some legal or quasi-legal
agency.

e.  requirements for ongoing accountability by the design team to measure and adjust
the building to assure proper energy use.

The need for such requirements and approaches to implementation are discussed in the

following paragraphs:

2.1  Management Elements

There are many management elements in the construction process. They all inter-
relate in some fashion at some time. A listing of the major groups is:

a. Owner e. Utilities i.  Space user

b. Designer f. Manufacturer j.  Trade associations

c. Contractor g.  Regulatory agencies k.  Code makers

d. Operator h.  Financial institution (NCSBCS, BOCA, etc.)

Most of the above are not involved in a project from inception to operation, but each
plays an essential role at the right time in a project's development. The only one who

can be counted to be involved in all phases of a project is the owner.

Although the owner initiates the building and has an idea of what the total final
energy bill should be, (from past experience or trade association data) he frequentl

y does

not have the knowledge or input to place exact energy use requirements on the design te
am.

These consultants, even though agents of the owner, have limited authority during design

and construction to initiate energy conserving measures and little accountability for

eventual operation.  When completed, the building is operated by a staff which has usua
lly

received little training and has only limited ability and little incentive to maximize

energy efficiency. Once the building is completed and in operation the owner has little

recourse if the final energy design is unsatisfactory or deficient.

2.2  Design Team

It would be appropriate to define and develop requirements'for the design team's
role in the design and operation of the building with respect to energy use. This

responsibility might include, but not be limited to:

1)  profile analysis for building usage and energy utilization

2)  monitoring.and auditing

3)  operating and maintenance procedures and instructions

4)  accountability for results specified

5)' adequate documentation for construction and operation

6)  adequate calculation procedures to provide verifiability and reproducibility of

energy use data

In order to insure that the functions determined to be necessary are carried out, codes,

standards and guidelines are needed. Although it is doubtful that one set of rules can

be established which will assure uniform administration and results, defined common energy

goals for the design group will help. Standardization of energy related tasks would make
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it easier for the industry to move forward on energy conservation.

A requirement for continuous involvement in energy utilization characteristics by the
designers and builders would automatically modify the present involvement patterns and
improve the end result of energy management.

3.0  ENERGY BUDGETS

The establishment of energy codes, standards and guidelines which define, for the

designers, the requirements for energy based designs would be impossible without, at the
same time, establishing data which would define energy criteria for particular types of
buildings.  Unfortunately, there is now no body of data from which present actual energy
use can be extracted and no meaningful way to accurately predict what energy a building
should use.  Building energy performance studies are based on theoretical figures not
actual field results. Correlation of actual to theoretical results requires monitoring
and analysis of deviations. In time this will enable better estimating accuracy if

operations are predictable. Research projects should be initiated by ASHRAE to provide
the basic data which would aid in the'development of minimum energy use designs. The

results of this research would be:

a. a standard detailed energy auditing procedure with a methodology which could be
applied to all types of structures.

b.  a definitive base line energy use budget for all types of buildings in each geo-
graphic area of the country. These figures would be used to evaluate building

energy performance and to provide the design standards which would have to be met.

c.  proposals for enforcing attainment of the energy use budget. This would include

a measuring and reporting procedure and possible penalties and incentives for
compliance.

d.  a proposal for an energy simulation model which could be used to evaluate and

prove changes in equipment and design before construction or implementation.

e.  a defined education and certification program for building operators. Compliance
with an energy use budget depends on a reporting mechanism which must be admin-

istered by trained personnel.

These results would be of benefit to those agencies responsible for the generation of codes

and regulations.

Energy budgets for existing buildings  are not practical because of  the Wide range of
BTU/sq.ft.-yr. for different building types as well as within a given building type.  A

study should be initiated to determine if a system can be developed whereby existing
buildings must reduce energy consumption based on a per cent of previous use, tailored to

the building's standing in the base rate range for its particular class.

4.0  DATA SHARING

Aside from data maintained by some Trade Associations and governmental agencies, the

substantial body of energy use data which exists today has been taken by energy utilities.

In order to conduct their business, these companies have had to assemble vast amounts of

information regarding use patterns, growth trends, etc. An ASHRAE utilities study proj-
ect is needed to examine the sharing of utilities energy use data. This may include:

a.  assembly of energy use data on a nationwide basis.

b.  recommendations to improve the usefulness of energy data.

c.  cooperative efforts in the monitoring of energy use by means of checks and

submetering.

ASHRAE might also sponsor, with the utilities' participation, an educational program or

manual which could be used by owners, operators and designers to take better advantage of

rate structures and fuel supplies.  This probram would also provide a common language for

improved communications between all parties.
)
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5.0  TECHNICAL PROGRAMS

I present codes and.regulations establish minimum and fixed requirements for air

conditioning, heating and lighting.  These requirements have been established fo
r occupied

and unoccupied periods.  ASHRAE researdh projects should be developed which will
 examine     I

the impact on energy use of providing variable code features which would allow 
designers

and operators more flexibility while assuring minimum code compliance.  Some of the
se        I

might be:

a.  minimum outside air based on actual occupancy.

b.  lighting based on actual occupancy and outside conditions.

c.  hot water requirements based on use patterns and instantaneous need.

d.  modulation of comfort based on weather, wind, etc.

6.0  OTHER AREAS

The following suggestions are illustrative of the types of creative thinking a
nd

action that may provide the impetus and means to rapidly achieve part of our
 energy con-

servation goals:

a.  study establishment of energy insurance system comparable to philosophy of l
ife

or fire insurance.

b.  set up the implementation procedures for mandatory installation of non
-depletable

energy resources systems for domestic hot water, energy storage systems, e
tc.

c.  require all buildings to install or be connected to a suitable automat
ed energy

management system.

d.  develop a system of penaliies, incentives and operatin
g modes for achieving min-

imum base energy use such as fines, rationing, extra energy, 
beneficial expan-

Sion and business benefits, rationing, reduced taxes, rate esc
alation, shutting

down building or reducing hours of use, government to tak
e over and initiate

energy conservation measures, etc.

7.0  SUMMARY

It is recognizdd that many of the above are beyond the cu
rrent scope of ASHRAE activ-

ities.  However, if ASHRAE is to provide leadership in the overall conserv
ation of energy

in buildings new areas of participation must receive serious
consideration. The legisla-

tive enactment of codes and regulations will proceed.  ASHRA
E, with its depth of expertise

in buildings and energy use, can and should play a major
 role in this legislation.
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ENERGY STORAGE                                 '

1.0     INTRODUCTION·

our work is primarily in the field of new technology, new systems and new applica-
tions, but also, particularly in rock bed storage, finding out precisely what is going
on and being able to predict performance.

The working group have many comments and recommendations, many of which should lead
to research projects.

2.0  GENERAL

The group is primarily interested in active responsive storage and the system con-
cepts which permit and encourage its use. The biggest incentive to storage is the need

by the electric utilities for load leveling or load management by off-peak rates. At
this time, solar energy storage by itself is secondary in importance. Solar and off-peak
storage may be combined in the same equipment.  The working group feels that cooling stor-
age and heating storage are, across the board, of equal importance and both should be
used together to promote maximum benefit from storage.

Storage is an ideal answer, as well as the practical answer to dynamic response.
Storage allows equipment, controls, structures, human factors, and circulation/distribu-
tion to be managed in a simple, steady state condition with storage picking up the dynam-
ics.

The size and cost of storage, as with almost everything else in the HVAC field, comes
down as conservation techniques are applied.  We strongly encourage such design features
as initial passive design, good insulation, and low infiltration.

3.0  PROJECTS

The following recommendations are made:

1.  All new construction with central heating, or cooling systems be designed with
distribution systems that can deliver full load at 105°F. This allows for use of storage
for heat pumps and for solar energy on an efficient basis.

2.  Usage of dryness storage in buildings, so that a space, its envelope and its con-
tents could be brought down to low relative humidity at night and thus day-time cooling
loads could be lower.

3.  Chilled water storage systems for large buildings be broadly encouraged and
engineers educated as to its cost'effectiveness and energy and cost savings. That both

"small storage" (24 hour chillers) and "large storage" (off-peak chillers) be explained.

In addition to help develop needed additional information, the following research

projects are recommended:
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1.  seasonal losses in heating and air conditioning due to storage in ducts and pipes.
The seasonal losses in heating and air conditioning that may be incurred, as well as the
loss of response, from unwanted storage of heat or cooling in ducts, and to perhaps a
lesser extent in pipes may be larger than expected. Lower mass of ducts or internal in-

sulation may secure large savings. A research study should be made of the actual seasonal
energy consumption of a low mass and an all fiberglas duct system in a house compared with
conventional system. The energy savings from such a system may be larger than suspected.

2.  a project on means of retrofitting a low mass low temperature, hydronic radiant
heating system into a building in a cost-effective manner.

3.  the study of radiant room cooling with the use of a non-ducted dehumidifier.

4.     a  study of off-peak heat pumps which store both- cooling and heating  and  pick  up
heat from low cost unglazed, or unspaced glazing, solar collectors and from the ground, as
well as from the ambient air.  This should be implemented by an ASHRAE Task Group on
Multi-mode Heat Pumps which has already been unofficially formed.

5.  that bulk-tank eutectic salt thermal storage systems be studied in the light of

new developments.
\

6.  that rock bed studies be made to improve analysis and experiment with different
designs and materials. Chanelling in horizontal beds and cooling storage should also be
researched.
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CHAPTER X

SUMMARY SESSION

Chairman: Dennis E. Miller, Johnson Controls, Inc.

1.0  INTRODUCTION - Dennis E. Miller

what we would like to do this morning is to conclude our discussion of the 
workshop.

For the first hour we will have the session chairman present the results 
from their ses-

sions.     What we would  like   for, you to concentrate on, given the final objective  of   the
workshop, is to fill in the blanks or to fill in the slots of the activiti

es necessary to

follow through on the application of dynamics to HVAC systems.  Limit your
 discussion,

as you present your results, to the specific tasks as you see them for the
 areas that you

were concerned with.  As you do make these presentations, I would ask yo
u to come up to

the microphone so that we can record your discussion of your tasks. During the remainder

of the time after the chairman's presentation, we are going to further d
iscuss the syn-

thesis of these activities into a coordinated plan for the application of
 dynamics to

HVAC systems.

2.0  CHAIRMAN'S SUMMARY

2.1 Equipment: David A. Didion

I'll give Bill Chapman a chance to be an "I told you so" since I asked w
hat we would

do if we finished early. The fact of the matter fs that we didn't even finish. I think

it is important to realize that after some discussion, we m
ade a distinction, from the

equipment point of view, between off-peak steady state conditions and true dynamic re-

sponse. We said that there was, first, an off-peak steady state condition that we were

concerned with because as of right now you look at equipm
ent as on-peak or full-load

steady state.  The second level of dynamics then was a true dynamic cond
ition, a cyclic

or a variation transitory period going from one level to
 another.  As a result of the

discussions we have broken our list of recommendations into
 two general categories.  The

first category is one which includes items that are gener
ic to all equipment needs.  The

second category lists the specific type of equipment an
d the particular problems we saw

necessary for the particular equipment. We focused, in general, on what should be done

in the public sector.  In order to maintain the competit
ion we will place comments here

and there in the report as to what we feel is being done in
 the private sector. In other

words, all things don't need to be known in text
books. The companies have to have a cer-

tain amount of proprietary information to compete.

Under our first category of common to all equipment we have three (3) maj
or needs.

The first one is to establish a representative use cycle or a load cycle 
that the equip-

ment sees for heating and cooling. Equipment manufacturers feel that they don't have

·adequate knowledge of how the equipment is being loaded in
 the field. These cycles can be

annual cycles, diurnal cycles and so
forth. We see this being done probably by the use of

simulation programs.  Load programs that include both the
 building load and the HVAC

systems such as Ross Meriwether's program, or something lik
e that.

1 The second topic is an off design system optimization, that is, energy savi
ngs if

equipment is to be sized according to average load rather 
than maximum load.  We left the

term   "average   load"   sort  of  wide open. It has to be defined. It's certainly not average

use as Al pointed out, that could be zero on an annual basis, but it is s
omething, maybe

average daily temperature instead of maximum temperature. What we are saying is we have

to evaluate whether or not there is significant energy saving
s using some "average load".

We all feel there is, but that has to be stu
died.

The third one, like the second one, is to take the next step and evaluate
 the typical

equipment dynamics. That is the controlled caused ripples that happen to equipm
ent for

the magnitude of potential energy savings.  So what we are sayin
g is that in the second
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that it seems to be healthy. There has been a great deal of stimulus put forth by t
he

step we want to evaluate the energy savings that are a
vailable by considering off-peak

steady state operation and then in the third step we 
want to evaluate energy savings if

you consider true equipment dynamics, - these little r
ipples that go on.  We think the

second step is very important and will show significa
nt energy savings.  The third step

is dubious in our mind as to whether there.is true ene
rgy savings there.

This takes us into the second category where we listed
 specific equipment.

1.  Boilers

The first equipment was boilers. We see the need for the development of performance

simulation model for modulating boilers to aid product
 designers in understanding boiler

dynamics.  This particular aspect of boiler manufactu
rers is far behind in sophistication

of design of the refrigeration
side. They don't, to my knowledge, and we've looked into it

in detail, have any such analytical tools to assist th
em in considering off-peak consider-

ations. Also, under boilers we saw that we should determine th
e barriers to high seasonal

performance efficiencies. This should include economics and environmental effects. In

the residential area in particular, a lot of developme
nts are going on which might get

into condensate boilers, that sort of
thing. We have to find out why they are not coming

on more or faster. What are their barriers?

2.  Positive Displacement Compressors

Then we went to positive displacement compressor and 
compressor systems.  This in-

cluded reciprocating, rotary and screw compressors. We saw the need for dynamic model for

unitary equipment, not for fuel directed, but for unita
ry only.  That work is under way,

but in the public sector. That is about all. The competitiveness in this field is such

government and other agencies already. We saw no more need to do other public sector work

in this area. There is a great deal of work going on in the private
 sector already.

3.  Electric Motors

:

This led us to the off-shoot of electric
motors. So, our third category is electric

motors and we saw the need here to conduct a feasibili
ty study, which will evaluate energy

inpact, design options and economics for new motor des
igns which have improved performance

over the entire load range.  There seems to be little
 question in people's minds that you

can have them, it is technologically possible, but th
ere might be some darn good economic

reasons why not. They should be looked at again in the light of the new
 economics of

today's energy.

4.  Centrifugal CompressoE

The next category was centrifugal compressors and comp
ressor systems. Here we saw a

different need, although the product designers are in 
national competition which keep

development going. There is a need to develop generic documentation, whi
ch would enable

system designers to select chiller systems on an off-
peak design criteria basis to obtain

seasonal energy efficient performance. In other words, the manufacturers data is gener-

ally presented to enable the designer th pick a chille
r system on a full load steady state

basis performance. It is possible that manufacturers already have the inf
ormation needed

for off-peak design criteria and it could be reconstru
cted and put in as a part in the

ASHRAE Handbook. This would give a procedure based on optimum seasonal 
performance, by

which you would now pick your chiller system.  There a
re various options that you could do

about peak times. you could use natural storage in the building or artifi
cial storage.

Like power plants, you could have booster systems for 
peak loads or you could live with

discomfort. We saw the options interfacing with other things that 
were not under our

jurisdiction.  We just thought that since those thing
s were coming along, this is some-

thing that should be considered more 
seriously.

5.  Others

We have other categories which we didn't
finish. We have them in rough notes.  I

don't have them in statement form. We considered absorption systems, heat exchangers and

cooling towers.  We spent a good deal of time on cooli
ng towers.  There is a particular

need for additional design criteria and develpment of c
ooling towers. None of us are

part of the cooling tower industry (one had worked in 
the cooling tower industry several

years ago).
We felt that we were going to have to contact them, th

eir trade associations

and the TC's in ASHRAE and see what can be
done. We know there is great potential there,

but we didn't feel we had the experti
se to develop that area.
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2.2 Controls: George Schade

The first and foremost thing that the controls group felt was absolutely necessary in
order to make progress in the conservation of energy was to develop a computer program,
available to the general public, which could be used for evaluating the energy impact of
various control strategies. Now, the feeling was that this program probably would not
have to involve the specific details of individual controls, but that it be able to eval-
uate the energy consumption aspects of the currently used control systems, and possibly
future control strategies. Given this program, it would be possible to answer other
questions and·to carry out the other recommendations that the controls group felt should
be undertaken. The other recommendations should be carried out as parallel projects while
this computer program is being written. Specifically, the other recommendations are for
research topics that could be addressed in laboratory situations.

First of all, there is the need to establish the magnitude of the excess energy
consumption due to unstable operation of existing control systems. One specific example
cited was control valves operating at small openings. There was a feeling that systems
performance standards should be studied if not established.

The concept of establishing standards on system performance should be studied.  In
conjunction with that, there was a recommendation to study.the possibility of establishing
standards on individual components of the systems.

There was a feeling that optimal control theory should be used to reduce energy con-
sumption, taking into account the complete building and physiological makeup of the occu-
pants.  Currently there is a request for proposals involving a study of optimal control
of a building, the scope of this RFP could be expanded, or the work in this request for
proprosals could be continued to include physiological aspects. This would give the
opportunity for more leeway in what could be done to optimally control the building with
respect to energy consumption.

There was a recommendation to determine the energy consumption effects of the con-
troller characteristics such as linearity of controllers, histeresis, repeatability, off-
set, and resolution.

There was a recommendation to study the possibility of establishing formal testing
and rating procedures for control equipment.

There was a recommendation to study the effects of part-load, off design operation of
environmental control systems to determine the energy effects.

In general the feeling of most committee members was that the systems that are in the
field are not really well understood with respect to their dynamic interactions. Better
tools are needed for use by engineers in the field to optimize existing systems. More

knowledge of the dynamic response of the system elements and the dynamic interactions of
the elements in the systems is necessary so that better systems can be created in the
future.

2.3 Structures: Ross F. Meriwether

our approach to the discussion of the structure as an element in the dynamic behavior
of the total system was to list a series of questions that needed to be addresse& for
each of several subelements of the structure. The questions range from determining
whether or not we knew enough about the behavior of the particular subelement on a steady
state basis, going on into what were the differences and consequences of steady state be-
havior vs dynamic behavior of the particular subelement, continuing on to what were the
research areas or types of additional data that need to be developed to have an adequate
handle on the dynamic behavior of the subelement and finally looking at what were the
interactions between that particular subelement and other elements in the total system.
Each of those particular questions were addressed to the individual subelements into
which we subdivided the building. The subelements were:

(1) the opaque surfaces of the structure,

(2) the fenestration of the structure,

(3) air leakage in the structure,

(4) moisture movement into and out of the conditioned space,
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(5) sensible heat storage within the structure (meaning natural storage just from the
mass of the building, not from artificial storage),

(6) the latent heat storage in the structure,

(7) the internal gain patterns,

(8) the overall heat balance of the structure.

In the first area, opaque surfaces, we felt that most of the steady state behavior

was adequately defined, and we probably had usable information.

The one area that was felt to be most deficient was the interaction between the struc-
ture and the ground. That interface was probably the least well defined, and in some
instances it was felt to be of significance.  Since there is Canadian activity directed in
this particular area, our recommendation was that we would await the results of some of
that research to see whether or not that supplied what was felt to be the missing data.

The information on the behavior of the insulation, particularly the air movement with-
in the insulation, was felt to be deficient. There are a number of programs that are

underway at the present time that address the whole subject of the behavior of insulation.
These programs probably will address that particular question adequately. A correlary of
the deficiency that existed in the general interface between the structure and the ground
was the slab on grade with respect to the cooling impact. It was felt that almost all of
the information that had ever been developed on the interface between the building and the

ground was concerned primarily with heat loss from the standpoint of increasing the heat-
ing load of the structure and not with respect to decreasing the cooling load of the

structure. It was felt that information was needed to see what the impact of the inter-

face was or could be on cooling loads.

Regarding the response factors that are published in the ASHRAE guide for the 92 types
of wall construction, it was felt that additional work was needed that would develop and

validate the response factors for a number of complex wall materials; walls that are not

a series of homogeneous layers.

On the next subject - fenestration - it was felt once again, that for the steady

state, most of the information now available for transmission and solar heat gain through

the fenestration seem to be adequate. The one area that was identified as being inadequate

was information on glass sections that have film added after installation or by others
than the glass manufacturers. ASHRAE's TC4.5 is already addressing the question of that

deficiency. It is expected that they will either try to find ways to fill in that miss-
ing information or develop the work statements that would lead toward research projects

to supply the needed information.  An organization was identified that is concerned w
ith

trying to develop integrated information for the fenestration as a whole. The National

Fenestration Council might be a source of good information for us since they will take
into account  not just the glass as a separate element, but all of the elements tha

t make

up the composite fenestration.

It was felt that the dynamic behavior of the interior shading devices was probably

one of the most deficient areas for the overall fenestration and that new test procedures

were needed to evaluate shading, shuttering, and draping as the effect the dynamic c
onver-

sion of the heat gain in the space to the cooling load. By the same token, the cooling

load weighting factors for solar conversion are needed for a wider variety of con
struc-

tion types. While the cooling load weighting factors for the conversion of solar gain
into cooling load were specifically addressed here, all of the cooling load weighting

factors for the conversion of any of the heat gains need to be expanded in scope and

experimentally verified.

The next question addressed on fenestration was the growing trend toward the use of

windows for natural ventilation, and whether or not we have the ability to adequately

evaluate that impact on energy consumption. It wad the feeling of the group that the

ASHRAE guide certainly doesn't provide adequate information for the dynamic be
havior of

infiltration resulting from changing window settings. Enough data has been generated by

European 6ountries on the subject that ASHRAE should collect and evaluate tha
t information

to see whether or not it can be extracted and included in the ASHRAE guid
e.
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'   The next subject was infiltration. It was felt that the information that is available

for steady state evaluation of infiltration is shaky, let alone the dynamic interaction
of infiltration with the other elements in the building. Consequently, many research
needs were identified; particularly, regarding the trend toward the use of the delta P

approach instead of the more classic methods previously given in the ASHRAE Handbook.

Two elements that need to be further identified for proper use of the new calculation

techniques are: (1) flow coefficients for a variety of wall-unit behavior. Not just

walls per se, but the whole outside area of the structure considered simultaneously, with
particular attention paid trying to identify and quantify the sources of air leakage i

nto

and out of the structure, and (2) the so-called Ao term. That is the air leakage that

occurs regardless of whether or not there is a delta P or delta T across the wall secti
on.

various research programs that are presently under way were identified. These programs

may fill in some of the missing information. We tried to identify other areas that would
need to be attacked if we are going to fill in all the needs.

An area closely related to infiltration is the moisture movement into and out of the

space. The paths of air leakage are significant in trying to identify moisture movement

into and out of space. In looking at the mdisture question, it was felt that almost all

of the massive amounts of information available on moisture movement is directed 
toward

consideration of condensation in the insulated space from the standpoint of pot
ential

problems with the insulation material or the structure
itself. That is, it was from the

standpoint of structural integrity that the information has been developed, 
not from the

standpoint of energy impact. Consequently, it was felt that information needed to be

developed Would identify the energy impact of moisture movement into'and o
ut of the

space. It was agreed in the group that the primary source of that moisture m
ovement was

air leakage. Any attention that has been paid to permeable materials in the past was

probably primarily because of the possibility of condensation on various
 surfaces or with-

in the insulation. Moisture migration through permeable materials was not expected to be

of significance energy-wise.

In the storage areas we talked about whether or not we have adequate inform
ation for

the dynamic evaluation of what happens to the heat gains and losses in th
e space during

periods of non-operation,  when  that  heat  gain is transferred  into  the  mass  of the building,

the passive element of storage. It was generally concluded that the methodology that we

have for calculating passive storage is adequate, but that the coefficien
ts that are

available to describe the process need re-examination and expanding sinc
e the coefficients

and the behavior by which storage takes place has a strong impact on energy
 consumption

as well as the design (sizing) of equipment. This tied in with what was talked about

earlier on.the need for general improvement in the available weighting fa
ctors.

The discussion of moisture storage was brief. We concluded that there is virtually

nothing known about any sort of behavior of moisture storage within the
space. It was

indicated that we obviously need a research project to establish absorpti
on and release

rates under a variety of dynamic c6nditions for various interior materials
, including the

building materials themselves (floors, walls), as well as the furnishings
 within the

building.

In discussing internal gains, it appeared that the handling of the entire
 question of

cooling load resulting from lights might need additional information. Since Kansas State

University already has a project to address that question, it wa
s felt that we didn't need

to identify specific research that was required at this tim
e.

The only other area that we addressed on internal gains was a need for bet
ter inform-

ation on the dynamic or transient characteristics of internal gain f
rom various types of

office equipment, such as copying machines. The manner in which those gains should be

translated into cooling loads is not.well known. We also talked about the crossover be-

tween handling internal gains and fenestration resulting from 
the utilization of natural

daylighting. We're not sure whether or not a deficiency exists in that area since the

major problem is identification of the techniques that will be
 utilized for controlling

artificial lighting in the face of natural lighting. Until some of those techniques are

defined, we don't really know whether or not our calculation procedures at
 present can

handle them. There are a number of programs, incidentally, in this area that we will

suggest in our report be monitored for possible inclusi
on in the guide.

our final subject was the overall building response.  Kusuda intr
oduced a concept of

trying to evaluate the dynamic response of the building as a 
whole by evaluating the

dynamic response characteristic of all of the individual
elements. He presented an inter-

esting concept of how we need to evaluate the frequency respon
se characteristics of the

various elements in order to identify that type of frequency r
esponse evaluation is
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required from other related elements to be integrated into the behavior pattern. of the
building as a whole.  A written summary of Kusuda's concepts is included in Chapter IV.

2.4  Human Factors: Ralph F. Goldman

In terms of human factors, it seems to us that we kn6w very little about buildings
and building design requirements, but we don't feel guilty because it appears to us that
you know equally little about the human body. We will start with the human body and what
we think we have to do about it for comfort. There are four factors we need from you -
the air temperature (TA - i.e., dry bulb temperature), the wet bulb temperature from which
vapor pressure (p ) can be determined, the air velocity and the mean radiant temperature
(MRT).  you have  o specify values for these four factors within the occupied space for us.
We have to specify for you, what the metabolic heat production (M) is and also three
clothing parameters: 1) the insulation, 2) the moisture vapor permeability and 3) how
these change with air or wearer movement. Thereafter, comfort is a very simple thing.

In a comfort state, the metabolic heat production (M) is about equal to the heat losses
(L). These heat exchange losses are made up of some readily defined components: convective

heat loss (Qc) which is a function of the dry bulb temperature, air velocity and the clothing

insulation; radiant heat exchange (QR) as controlled by mean radiant temperature and cloth-

ing insulation; r-espiratory heat losses  (Qres) ; diffusional losses through the skin (Qdiff);

required sweat regulatory losses (E: ) which are a function of the per cent relative humidity
and the satusated vapor pressure, t e air velocity and the permeability of the clothing.
Basically, we get in the comfort zone at a "predicted mean comfort vote" (PMV) of zero
(which corresponds to a vote of 4 on the standard comfort ballot scale which ranges from
1 to 7). We can predict mean vote in the steady state quite reasonably as a constant times
an exponential coefficient of body heat production (i.e., metabolism) plus a constant, all
times the difference between the heat production and the loss of heat from the body, both
expressed per square meter of body surface area. (See Table 1) It turns out that when
the absolute value of the predicted mean comfort vote (PMV) is 0, about 5% of the people
will still be predictably dissatisfied (PPD) even at that "optimal" condition. If the

absolute value of the vote is f .5 about 10% of the people will be dissatisfied, and so
! on down the line. (See Table 1).

i

On the hot side, the required sweat evaporation becomes more of a problem. It re-

i presents the balance between metabolic heat production (M) plus or minus heat exchanges
by radiation and by convention evaporation, etc. If heat production is greater than the

maximum heat losses, then the extra heat must be stored in the body, with a storage of 25
to 80 kcal noticeably uncomfortable (See Table 1). The trick for comfort on the hot side

is to keep the ratio of the required to maximum evaporation less than 20%; thus, the sweat

wetted skin area will be less than 20%, there will be no heat storage problem and it will
be a comfortable condition. On the cold side, the skin temperature at equilibrium can be

estimated as the air temperature plus 0.18 times the circulatory heat input to the skin,
times the clo insulation. The best you can do for a finger in terms of insulation is

about 0.3 clo extrinsic of still air layer unless you start wearing gloves and that gets

us into a manual dexterity problem. If you keep the man warm (i.e., you keep his heat

balance reasonably good) he'll put about 72 Calories per square meter per hour into h
is

finger; if you look at the math  (72 times 0.3 x 0.18 = 3.9), it appears you can keep

a finger about 4°C above the air temperature if the air is
still. The trick is to keep

the finger above 10°C; if you get the man cold, the circulation heat input is going to
drop down to 7 instead of 72 kcal/m2.hr.  Now you've only got a finger about 0.4°C ab

ove

air temperature.  So in a very simple way, those are the parameters we need to tell y
ou,

and that is why we need you to tell us those 4 values for the environment.

When we look at the dynamic factors there are 3 things we can talk about - a basal
temperature, the amplitude (i.e., what width the air temperature is going to swin

g) and

the rate of change, both up and down. This has been studied in 3 ways so far by our

 

people in different projects:  1) by discrete steps around a basal tempeFatu
re 2) by cy-

clic excursions around a basal temperature, and 3) using ramps, where we might talk
 about

night set-back or just simply temperature
drift. The state-of-the-art right now is pretty

much discrete step and cyclical studies data, where we take our base temperatur
e, and we

talk about an amplitude/time function. The ramp is probably a degenerate or abbreviated

form of a cycle and the available data base will, we think, work reasonably w
ell.  So now

we can talk about working off a base temperature and chasing up a ramp (or up a cyc
le)

until we reach a warm discomfort or a cool discomfort. Again, 1) the 20% sweat wetted

skin on the heat side, and 2) the uncomfortably cold feet or toes or 3) a sk
in with pro-

blems of uneven temperature distribution in the cold, will be the limiting fe
atures of

comfort; although these three problems will not occur at the same air temperature in-

dependently of rate of change (i.e., there is a rate dependency) we would h
ave to say that
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the longer it takes you, probably, the less you are going to be able to go up o
n the hot

side and STET you are going to have to stay on the cold side.  Our ramp information
 to

date, which comes from some limited studies that look pretty good and seems to be consis-
tent with what we were hearing yesterday from you, is that at 5/10 of a clo intrinsic
insulation the comfort temperature is about 76.8°F; at 7/10 of a alo the base comfort

temperature  is  75. 5°F  and  at  9/10  of  a clo intrinsic insulation  the base comfprt tempera-

ture is about 74.3°F. It turns out that, at a rate of change of 1°F pdr hour, you can

swing around these bases by + or - 3°F. This seems to correspond to what Bob Tamblyn was

talking about yesterday; if you've got 9/10 of a clo (which is winter clothing) at a

average base of 74.3°F you can get down to about, 71°F and up to about 77°F and when you

start getting outside that you start getting screams. -

We can now talk about research needs. We started our considerations with the "off

design point" problems. First of all, we feel there was a need to validate the steady

state models within and outside ASHRAE Standard 55-74 when we are operat
ing off design.

In other words, at higher work rates than 55-74 covered; with dif
ferent clothing (55-74

specifies 0.6 clo); with different mean radiant temperatures and air temp
erature adjust-

ments, not just assuming that the adjusted dry bulb temperature 
will carry us.  One of the

other things we need to do, independently of looking at dynamic
s, is look at the value of

improved insulation on the cold side.  We know, for example t
hat wearing 0.6 clo of insula-

tion our comfort temperature is about 74°F for office work;
 for every tenth of a clo

change, we expect we can get about a 1°F adjustment of the air
temperature. So we can go

to 60°F if we can get the office work force to wear two clo of
insulation. In theory,

because we can't get down much below socially accepted clothing levels, we
 can only go up

to 77°F by reduction of clothing back to about 0.3
clo. Some other points should be

raised though. We'd like to know what the adjustment for air temperature could be s
imply

by improving the footwear, because that is the first onset of cold discomfort. Is the

adjustment 1/10 of a clo of footwear per degree°F? I doubt very much that it is and I'll

bet we can do a lot better with warmer footwear. We need to study the effects of altered

clothing in general; particularly females with skirts, get the
m to wear slacks, get them

to wear a little heavier clothing. In the comfort zone it doesn't matter; it is not

critical and they can wear almost anything they want (within a 
wide latitude), but as you

approach the boundaries on your swings, as you approach the 
boundaries on the comfort zone,

what they are wearing (the clo insulation) becomes more cri
tical.  Also, we want to look

at the value of a warm hat because as it gets colder you can los
e tremendous amounts of

your heat through your head because it's blood supply doesn't con
strict as most of the

' rest of the skin blood flow does. Along the same line, we should look at what is the

minimum air temperature for manual dexterity. In other words if you go to 2 clo at 60°F

or you go to 2.2 clo at 55°, will the hand still stay functional?  A simpl
e, discrete

question, but it ought to be answered because that is what
 is going to set the absolute

lowest limit for office temperature assuming you could sol
ve all the problems of insulat-

ing the body.  We also ought to look at alterations in th
e permeability of clothing;

should we go to reduced permeability, e.g., "wind shirts", "Gortex shirts", something like

that?  Normally, you lose about 12% of the heat you produ
ce by diffusion of moisture and

its evaporation from your skin. We can trap that with reduced permeability clothing and

save about 10 or 15 watts, or 12% of the body's heat productions. We see little promise,

on the hot side, of getting clothing that is going to be
 more permeable; that doesn't seem

to work, though· there  are   some long range suggestions.     We   feel  that  if  we are going  to

push our thermostats, or our environments to the lower b
oundaries of hot or cold discomfort,

we certainly have to consider acclimatization. Quite probably the operating standards for

the beginning of the heating season or the beginning of 
the cooling season will have to be

different than what they could be at the end of these seasons
 if you get out to the

boundaries of comfort. The body, and the mind both have the ability to do quite a
 bit of

adj ustment. The adjustments  won't be there   at the beginning·  of the season,   but  at   the  end

of the winter (or at the end of the summer) there will b
e different conditions for comfort

up near the threshold; again, in the mid-zone of comfort, acclimatization 
doesn't matter.

We also should look at sudden transients and short term 
occupancy; that hasn't been done

in terms of night set back or walking in from the outsid
e to an over cooled or over heated

room and then letting the temperature drift. We also see promise in such approaches as

the "predicted Indoor Habitability Index" (PIHI) which i
s basically what we are after to

develop a juxtaposition of the building, the conditione
d air sources, the controls, their

cycling and the resultant environment of the occupied sp
aces and their habitability by the

occupant.  That has been started; we feel it should be 
pursued for both dynamic or steady

state.  Also the ASHRAE ADPI is a promising modelling a
pproach for the effects of altered

ventilation, air infiltration or air mo
tion.

Before we get to approaches in which dynamics is totall
y involved, we would also like

to look at local auxiliary heating and overall auxiliary
 heating; what can you do with a

spot heater just over the typewriter, what can you d
o with a panel convector or a panel
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radiator just at the work space, or instead of simply ducting the conditioned air into the
whole space, duct the treated air down over the work site?  There is some ener

gy saving

there we are sure.

Finally, when we get to the dynamics approaches, we need to know the applicability of
the steady state models to slow drift responses, particularly the ramps.  We 

think the

models will work but we don't know, and we need to know the applicability of th
e dynamic

model, which is a cyclic one, to ramps.  We need to validate the dynamic m
odel.  We are a

few years ahead in the dynamics research question, but we haven't done 10 
years of re-

search in the last three. Finally, at the dynamically reached bounds to comfort we ought

to explore adjustments; i.e., if we drift up or down a temperature ramp, when we get to

the bounds of comfort-discomfort (where the man or woman at the work site
 is at the end

of his acceptance), instead of running down the ramp, can We simply take off oradd clo-

thing and then let the environmental cohditions drift up or dowh a bit more?  Can we do

something about air motion; turn on or off a local fan?  can we adjust the
 local relative

humidity or the overall relative humidity? i.e.; can we ramp up in temper
ature and then,

instead of changing temperature, ramp down in humidity by dehumidification
?  Can we do

something with mean radiant temperature, kicking on a,radiant panel at the
 work site when

your air temperature has drifted down to the lowest.acceptable level durin
g the day?  Can

we achieve economies by locally adjusting the mean radiant temperature?  
Then of course

there are some simple things like simply giving hot or cold drinks when yo
u get to the

bound; letting the people leave the work space and go to a recov
ery room which may be

warmer or cooler; we even.talked about simply shifting the work fo
rce from the perimeter

of the building into the core, and the core work force out into the pari
meter; i.e.,

crossover work shifts. We need to know more about recovery times.

TABLE 1. Human Thermal Balance and Its Relation to Comfort and Discomfort

HUMAN THERMAL BALANCE

M + L=O

M - 1 to 17 MET (N.B. 1 MET = 50 kcal·m2.hr)

L=(QR1Qc-Q -Q - E   - W)
res di f f           r

44
QR   = ADfefffclo  (Tcl  - Tr

) Qdiff = 3.1 AD(Ps - PA)

W=M
Q    = ADfclhc(Tcl - Ta)C

Q    = RMV(h ' -h) E = O to 600 kcal/hr sustainable maximum
res ex   a                     r

COMFORT: IF M-(L)

-0.036M/AD
PMV = (0.303e + 0.276) (M-L)

if: |PMV|0   +.5  +1.0  +1.5  +2.0-   -    -    -

then: PPD 5% 10% 25% 50% 75%

*

I COLD: IF M<L HEAT: IF M>L

by: 25 to 80 kcal-uncomfortable by: 25 to 80 kcal-uncomfortable

80 to 150 kcal-intolerable 80 to 120 kcal-intolerable

> 150 kcal-danger of hypothermia 120 to 160 kcal-risk of heat exhaustion

*
cold injuries to skin can occur 160 to 240 kcal-probable heat exhaus-

with M>L tion
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2.5 Circulation/Distribution: Herman F. Behls

Air and/or hydronic systems tie together the major components of HVAC systems.  The

air systems link the conditioned spaces with the heating/cooling coils, while the hydronic
systems transfer heating and/or cooling mediums between components. Overlayed on the
many possible types of systems and system layouts, each of which has its own d

ynamic

characterisitcs, are the response characteristics of control systems. The Circulation/

Distribution Task Group, which included Mr. Harold E. Straub of Environmental Systems

corporation, Dallas, and Mr. J. Richard Wagner of The Poole & Kent Company, Baltimore,

discussed the state-of-art of air distribution system design, space air diffusion,

hydronic system design, and the characteristics of circulation/distribution components
such as terminal control units, fans, coils, and pumps. Also, taken under discussion was
the effect of mass and insulation on the response of a system to the loads imposed the

re-

on.  Although this task group treated system components individually, each HVAC system,

including controls, needs to be evaluated as a complete package.

It is the consensus of opinion by the task group that duct systems are designed for

steady state, design-load conditions, and frequently receive too little attention by

Consulting Engineers. One reason is that, in spite of recently renewed efforts by ASHRAE,

the design data on duet fittings which is available to designers is still rather limit
ed.

Other reasons are that the calculations are tedious and time consuming. Presently, there

is consideration towards standardized duct fittings by ASHRAE Technical Committee 5
.2,

AIR DUCT DESIGN & CONSTRUCTION, to ensure energy efficient duct system design. To assist

designers in the design of supply and return air systems, I, as a member of 
Technical

Committee 5.2, am recommending through Technical Committee 5.2 that ASHRAE prepa
re and

publish a comprehensive duct design manual similar to the ASHRAE Cooling and Hea
ting Load

Calculation Manual (GRP 158) prepared by Dr. Rudoy of the University of Pittsburgh. To

design energy efficient duct systems, particularly variable volume systems
, the use of

computer programs is more than likely necessary. These programs should include standard

fittings for which loss coefficient data have been validated.

The design and performance of constant and variable volume terminal contr
ol units was

discussed in depth. Advances in the design of variable volume boxes has made the per-

formance of single and dual duct, both constant and variable volume, air s
ystems more re-

liable. Further sophistication of these control boxes will be rapidly forthcoming, and

each will have its own response characteristics. The task group agreed studies are nec-

essary to determine the response of each style of terminal control unit a
nd that the

studies need to include the control of air handling system pressures and f
low beyond that

controlled by the terminal unit.

Fans and their performance is another important factor in understanding the d
ynamic

behavior of air systems. In variable volume systems, the performance characteristics of

fans need to be known over the entire range of varying system conditions. In varying

system dynamics the method of fan capacity control is of major importance, y
et most data

is very generalized. To dynamically analyze systems there is a need for a complete u
nder-

standing of fan volume control for any of the methods devised, such as dis
charge dampers,

variable inlet vanes, and speed variation. Many fans operate beyond the range recommended

by fan manufacturers with apparent success, thus fan dynamic studies need
 to be extended

to include off-optimum operation. Poor fan inlet and outlet connections can severely

affect the performance of a fan and thus result in significant energy waste. To aid in

the layout of fans/systems, the 'system effect factors' in AMCA's (Air Mo
vement and Con-

trol Association) need to be more comprehensive and inclusive. Data is particularly

needed for centrifugal fan outlets and vaneaxial fan inlets and
outlets. The system

effect factors for centrifugal fan inlet connections seem to be adequate. The Circula-

tion/Distribution Task Group is of the opinion that the proper applicatio
n and selection

of fans is not as well understood by system designers as it should be. To assure effi-

cient fan selection, training aids or other techniques, such as performa
nce type specifi-

cations, is encouraged.

The theory of room air diffusion is not complete, but considerable knowledge suppor
ted

by experimental studies is available for the steady-state design of air su
pply and return

air systems. The Air Diffusion Performance Index, which is based on constant flow and

cooling conditions, attempts to bridge the gap between the dynamics of air
flow from

diffusers and the dynamics of airflow in a space. A procedure of this type needs to be

expanded to include heating as well as low and minimum airflow. Furthermore, it appears

that the Human Factors Task Group intends to allow space design condition
s to float from

a fixed setpoint temperature; therefore, airflow patterns need to be stud
ied in terms of

varying psychometric conditions. Since the heating and cooling loads are not instantan-

eous, the space  air  di f fusion studies  need  to be extended to include the response   time
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necessary to pick-up loads, including the occupants, imposed on an all-air system, an all-

water system, or a combination air/water system.

Many of the considerations for the layout and design of air handling systems also

apply to piping systems. Pumps in water systems are analogous to fans in air systems ex-
cept that the application and selection of pumps is better understood by syst

em designers.

Except for cavitation problems, pumps are generally less affected by adverse ins
tallation

conditions.  Water systems differ from air systems in that various water circuiting

arrangements are possible, such as primary/secondary pumping.  However, the bas
ic system

concepts are similar with regard to constant or variable flows and temperatures.  Thermal

time lag is normally more pronounced in water systems than air due to sys
tem mass.  Mass

includes not only the circulated medium, but also the materials of constructi
on including

insulation. Studies are necessary to determine the incremental magnitude of energy con-

servation as a function of system design, circuit layout, temperature control
, and system

operation. System shutdown, or on-off control, may have different characteristics th
an

systems operated continuously.

So far we have covered air distribution systems, space air diffusion, and piping sys-

tems. To complete an analysis of these systems one must have extensive data cor
relation

on coils, the link between air and water networks. A coil literature search needs to be

conducted, the studies analyzed, and additional research identified.  Work
shop members

have indicated extensive data and reports can be found in the lit
erature.

To dynamically analyze HVAC mechanical systems with the purpose of efficie
ntly utiliz-

ing energy the following needs to be studied.

1.  Effectiveness of all-air systems, air-and-water systems, all water sy
stems.

2.  Effect of mass and insulation on air and water systems.

3.  Duct design techniques, including layout and system mass.

4.  Piping design techniques, including layout and system mass.

5.  Response characteristics of HVAC system components; such as terminal
 control units,

fans, coils, pumps.

6.  Dynamics of airflow from diffusers and the dynamics of space air diffusio
n, including

variable design comfort conditions.

7.  Load pick-up factors for transferring load sources, including occupants
, to the air

systems.

8.  Response of controls to any variation of system parameters; such as HVA
C system

selection, component selection and system design layout.

9.  Effect of duct leakage and air stratification within ducts to system 
performance,

including controls.

These are the major classifications identified by the Distribution/Circula
tion Task Group

over the past few days. As research continues, many variations of these generic classifi-

cations will surface. Each concept will require a sensitivity analysis so as to eliminate

as many variables as possible and thus keep the scope as defined by this w
orkshop manage-

able. To assure the design, installation, and operation of energy efficient HVAC systems,

specialized HANDBOOKS and WORKSHOPS will be necessary.

2.6  Design, Operation, & Use Patterns and Managements and
Codes: Alfred Greenberg

As a continuation of what my predecessor discussed he sort of tried to tie
 together

what went on before and I guess I feel the same way. I'm even going to tie in what he

i

did and tie it up a little tighter. Maybe the one after me will really tighten the noose.

We discussed, basically, two separate areas: one is the area of Management and Codes,

and the other Design, Operation & Use Patterns. The management and codes aspect really

concerns itself with establishing the pecking order of all the parties inv
olved in the

process of building construction from the conception to the operation.  Y
ou start off with

the owner, then you add your design team. The utilities, the government regulatory

agencies, the code makers, the financial institutions, etc. are all invo
lved at various

times. After  that  you' ve  got the contractors who build the required  work, then  you  have
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the operators of the facilities and the users of the spaces. The needs, the desires, the
requirements and the role of each of these elements varies from job to job, area to area.
Let's dispense with the contractors quickly. I don't mean to belittle contractors or the
benefits they sometimes add to a project, but to me a contractor's only function is to
translate what the designer has done into an end product; a product that matches the

designer's intent. contractors, many of them would be insulted by this. They seem to
feel that they have a unique function to serve. They feel that they hdve experience,

capability and ingenuity and should offer input. That is not at all what a contractor is
supposed to do. Most contractors' input is aimed at reducing the cost and quality of the
project in order to enhance their own profits. That takes care of contractors.

The owner is the one who wants the facility to begin with. He usually is concerned
only with getting the optimum results at the minimum costs - first cost, usually.  Our
subcommittee finds that there is very little you can do to directly control an owner.  We
talked about incentives, disincentives, taxes, maintenance, all kinds of things.  Realis-
tically, these things don't work with many owners unless you really do something extreme-

ly radical, and we are not a radical society. We do things in very slow ramps.

Utilities are another area we can't really control.

The regulatory agencies go by the book with a few twists added. The code makers

really just sit back and do whatever they are told. They don't initiate anything so they
don't really enter into this dynamic response process. There is nothing dynamic about

codes unless they refuse to accept your design.

The financial institutions usu·ally go along  with the owners, often  they are owners
themselves.  They sometimes set standards for the owners but strictly from a financial

point of view.  They seldom really get involved in the dynamics of how a building is
operated as long as they are certain they are going to get their money.  That's all they
really care about.

In this whole process everything really seems to point to two elements where you may
be able to develop a degree of control. If you can exercise that control, it will radiate
out and eventually affect the owners and the way in which they do things - and the govern-
ment and regulatory agencies in the way they do things. Space users don't usually have
much to say about or know what goes on. The design team and the operators are the areas
on which we must concentrate. First of all, they are the weakest link in this whole build-
ing process.  They are the areas where ASHRAE can potentially do something about changing
the way in which they operate and hope to improve the total situation.  Right now the
design team's role is primarily to prepare plans and specifications. I am not talking
about the unusual situations. They prepare the plans and specifications for bid by con-
tractors. Their role in the construction process is generally quite minimal. They check
shop drawings; they may go out into the field, pick up a few items, make a final punch list
and that is it. we feel strongly that emphasis must be placed on developing procedures
through ASHRAE statements, directives, guidelines or standards as to what the true role
of a consultant should be. The consultant is the developer of the design and it is on the
consultant that the owner leans in order to get something that the owner feels that he can
live with or that the space users will live with. The consultant really has no control
over the process if all he does is put designs down on paper and then is eased out of the
picture and has no control over what happened.  We believe that the consultant, since he
developed the design, is the only one who can really interpret the design during construc-
tion; therefore, he has got to be more actively involved in construction supervision pro-
cess. He must make sure that changes are not made that affect the operating or energy
benefits of the project or the dynamic response of the results that are anticipated.  The
consultant is the only one who really knows what results are expected. I don't see the

logic of outside companies coming in and testing and balancing the system and certifying
the results based on their interpretation of the design concept.  That means a third hand

party who has been hired as a low bidder by a contractor, also a low bidder, and who is
not beholden to the consultant coming in to interpret and measure what the results should

be.  Really, the consultant can do that best and yet very few consultants do testing and
balancing. Then, after the job is built the operators are brought into the picture.
oftentimes no one knows who is going to operate the buildings until after the job is built.
Therefore, the operator has no input into the design aspects nor the construction aspects.

The consultants seldom ever give the operator real input as to how the building is supposed

to function. Therefore, the designer, to really do his job properly for the owner and to
insure the proper results of the building, rnust develop good operating and maintenance

manuals - not just a package of manufacturers' literature. That usually means that from

the inception of the design, that a true design involvement in a job will last through the
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design, through the construction and Probably two to three years into the operation of thebuilding in order to insure that the building is operated as intended and that the owner
is getting optimum results.

I believe that ASHRAE can set up some effective guidelines as to what the involvement
of the consulting team should be in order to properly establish and maintain the dynamic
characteristics of a building. If the government tried to do it, forgat it.  ASHRAE can
suggest, but at least somebody's got to do it.  Nobody's doing it right now - certainly
not NSPE, the consulting engineers councils or the AIA.

Talking about dynamic response, there is no point talking about things that should be
if we can't control the processes that attempt to develop the end result.  Operators are
in worse shape than engineers. Most of them don't know much about operation of a building
Many of the people that operate buildings are insufficiently trained.  There is really no
place to train them. Too many are nothing more than the glorified janitors that used to
operate the brown stones or the six story walk-up apartment houses.  The good ones come
from the marine field. I've always felt that building operations was a good place for
consultants to retire to. I understand they would make more money, though, operating a
noodle shop.  We've got to do something about up-grading operations in buildings.  Other-
wise the best layed plans and standards that we are talking about are going to be meaning-
less. We've got to set up schools with proper courses and continuing education for oper-
ators. It all starts with proper operating and maintenance manuals that the engineers
will develop. The manuals are based on the assumption that the engineers know how the
buildings are supposed to be operated. Except for setting up minimum effective standards
I believe that between the trade unions, the building operators, the building owners and
ASHRAE, we can set up the mechanism for the proper training of operators.  ASHRAE can help.
I think we have the expertise to establish the curriculum and personnel for these courses.
If we can get these other groups to participate so that they input their knowledge and
support then we can get an effective program moving.  In effect, what I am saying is that
right now all I am talking about is education and although I think many people don't
consider education as being very dynamic, we are at that point in time where to go on from

1 here we better know what we are talking about or we are just turning wheels.

i

That takes care of management and codes.

ASHRAE must set up an energy audit standard. The 100 P series being worked on now in
ASHRAE is a complete and utter fiasco. I don't mean to impune the well intentioned
efforts that have gone into it; a great deal of effort has gone into the development of
the 100 series. Some of you here may have been involved in it. I wrote a letter when it
started 2-1/2 years ago strongly suggesting that they silently fold their tents and go
home and that something really good be done. It is not that what they've got is so bad,
it does not help someone know where to start, it is unenforcible and it is not for all
building types. The one thing that is common about all building types is the procedure
for doing an audit on existing buildings. Yet, that is the one thing that is missing
from all these 6 standards that are being discussed. We've got to set up a uniform
standard for audit procedures. ASHRAE can do that and it has been discussed as to wheth-
er or not it shouldn't be a 7th group on top of the 6 groups that have already been
established, but apparently they are not planning on doing it. We strongly recommend
that this be done. This is an area for immediate research and action.

we also believe that one of the things that has to be studied in buildings from the
Design, Operators and Use Patterns' viewpoint is the development of operating codes which
accept the premise that buildings do not operate at steady state much of the time and that
means for reducing lighting levels, outside air requirements, etc. should be modulated to
meet actual demands, if that can be measured. For example, outside air is one of the
biggest energy wasters.  Codes set up minimum outside air quantities based on the peak
occupancy of the building. How often do you have design occupancy in a building?  So why
can't we set up a criteria for establishing whether and how we can minimize or vary out-
side air based on the actual occupancy of the building. We should also make sure that the
outside air is where you want it, which is where the people are. There is no point in
setting up 5cfm per person if all the air is going to be dumped in one spot and all the
people are everyplace else in the building. In many buildings this is what happens. For
example, if you put the air in the corridor and you have minimum air to begin with and
the people are not in the corridor, then you need more outside air for comfort.  To get
the outside air more evenly distributed and as needed is an area where we've got to do
some research so that it will eventually end up in the code areas.
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We talked about licensing and certification of operators. We believe this is neces-
sary.  The utilities enter into the building process because a lot of utilities don't per-

mit sub metering or check-metering or informational metering or whatever.  If you are

going to put in means for measuring the dynamic characteristics of a building then we've

got to also provide the means for at least getting the information so that it may be ana-

lyzed and acted upon.

ultimately, every building has got to have some type of energy management system.  A
system which records and analyzes sufficient information to enable operators to under-

stand what is happening. In general, people cannot measure most dynamic characteristics
or operate buildings effectively based on dynamic characteristics that vary in ways which

are difficult for them to interpret into proper actions. Proper instrumentation can do
the job.  Yet, we can't even get these relatively simple systems that are installed now

to work. There is a lot of work to be done in the control applications area. Not in the

theory of control, but how do you take these complex fabulous machines a
nd make them work?

Again, education, liaison, coordination, cooperation. We got more human problems than

technical problems, going even beyond the physi
ology.

Another area for ASHRAE research is that enough buildings have these complex, wonder-

ful computer systems that don't work and are sitting around idle, that ASHRAE may sel
ect

some of these buildings and get research projects going to make them work. The informa-

tion obtained may help us set standards or guidelines for things like energy budgets and

minimum automation requirements for various building types. Of additional interest are

the energy budgets for the sub-systems in the building so as to establish what percentage

of the major energy using areas of the building are a part of the total. Building

operators could then find out accurately and intelligently where to spend their major
efforts on improving the quality of the building and getting it down to the energy budgets
that are going to become law and are going to become the way in which we talk ab

out build-

ings.

2.7  Energy Storage: Calvin D. MacCracken

On Energy Storage  we came up  with the following points. The first point that we looked

at was the energy consumption of duct systems. We were very impressed with the seasonal

losses in heating and air conditioning that may be incurred as well as the
 loss of re-

sponse from unwanted storage of heat or cooling in ducts and perhaps a lesser 
extent in

pipes. Lower mass of ducts or internal insulation may secure a large savings. We urge
that a research study be made of the actual, seasonal energy consumption of a lo

w mass

all-fiberglas duct system as compared with the conventional. We suspect that this savings

is far larger than might be expected.

The second point was that all new construction with central heating or cooling 
be de-

signed with distribution systems that can deliver full load at
105°F. This allows for

operation and use of storage for heat pumps and for solar energy on an efficie
nt basis.

The third point - we recommend a research project on means of retrofitting a low ma
ss,

low temperature, hydronic radiant space heating and cooling system and to build
ing it in

a cost effective manner.

Our next recommendation is the study of radiant room cooling with the use 
of a non-

ducted dehumidifier.

we also recommend the use of dryness in storage and buildings so that a space, i
ts

envelope, its contents can be brought down to low relative humidity at nig
ht and thus,

daytime cooling loads could be lower.

we also recommend the study of off-peak heat pumps which store both cooling 
and heat-

ing and pick up heat from low cost unglazed or unspaced glazing solar col
lectors and

from the ground as well as from the ambient air and that this be implement
ed as an ASHRAE

Task Group on multi-mode heat pumps. The TG has already been unofficially formed.

We recommend that chilled water storage systems for large buildings be bro
adly en-

couraged and engineers educated as to its cost effectiveness and energy an
d cost savings.

That both small storage (24 hour chillers) and large storage (100% off-pe
ak chillers) be

explained. we recommended that bulk tank eutectic salt thermal storage systems be studied
in light of the latest developments. We recommend that rock bed studies be made to im-

prove analysis and experiment with different designs and m
aterials.
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3.0  SUMMARY:  William P. Chapman

First of all, let me take this opportunity to thank you for your participation, for
the contributions that you've made and, really, for the enthusiastic response, dynamic or
otherwise, that you've given us.  I was apprehensive when we started, it was a tough task
and I realized taking 2 1/2 days of your time was asking a tremendous contribution from
you. Now it does seem that the workshop has generated something that Will be very worth-
while. I think we can look upon this workshop as one of the milestones in ASHRAE's effort
to advance technology. I do believe we are going to be able to come up with a long range
research plan that we set as our objective.

The task group will meet on May 11th in Chicago to further discuss this plan.  Except
for Cal McCracken, the Workshop Session Chairmen are members of the Task Group, so by in-
viting Cal, we will have to review the results of this workshop.

In these few remaining minutes I think we should attempt to discuss how the various
research requirements can be synthesized. One means might be to develop a simulation
model. We are not able to do so at the moment, and we do not want to re-invent the wheel,
but I do believe we could develop a generalized model that will permit us to create
special and separate models later. For example, we might consider one model for equip-
ment selection in order to compare design alternatives for operating strategies to opti-
mize energy utilization. I would like each of you to think of the research needs that
you've discussed today and developed during this workshop so that you might comment on the
practicality of developing a simulation model.

David Didion, in the equipment session, stated that there was a need to develop some
dynamic response characteristics of equipment, but also he said our data on transport
lags; that same point was brought up in the distribution session. I think it was pointed
out in the storage session that there is a considerable amount of energy that is contained
in the conduit system, (in the duct work, in the pipe work) all of which relates to the

distribution session. Considering these comments, how might we integrate these needs?
Further than that, if we get this information, how might we use it, how might it be put
together?  I believe that the best way to integrate the programs is to generate a simula-
tion model. True, it is going to be abstract at first; it will require education; and
it will have to be disseminated to our users on the assumption that they use computers.
Nonetheless, if these are characteristics that each of you have described that in turn
will  effect the proper utilization of equipment, then they have to be considered in one
synthesized or integrated whole system. The Human Factors Session pointed out that we
can tolerate some temperature deviations of 1 3°F providing the rate of change isn't too
great. But how might we predict this rate of change if we don't know the dynamic charact-
eristics of the equipment and the structure, itself?  Conversely, knowing this, we should
be able to generate operating procedures and strategies that will allow us these excur-
sions without reducing the quality of performance and control that we have demanded of our
past systems.

The task group will meet on May 11th and try at that time to take these various state-
ments and describe somewhat more fully this one research plan. It can very easily become
too vast, too great to be considered. We have to be careful of that. It can also appear
that we are going to redo what a lot of people have attempted to do in the past.  We have
to be careful of that, but if we are introducing this new concept, that we are leaving the
steady state thermal equilibrium assumptions, I think we have to make the suggestion that
what we have done in the past has to be extended. I am not as concerned about the charge
that we will be reinventing the wheel, as I am concerned about our ability to take these
factors that you have described today and put them into one totally integrated system.
No doubt about it, that's going to be quite a task. The Task Group will prepare an over-
view statement, and make the proceedings of this workshop available to all of the parti-
cipants. we will have a symposium in Los Angeles to advise the Society of our findings.
That is our goal, we obviously cannot accomplish it in time for Detroit. I would invite

each of you that participated in this workshop and all other interested people to attend
the symposium in Los Angeles. I would ask that all people take these proceedings, review
them critically, submit any comments that they feel are pertinent so that speakers at that
symposium will have advance notice of comments. With this type of conversation and this
type of communication, I think we will be in a good position in the early part of 1980 to
make a presentation to the Department of Energy, and I would think with the credentials
of this group, that such a recommendation will have a tremendous impact on research plan-
ning at the government level.
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Getting back to what Paul Achenbach said 2 1/2 days ago, it is incumbent upon us to
take this plan, get the work done, carry it forth to the design stage then to the construc-

tion stage and thereby put it into being. If we stop at the research description, then of
course, it will have gone to naught. We see, therefore, that a great deal of continuing
effort is required, starting with the task group, armed with these statements, approaching
the Tcs.  Most, but not all the TCs that will be incorporated in this program, are repre-
sented here today. That will give us a head start. At the TC meetings in Detroit, and

again at Los Angeles, I would ask you to carry this message to them; alert them to the
fact that these proceedings are going to be available and are going to be discussed. Ad-
vise them that the task group has started its effort to consider dynamic response.

I am sorry that today we won't have the time to do much more than take comments from
the floor. we are not going to be able to prepare a statement today that can be used as
an overview statement, but I do think we have time, on the basis of what we have heard
this morning, to make some comments regarding the practicality of a model, regarding the
soft spots and difficulties of a model, etc.

Comments by Alfred Greenberg

I think I would like to suggest another point of view to what you said about what the

results of this should be. You talk about designing a few things and developing a simula-
tion model for conduits and distribution systems, etc.  As an alternate I suggest a d

if-

ferent approach. I suggest that instead of getting all these efforts into universities

and laboratories of manufacturers that we strongly consider the use of the existing 
build-

ings as the laboratories. Use the technical expertise and other resources of the manufac-

turers. Don't make everybody wait until the researchers have come up with what they think

is the right thing while everyone else sits back and does nothing until they come up·w
ith

the right answer. Get something done NOW. Produce a methodology, a procedure. If one

building does it and it works and he has followed a methodology which is reproducable,

verifiable, and transferable others will follow. If you just do it "inhouse" then nobody

would get anything done. We need results. So actually the approach is not to produce
research projects to existing buildings.  Let's get all kinds of information but lets not

wait until we get to the point where we are sure it is going to work, where w
e are not

going to have anyone yell at us. That takes too long and is inadaptable and you still

have the field problems. Right now you've got the buildings, let's use them.

Response by William Chapman

Well, Al, I certainly think we will have to use the existing buildings to validate the
work we are going to do. I believe what we were talking about here today (applying dynamic

characteristics to building operations), though, is an approach that is not available for
immediate application. We have nothing to take out today to get the job done, other than
to tighten up possibly, as you have pointed out, the construction techniques, energy audits,
these types of things.  They aren't quite germane, however, to the subject of dynamic

response. If we are going to utilize dynamic response to prove operating strategies, then
certainly we need the research requirements that have been set forth by these other ses-

sions. That is going to take time, several years of time. In the meantime there can be

improvements in our present techniques, yes. I hope that the TCs will pick that up.

Comments by David Didion

I think you will find out an obvious thing. We in equipment group not only understood

 
what Tomami Kusuda was trying to say, we came up independently with the same things.  

Our
I third problem of the first category was an attempt to state what was needed. If you are

going to take a dynamic approach to the whole building you must look at, for 
want of a

,

better word, the time constant of the building shell vs circulating system vs the equip-
ment, etc.  Try on a dynamic basis to identify the magnitude of the potential energy

' savings of these different systems. I think this actually is what Tom is suggesting, the

forerunner to the model. It tells you what characteristics are more important on what

elements of the building system are more important and, therefore, should be mo
delled in

detail. It might be possible, for instance, that equipment response characteristics are
very short relative to the others, for example the circulation system, and will, 

therefore,

as you are implying may not be significantly effected by true dynamic response. Otherwise,

if you don't do this type of overall study, I'm almost certain the model wi
ll become

unyielding. It is too big, too complex, so you have to drop out the compliments which
are less significant. I think what Tom is suggesting and what we've talked about is just
this; there is a preliminary study of what is important for dynamic modeling of 

the build-

ing.
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Response by William Chapman

Yes, I think it is appropriate to say that we are going to have to creep before we
walk and this, may indeed be reflected if we have oversimplified the model and thereby
have made it useless. On the other hand, we can bog down in a morass of detail.

Comments by Raymond Cohen

you have just heard Dr. Didion warn that a building simulation program can be so
large that "we can bog down in a morass of detail". I'd like to add that it is extremely
difficult to develop a large scale computer model which is able to solve all problems for
everyone. It  makes   much more sense   to  me to approach the problem  with   a   " two prong
approach".  The first part is the development of models using energy savings as a criteria
which can predict the dynamic characteristics of the components in the system.  The second
part is the use of these models in an overall system model.

For some time, we have been involved, as have others, in the development of computer
simulation models for components such as compressors, heat exchangers and throttling
devices.  Even individually, those which can predict dynamic response are very complex.
It might seem appropriate to assemble these complex models of the components into one big
model for the entire system, but that takes a considerable amount of time and energy to
develop the program, and cost for computer running time to use it. Instead, we should
use the complex simulation models of the components to determine a characterization of the
dynamic behavior of these components so, for example, that a single, or a few linear
differential equations (a time-constant approach) can be used for the model of the entire
system.  In this way, we will not have to carry over the mass of detail of the component
models into the system model, but still carry over enough information so that the system
model adequately shows accurate system dynamic behavior. This approach would be very
efficient with the big advantage that the system simulation model may have a short computer
run time - short enough to consider using it as the criterion function of a computerized
optimum design search routine.

Unfortunately, we neither have all the component models nor do we know how many time
constants will be needed to adequately characterize the dynamic behavior of each component.
The "two prong approach"   I   suggest   is to attack these two problems simultaneously;    that
is, to develop and test both component models and the system model simultaneouly. Thus,
use of the individual complex component models would provide behavior patterns on which
to base time constant assumptions. Use of the overall system model using assumed time
constants for components would determine sensitivity to the number and magnitudes of the
time constants. These two parts of the approach, when executed simultaneously, constitute
a synthesizing process which will lead to appropriate simplifying assumptions showing
which elements have greater importance for energy conservation than others and ultimately
leading  to a manageable system model capable  of an "optimum design" procedure.

Response by William Chapman

That is probably what would be unique; that would be the contribution, this synthe-
sizing. If we can work with simpler assumptions, and it is probably true that the im-
portance of some of the elements will so out-weigh the importance of others that great
simplifications can be made. The trick, I suppose, will be to make a pretty accurate
estimate of the major and the minor factors. It is that kind of comment that I welcome at
this time.

I see that Dennis Miller is dutifully taking notes and is going to help us pull this
overview statement together.

Comments by George Schade

I would just like to say that I don't think simplification is the right word. I think
that very soon you'd realize reduction to manageability is the correct thinking. Simpli-
fication has kind of a bad connotation to it and it seems like you are throwing something
away, while to try in great detail to simulate a building, it may be unmanageable.

William Chapman  - So, instead of simplificatinno  reduation  to  manageability.

George Schade - Right, reduction to manageability is something that can be done.

William Chapman - Alright. That is a good point.
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One question that c6mes to my mind is the source that we might consider, or sources
that we might consider, as the developer of such a simulation model. Where might we
turn to have such a development done? I think that whoever does it will have to draw on
the TCs for expertise. The judgement, through experience of what is apt to be important,
of what is apt to be major compared to what might be considered as minor, would seem to
be found in the TCs. The first order of approximation that might be considered practical
probably would be suggested  by  our own normal sources, usually   the  TCs,' but where might
we turn for the developer?  Who might take the lead in attempting this simulation model?
Are there any suggestions along those lines?

Comments by Alfred Greenberg

Yes, very definitely. Again we seem to be avoiding the fundamental issue, which is,
that you've got all these existing buildings. What we should first try to do is see how
energy is used in those buildings. We can play all kinds of games with new designs, but
you won't play games with new designs until after they are built, and you find out what
they  really  do. The first order of business  is  to reduce energy. First  you  need  to
develop an acceptable audit procedure. An< audit procedure that will determine in suffi-
cient detail what a building is now doing, so that you understand it and you break it
down into its major important components. If a building is grossing, based on the meters.
you now have, 150,000 Btu per square foot 9ou develop the procedure by means of some
computer program that will allow you to find out how much the elevators use, the lighting,
the people, the air conditioning. You break it down in zones, the domestic hot water,
computers,   etc.      Once   you  have the building broken   down into components or zones   then .you
can start determining other factors such as: what is the frequency of use, how do the
various envelope reaction, etc?  Can you determine this information from existing instru-
mentation in the building or do we have to get additional instrumentation?  Once you have
this information you can start to design ways of saving energy, but you must start with
existing buildings.

Comments by David Didion

Bill, maybe it isn't clear that the model that is being discussed, I believe, is an
operational model. One that simulates existing building operations and not one to design
new buildings with. I don't know if we said that at the beginning or not.

Response by William Chapman

Yes, Dave, I meant to bring that out. In  fact,. in our cross-area session. yesterday,
it was stated that we do need separate models. One would be the operating model, call it
a control model. The design, is a load calculation program. We are not attempting to
utilize that program or to modify it for design alternatives; however, another use of an
overall model might be to compare design alternatives. At this time we don't have an
easy means of comparing alternatives.

Now, I see that we are going to have to start packing up to catch the first bus.
Again, gentlemen, thank you so much for your participation, it has meant an awful lot to
me. Thank you.
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WORKSHOP ON THE DYNAMIC RESPONSE OF
ENVIRONMENTAL CONTROL PROCESSES IN BUILDINGS

Prepared by the Workshop Subcommittee
Task Group on Dynamic Response

January 24 , 1979

INTRODUCTION

On March 13, 14 and 15, 1979, a workshop will be held at Purdue University, West Lafayette, Indiana, for
the purpose of evaluating the dynamic characteristics affecting the energy used by the environmental con-

trol systems of buildings. These characteristics result from (a) building structures, (b) HVAC systems
(distribution, equipment and control), (c) the physiological response of occupants to interior conditions
and (d) the use of the buildings and their spaces.  Specific areas of discussion will include the following
with respect to dynamic characteristics: (a) the present level of understanding, (b) the potential impact

of complete understanding, and (c) the research required to gain the level of understanding necesshry for
application to design and operation.

The workshop is being organized by the Task Group on Dynamic Response as an ASHRAE research effort.  The

Department of Energy is providing the funding for the workshop.

 

The information obtained from the workshop, which is to be summarized in published proceedings, will be used

by the Task Group on Dynamic Response to develop long range research plans which will lead to the consider-
ation of dynamic characteristics in order to optimize the energy used to maintain acceptable comfort levels
in buildings. It is expected that other ASHRAE task groups and technical committees as well as government,
university and industry organizations will also make use of the results of the workshop.

The objective of this paper is to present (a) background information on the need for the workshop, (b) the

development of the workshop approach, (c) the procedures for the·workshop and (d) the responsibility of
those attending the workshop.

BACKGROUND

Most design and analysis of buildings and their environmental systems has been, and in general still is,
based on steady state considerations only.  The dynamic characteristics and interactions of the building
system have not been considered of sufficient importance to warrant detailed investigation.  The same
emphasis on steady state has been reflected in the determination of occupant comfort conditions.  Primarily
because of the present and expected future cost of the energy used by building environmental control sys-
tems, it is necessary to understand the dynamic response of these systems and the dynamic requirements for
occupant comfort.  Although the complete benefits of considering dynamics of the design and operation of

buildings and their HVAC systems are not at this time known, there are many indications that there are
indeed benefits in terms of energy use as well as initial building and system costs and equipment operating

Costs.

Energy use and the need for dynamic response consideration can be examined from the point of view of
analysis and actual system operation.  Nearly all building and environmental control system analysis for
design or general study is based on the assumption of steady state conditions over one hour or longer
periods of time.  Such analysis has been shown through validation and comparison tests to provide an
effective tool with which to comparatively evaluate building structures and HVAC system designs as well as

some general operating methods. specific validation tests, such as those carried out at Ohio State, have
shown that the use of hourly based calculations and the assumption of essentially steady state operation
can result in good agreement between calculated and actual energy use over long periods, such as one month
or a full year. However, agreement over relatively short periods, such as hours or days, has not been
found to be nearly as good as long term results.

It has been found that energy use can be reduced by a number of techniques which reflect HVAC system dyna-

mics and dynamic interactions. The control of the time a system is started in the morning or shut down in
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the  evening; the control of supply systems (cooling and heating)   to the specific level needed  to  mee  
loads; the cycling of HVAC equipment for electric demand limiting or average energy use reduction - all
of these are presently in use and produce system changes which act over periods of minutes to a'few hours.
Physiological research indicates that the interior environment does not have to be maintained at constant
conditions, but rather can be varied beyond traditional comfort conditions for short periods--minutes or
hours--without significant adverse effects. The effective use of storage to support both heating and

cooling as well as some heat recovery techniques requires system evaluation in minutes or, at the longest,
hours. Thus, it is seen that the accurate evaluation of many present and future means of reducing energy

use must consider time periods not well covered by existing building analysis methods.  What is required
are techniques which can represent component and control dynamics as well as dynamic interactions. Such
techniques are not available in ASHRAE literature and have been developed to only a limited extent by the
industry in general.

The ultimate objective of the knowledge of dynamic response is not analysis of what might be, but rather to

produce operating  methods which optimize energy use; design procedures which may reduce building costs and
HVAC equipment monitoring and control techniques which maximize long term performance. It is expected that
through the knowledge of dynamic characteristics and interactions of the building structure, environmental
control system and occupant comfort requirements, operating strategies will emerge which will optimize the
use of energy.  Such knowledge will also lead to design techniques which take into account dynamic operating    
requirements and can thus result in HVAC system and equipment selection to exactly meet the needs of the       i
structure and interior environment specification.  Finally, through a knowledge of HVAC system and equip-
ment characteristics, the ability of the building operator to maintain peak performance of the environmental
control system will be enhanced.

Each of the major factors of the building system - the structure, the interior ventilation processes, the
primary heat transfer equipment, the control processes for ventilation and heat transfer equipment, the

required interior conditions and the occupant comfort requirements are specifically considered by one or
more ASHRAE technical committees or task groups. The scope of no single TC or TG extends across all of
these. As developed in the previous paragraphs, all of these factors must be encompassed if the limits to
the use of energy in a building system are to be evaluated and, more important, achieved in actual practice.
The Task Group on Dynamic Response was established in order that the gaps between the areas covered by the
TC's and TG's can be filled. Each member of the TG is now or has been actively involved in one or more
technical committees, thus establishing on the TG a wide cross section of interests.

DEVELOPMENT OF THE WORKSHOP

It was determined by the members of the Task Group on Dynamic Response that a major obstacle to the con-
sideration of the dynamic characteristics of buildings and their interactions is that there is no single
point at which the problem can be attacked. Thus, a single technical committee, even if interested in this

area of study, can develop research projects which only produce information on one part of the total.  This
information, considered separately,, may well not lead to any significant conclusion relative to the over-
all impact of dynamic characteristics on building operation and energy use.  With the view across many
aspects of building environmental control systems represented'by the task group, the general research

efforts necessary to achieve mutually supporting results can be identified.  By identifying these research
efforts, organizing them into a coordinated plan and then presenting this plan to the technical organiza-
tions within ASHRAE, the task group can best fulfill the objectives for which it has been formed as well as
maintain the function of a task group as defined by ASHRAE.

The primary activity of the Task Group on Dynamic Response is then to determine the research activities

which are necessary to achieve an understanding of the inter-relationships between dynamics of buildings,
building occupants and building systems and the effect upon energy utilization.  There are two specific
objectives to this activity.

A.  The first objective is to identify the research activities which will lead to:

1. The understanding  of the dynamic characteristics affecting the environmental control systems   of
buildings which result from (a) building structures, (b) HVAC systems, (c) the equipment used in
HVAC systems, (d) the interior conditions required for occupant comfort, and (e) the use of the
buildings and their spaces.

2.  The capability to utilize the dynamic characteristics and their interactions for the development
of (a) operating strategies for the optimization of energy use, (b) improved design procedures for
buildings, their environmental control systems and environmental control equipment and (c) improved
methods of maintaining HVAC equipment performance.

B.  The second objective is to combine the identified research efforts into a research plan which will

result in an orderly development of the understanding of the dynamic response characteristics and
interactions and the application of dynamic response considerations to the design and operation of
building environmental control systems.
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The detailed knowledge necessary to effectively achieve these objectives goes beyond that readily av.ilable
to the task group. It was concluded that a workshop, made up of individuals knowledgable in the major areas
of interest as identified by the task group, would be the best approach to developing the information
necessary for the research plan. Therefore, the workshop described in the following two sections was

requested.

WORKSHOP PROCEDURE

The workshop developed by the task group will be held on March 13, 14 and 15, 1979 at Purdue University,
West Lafayette, Indiana.  The general characteristics of the workshop are to be as follows:

1.  As presently planned, there will be eight areas spedifically addressed by the workshop, these areas,
the number of invited participants and the chairmen responsible for the workshop session corresponding
to each area are:

a.  Equipment -4- Dr. David Didion, NBS
b.  Controls -3- Dr. James Tobias, Honeywell, Inc.
c.  Structure -4- Mr. Ross Meriwether, Ross F. Meriwether Associates
d.  Human Factors -2- Dr. Ralph Goldman, U.S. Army Research, Environmental Medicine
e.  Circulation/Distribution -5- Mr. George Coultas, Kahoe Air Balancing Company
f.  Design, Operation, Use Pattern -3- Mr. Alfred Greenberg, Alfred Greenberg Associates

g.  Management and Codes -3-T o b e announced.
h.  Energy St6rage -3- Mr. Calvin McCracken, Calmac Manufacturing Corporation

Each of these is discussed further in later paragraphs.

2.  The discussion on each area will be carried out in concurrent working sessions and will be led by the
session chairman designated above.

3.  In order to gain the specific expertise needed, each'session chairman will invite the number of persons
noted above to participate in the workshop (hereafter referred to as invited participants).

4.  At some time during the workshop, persons representing different areas of expertise will combine in
"across area" working sessions in order  to  have  a more general exchange of ideas.

5.  A preliminary time schedule for the workshop is as follows:

Tuesday, .March   13

8:00 -  8:30  -  Registration
8:30 - 10:30  -  First general session
10:30 - 12:00  -  First working session
1:00 - 5:00 - Second working session

Wednesday, March 14

8:30 - 11:00  -  Third working session
11:00 - 12:00 - Second general session
1:00 - 3:30 - "Across Area" working session

3:30 - 5:30  -  Fourth working session

Thursday, March 15

8:30 - 9:30  -  Fifth  working session
9:30 - 11:30  -  Third general session and conclusion

6.  Based on the funding provided by DOE through ASHRAE, the session chairmen, invited participants, and
workshop organizers  will be reimbursed  fer the expenses incurred in attending the workshop.     This

includes travel, food, lodging and registration fee.

7.  The workshop is open to all interested persons.  However, prior registration is required and attendance

will be limited to 90 persons in order to maintain the intended "working" environment.  Persons not

included under item 6 will not be reimbursed for expenses and their participation in the working

sessions will be limited to written comments submitted to the session chairmen.

8.  No formal presentations of papers are specifically planned. Informal presentations may be requested of

the participants by the session chairmen or.workshop organizers.
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9.  The discussions during the working sessions Will be summarized, as appropriate, under the direc.ion
of the session chairman.  These summaries will be the primary ingredient of the published proce.dings.

10.  Purdue University, as workshop contractor, will be responsible for facilities arrangements, regis-
tration, publications and financial control.

The workshop sessions are discussed in more detail in the following paragraphs.

The three general sessions will include all workshop attendees and will be prepared by the workshop
organizers.  At the first general session, the background of the workshop will be presented; the objectives

and procedures described and the administrative procedures discussed. The second general session will be
used to discuss briefly the progress of the first day; to consider procedural problems if any and to set
up the "across area" working sessions which will follow. The third general session concludes the workshop.

Summary reports will be presented by each session chairman.  The general results of the workshop will be
discussed and any final adminstrative details considered.

The working sessions are the basic feature of the workshop. The results of these sessions, which are run
concurrently for each of the eight planned areas, are the results which will be reported for the workshop.
The specific format for the working sessions is the responsibility of the session chdirman; however, the
general format will be as follows:

1.  First session - outline of procedures, introductions, objectives and comments from participants.

2.  Second and third sessions - develop the details of dynamic characteristics, impact and understanding in
respective areas.  Consider research goals, level of effort represented by the goals and impact of
results.

3.  Fourth session - begin summary of discussion, review results for completeness, cover open areas of
discussion.

4.  Fifth session - finalize the results of the previous sessions and finalize presentation at the
following general session.

As presently planned, eight areas are to be covered by working sessions during the workshop.  The scope of
each of these areas and the rationale for thetr selection are discussed as follows:

1.  Human Factors - the ultimate product of the environmental control system in buildings is, in most cases,

to maintain an acceptable level of comfort. Historically, comfort levels have been based on steady
state environmental conditions. Recent research indicates other approaches, considering dynamic con-
ditions, may result in more flexible environmental requirements.  This flexibility may well lead to
lower system operating costs.

2.  Structure - the heat and mass transfer through the shell of buildings and within the interior has long
been considered only with respect to steady state extremes. The use of hourly based analysis programs
improve the ability to predict heat transfer through the shell on a more real time basis.  However,
the dynamic characteristics of other factors such as radiation, water vapor transport and infiltration,

all of which impact comfort and energy use, are not well defined. In addition, the dynamic nature of

the properties of the materials, when used together in buildings, with respect to temperature and
water content, are not well understood or applied to design or analysis.

3.  Equipment - given a number of units of energy intensive equipment (chillers, boilers, fans, pumps) and
a steady state load, there is a set of operating conditions which result in minimum energy use. Some

work to identify this set of conditions has been done. However, steady state loads exist only a por-
tion of the actual operating hours in a building.  Thus, the more general problem is one of maintaining
the equipment at an optimal state in the face of dynamic loads.  A further consideration of dynamics
with respect to equipment is the effect on maintenance and operating life.

4.  Circulation - the process of moving the air and water through a building is dynamic in nature although
again normally considered as steady state in design.  Not onlg does the distribution process consume
energy through fans and pumps, but also the process affects the performance of the equipment through
the time required to meet the loads.  Air and water balancing are both significantly affected by the

dynamic nature of the loads imposed on the HVAC system.

5.  Controls - fans, pumps, chillers, boilers and the conditions of the building interior must be controlled.
Design and analysis practice has been to generally consider conditions fixed at the values specified.
This only approximately represents real control characteristics.  Offset, oscillation and response time
affect energy use and comfort.  Further, if the building's energy using systems are to be maintained at
an energy optimal state in the face of dynamic loads and non-linear characteristics, forms of control
are necessary which utilize time varying conditions to determine and maintain the proper set points.
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6.  Energy Storage - the use of energy storage techniques is becoming much more common in buildings.
This storage, associated not only with solar heat augmented HVAC systems, but also with systems using
conventional hardware, is a dynamic process of availability and transfer.  For storage to be as

effective as possible, the dynamics of its use must be known and entered into the design and operation
of the HVAC system.

7.    Management and Codes - almost all speci fications of building operating conditions' whether by managers
or code writers, are based on steady state conditions. If it is assumed that future buildings can be

and are operated based on dynamic criteria for comfort and the HVAC systems, in order to optimize
energy costs, what is the impact on present specifications, management practices and codes?

8.  Design, Operation and Use Patterns - the evaluation of the benefits and feasibility of the application

of dynamic considerations to the operation of buildings is dependent on the dynamics of the loads
imposed on the HVAC systems by the type of environmental control system employed and the use patterns

and operation of the building.  Effective analysis and projection of cost benefits requires represen-
tative data on these factors.  The understanding of the dynamics of the building, comfort conditions,
equipment and control must ultimately relate to a coordination 6f the initial design of the building
(through system selection, equipment sizing, hardware specifications, material selection, and the
method of building operation).  This approach will represent a significant change from present practice.

When the impact and/or application of dynamic characteristics are understood in these areas, it is expected
that  the  bene fits  o f the consideration of dynamics in building environmental systems  will be realizable.

The "across area" working sessions are to mix people and their ideas in order to help insure that the
summary statements of each area reflect the overall theme of dynamics with respect to the total HVAC
system.  The invited participants will be split into eight groups with each session chairman leading the

discussion of the group assigned to him. During this session, each participant may summarize the consider-

ations in his area.

RESPONSIBILITY OF WORKSHOP ATTENDEES AND CONTRACTOR

The workshop will be a success through the efforts of those attending it. To achieve success, each

attendee - organizers, session chairmen and invited participants - have a responsibility to the workshop
and ASHRAE. Some of these responsibilities are discussed in this section.

The workshop organizers in cooperation with the workshop contractor, Purdue University, are responsible for

providing an environment conducive to,the accomplishment of the workshop's goals.  The three general
sessions will be set up and administered by the workshop organizers. Specific speakers and the presentation

of necessary information are their responsibility.  Following the workshop, it will be the organizers'
responsibilities to insure that publication and financial arrangements are carried out by the workshop
contractor.

The success of each of the planned eight sessions is dependent on the session chairmen. This success will

result both from the people selected for the session and the leadership of the six working sessions.  The

session chairmen are responsible for selecting and invitibg participants for the sessions. If specific

participants are to prepare information or make informal presentations during the working sessions, the

chairman must notify them.  The development of the summary of results of each area of discussion and the
presentation of the summary at the final session is the responsibility of the respective session chairmen.
Purdue University will type and grammatically edit the working session summaries referred to in Item 9,

under WORKSHOP PROCEDURES. The respective session chairmen will be responsible for reviewing the typed

copy to insure that the results of the working sessions are accurately represented.

The persons invited to participate in the workshop will be selected based on their ability, demonstrated

through prior work, to contribute to the subject of the session.  Although formal presentations by the
participants are not expected, it will be expected that they be prepared to discuss, in depth, their par-

ticular area of expertise. In order to do this, references to related literature, research or applicable

activities as well as appropriate personal activities and industry information should be compiled.  This

I
information, while not necessarily used verbatim, will become a valuable contribution to the published
proceedings of the workshop.

Purdue University, as represented by the R. W. Herrick Laboratories and the Division of Conferences and

Continuing Education, is the workshop contractor. The contractor is responsible for attendee registration,

facilities, financial arrangements and control, and proceedings publication.  With respect to the latter,

Purdue will transcribe and generally edit the summary recordings of the working sessions as previously

noted and the recordings of selected portions of the general sessions.  Final content editing will be done

under the direction of the workshop subcommittee and the session chairmen.
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