A STUDY OF THE
THERMAL ENVIRONMENT IN) APARTMENTS -
OF THE ELDERLY

by

ROGER PHILLIP VOLMER

B. §. M. E., Kansas State University, 1973

A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree
MASTER OF SCIENCE

Department of Mechanical Engineering
KANSAS STATE UNIVERSITY

Manhattan, Kansas

1975

Approved by:

> 1/14 27 {%aw%wizj

Mfjor Professor




LD
2LE
TY
j77¢
Vﬁﬂq TABLE OF CONTENTS
& 2
D ocutnianT
LIST OF TABLES 5 & % % & ¢ & 8 ® % & & 5 8 & &

LIST OF FIGURES . + + & « & o« s 5 o & a o« »
LIST OF SYMBOLS . + « « « + . .
CHAPTER ONE —- INTRODUCTION
Background . . . . « . . . . .
Literature Survey 5 s oA
Thermal Comfort and the Elderly . v

CHAPTER TWO -- PROJECT DESCRIPTION .

Facilities .

Subjects o e . oo e
Environmental Testlng Instrument .
Procedures . ., . . . .

CHAPTER THREE —-- DISCUSSION OF RESULTS . . . . .

Data Analysis
Conclusions . .+ « & « « & &+ o o & o o o+ o« »

LIST OF REFERENCES .
APPENDICES .
Appendix A. Sample Data Sheets
Appendix B. Thermal Insulating Values for
Representative Men's and

Women's Insembles . . . . . .

Appendix C. Close-up Views of Environmental
Testing Instrument Sensors

Appendix D. Computer Program for Calculation

of Environmental Variables
Appendix E. Tabulated Data

Appendix F. Uncertainty Analysis

ii

Page
iii

iv

O WM

12
13
19
22
27
32

33
37

38

40

41

44

48

53
55

59



Table

Table

Table

Table

Table

Table

Al.

AZ.

A3.

A4,

A5,

LIST OF TABLES

Chronological Listing of the Major Research

Studies in Thermal Comfort .

Sample Data Sheet, Male Subjéct W i

Sample Data Sheet, Female Subject

Men's Ensembles . . . . . .

Thermal Insulating Values for Representative

Women's Ensembles

Tabulation of Reduced Data .

iii

.

‘Thermal Insulating Values for Representative

Page

42

43

45

46

56



Figure 1.
Figure 2.

Figure 3.

Figure 4,
Figure 5.
Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
Figure 1l.
Figure 12.
Figure Al.
Figure A2,
Figure A3.

Figure A4,

LIST OF FIGURES

New ASHRAE Comfort Chart . . . . . + « &« + & o + o
Comfort Envelope —- ASHRAE Standard 55-74 . . . . .

The Apartment Tower -- Public Housing for
the Elderly . ¢ & ¢ ¢ o ¢« ¢ ¢ o o « o « o o o « &

Schematic Floor Plan -- Living Units, Floors 2-12 .
Floor Plan for Efficiency Apartments . . . . . .
Floor Plan for One Bedroom Apartments . . . . . . .

Close~up of Front Panel of Environmental
Instrument R T S SO O T T T

Close~-up of Rear Panel of Environmental

Testing Instrument . . . « « « &+ &« ¢ ¢ o » ¢« & « « =
Environmental Testing Instrument -- Test Arrangement
Thermal Comfort Ballot . + « + « o o o o o o o o o -
The Apartment Tower Environmental Conditions . . . .
Comparative Comfort Criteria . . . . + « + « « « + &
Close-up of Dry Bulb Temperature Semsor . . . . .

Close-up of Airspeed Sensor . . « « « « ¢« + o « =

Close—up of Humidity Semsor . . . . . + « « « .« .

Close-up of Enclosure for Globe Temperature Sensor .

iv

Page

14
15
16

17

23

24
28
29
34
36
49
50
51

52



LIST OF SYMBOLS
Dry Bulb Temperature, °F
Globe Temperature, °F
Local Airspeed, FPM
Mean Radiant Temperature, °F
Adjusted Dry Bulb Temperature, °F
Relative Humidity, 7
Saturated Water Vapor Pressure, mm Hg
Partial Vapor Pressure of Water, mm Hg

Clothing Tnsulation Value, clo



CHAPTER ONE

INTRODUCTION



BACKGROUND

Thermal comfort is defined in the American Society of Heating, Refrig-
erating, and Air-Conditioning Engineers (ASHRAE) Standard 55-74 [1]#%* as "that
condition of mind which expresses satisfaction with the thermal environment".
In other words, one is not consciously aware of any desire to change the
thermal conditions of his/her surroundings. While temperature and humidity
are certainly important factors influencing one's expression of comfort,
Rohles [2] lists as many as eighteen environmental variables which may affect
how one "sizes up" his/her surroundings. He has organized these variables
under three categories. First of all, there are the physical factors includ-
ing such variables as sound, temperature, humidity, force field or radia-
tion. Those factors having to do with the persons themselves, the organ-
ismic factors, include age, sex, diet, et cetera. The third category includes
the reciprocative factors or those variables such as clothing or activity
which interact between the subject and his/her surroundings. Rohles [2] has
defined environmental psychology as "the study of behavior as it is affected
by one or more factors in the physical environment". The engineer concerned
with designing a comfortable interior environment needs to be an "environ-
mental psychologist”". It is from his knowledge of physical, physiological,
and psychological explanations of thermal comfort, as well as direct exper-
imental findings, that he can develop standards and design criteria to be

used in practice.

*Numbers in brackets refer to references listed on page38.
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LITERATURE SURVEY

The first major attempt at determining a "comfortable' combination
of environmental parameters was the work done by Houghten and Yaglou in
1923 [3]. The result of their study was an index called effective tempera-
ture (ET), which correlated the effect of dry bulb temperature, relative
humidity and airspeed on the thermal sensations experienced by the human
body.

Other significant work, through 1966, is summarized in Table 1, repro-
duced from Rohles and Nevins [4,5]. |

More recent contributions include the formulation of a comfort equation
developed by Fanger [6]. This equation expresses the functional relation-
ships among air temperature, humidity (partial vapor_pressure), mean radiant
temperature, relative airspeed, activity level (internal heat production)
and clothing insulation such that, at steady state, thermal comfort condi-
tions might exist for the highest possible percentage of college age Ameri-

cans. Fanger's book Thermal Comfort [7], published in 1970, contains the

development of empirical equations to calculate the Predicted Mean Vote
(PMV), an indication of thermal sensation. This is an index which may be
determined from a comprehensive set of tables once thé environmental vari-
ables have been determined. Perhaps more important is the fact that by
knowing the PMV one can determine the Predicted Percentage of Dissatisfied
(PPD) among a group of people.

An alternative to interpreting thermal comfort data as vote lines or
thermal sensation lines on a psychrometric chart was a comfort zone or enve-
lope prescribed by Rohles and Nevins [8]. Rohles [4,9,10] later proposed

a set of fifteen conditions which he identified as the Modal Comfort

3
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Envelope (MCE). The slightly modified MCE is shown ih Figure 1 as it ap-

pears on the New ASHRAE Comfort Chart in the 1972 ASHRAE Handbook of Funda-

mentals [11]. It is the quadrilateral area called the KSU~-ASHRAE Comfort
Envelope. The MCE was first used to determine the effécts of age on require-
ments for thermal comfort [12]. This will be discussed in depth later. The
comfort zone of the now outdated ASHRAE Standard fof Tﬁermal Comfort 55-66
is also shown in Figure 1. The newest ASHRAE comfort'envelope, that defined
by ASHRAE Comfort Standard 55-74, is shown in Figure 2. The corner points

are defined to be adjusted dry bulb temperatures (t ) of 71.5F and

‘adj db

77.6F at a vapor pressure of 14 mmHg and 72.6F and 79.7F at 5 mm Hg. Ad-
justed dry bulb temperature is defined as the arithmetic average of dry bulb
temperatyre and mean radiant temperature.

The results of the work done by Gagge, Stolwijk,'and Nishi [13] was
the development of a New Effective Temperature scale (ET*). This index
has been rationally derived from a physiological model describing man's
heat exchange with the surrounding environment. The New Effective Tempera-
ture scale is defined to be the dry bulb temperatufe at the intersection of
the loci of éonstant skin wettedness due to regulatdry sweating with the
50% relative humidity line on the psychrometric chart. Since the New Effec-

tive Temperature scale was proposed in 1971, it was also included on the

New ASHRAE Comfort Chart, Figure 1. The book Psychrometric Tables for Human

Factors Research by Woods and Rohles [14] is a handy companion to the New

ASHRAE Comfort Chart. The book contains tabulated values of psychrometric
properties as well as predicted physiological and affective responses of
sedentary humans.

More recently, Gagge and his co-workers [15] have proposed a Standard

Effective Temperature (SET*) which would express thermal comfort in terms
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of standard test coefficients. The SET#* index wou;d define one's thermal
heat exchange with some environment as being equivalept to the same heat
exchange in a standard test environment——essentially the ET* of a standard
test environment.

Currently Rohles, Hayter and Milliken [16] have used a spline tech-
nique, which was discussed in an earlier paper by Rohles [17], to develop
a gseries of equations to predict thermal sensation from the New Effective
Temperature.

With this.general background about the concept of thermal comfort and
some of the major developments in the field, the specific topic of thermal

comfort as it relates to the aged follows easily.



THERMAL COMFORT AND THE ELDERLY

The first attempt at predicting a comfortable thermal environment
for the elderly was part of a study done by Springér et al. [18] to deter-
mine the effect of floor surface temperature on thermal comfort. It was
found that with an ambient air temperature of 80F, flﬁor temperatures as
high as 85F did not cause serious discomfort among the elderly males (mean
age of 71 years) and elderly females (mean age of.687jears).

In a 1969 study done by Rohles [19], 64 elderiy.subjects, 22 males
(mean age 75.7) and 42 females (mean age 74.6), were mailed temperature
preference questionnaires. The subjects were asked.fo classify dry bulb
temperatures ranging from 32F to 110F in 2F increments as being cooler-than-
comfortable, comfortable, or warmer-than-comfortable for their normal activ-
ity level and clothing worn about their residence. They were also supposed
to indicate the manner in which they would adjust the thermostat setting
for each of the temperature conditions--turn it up; turn it down or leave
it alone. The temperatures deemed comfortable resuited in a mean tempera-
ture of 74.9F. Although relative humidity was not controlled as in previ-
ous laboratory tests with college students [19], Rohles concludes that the
results seem to indicate very little difference as far as dry bulb tempera-
ture is concerned.

From comfort studies done at the Technical University of Denmark in
1970, Fanger [7] reports an identical neutral temperature of 78.3F for a
group of 128 Danish college age persons (mean age of 23.1) as well as for
a group of 128 elderly Danish persons (mean age of 68.0). The test was
carried out under the following conditions: sedentary activity, light

standard clothing (0.6 clo), relative airspeed less than 20.0 FPM,
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relative humidity of 50% and mean radiant temperature equal to air tempera-
ture. Fanger concludes that age seems to play very little importance in
determining preferred comfort conditions.

A laboratofy study was done by Rohles and Johnson [12] in 1972 in
which 104 elderly subjects (mean age 74) participated. Their comfort re-
sponses to 15 conditions in the modified Modal Comfoft Envelope (KSU-ASHRAE
Comfort Envelope) were elicited. This was the firéﬁ'use of the MCE. It
was concluded from the study that age did not effect the thermal sensation
when measured under the conditions within the Modal Comfort Envelope.

Fanger [20] has indicated that the results of a 1972 study at the Tech-
nical University of Denmark in which 16 elderly subjects participated (mean
age 84}, show that a mean ambient temperature of 77.7F is preferred.

The 1967 ASHRAE Guide and Data Book [21] states, "all men and women

over 40 years of age prefer a temperature for comfort 1.0 degree Effective
Temperature (ET) higher than that desired by persons below this age'. How-
ever, results of studies discussed above offer evidence‘to the contrary.
Fanger [20] suggests that the lower metabolism in elderly people might be
compensated for by a lower evaporative loss. This could explain why ther-
mal preference seems unaffected by age. Rohles [19] suggests that previous
findings should be supplemented with experimental daté.

Laboratory studies such as those just described'have attempted to iden-
tify the entire range of temperature and humidity conditions that the larg-
est percent of elderly people find comfortable. However, the results shed no
light on the thermal conditions that exist in the homes and apartments of
the elderly and whether or not they find these conditions to be comfortable.
This study is the first attempt at determining thermal comfort criteria by

actually measuring the thermal environmental conditions that exist in the
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homes of a representative number of elderly. The data from this sample
will be plotted on a psychrometric chart and compared to current design

criteria.



CHAPTER TWO

PRO.JECT DESCRTPTION



FACILITIES

An apartment-type complex for the elderly was chosen as the test
facility. This was done in order te maintain uniformity among as many
uncontrollable variables as possible, while at the same time enabling one
to obtain a representative sample of thermal environmental conditions.

In choosing this kind of living facility, such variables as type of
building construction, methods of heating and cooling and wall colors
would be identical.

With the cooperation of the Manhattan Housing Authority, the Apart-
ment Tower, see Figure 3, located at 300 North Fifth in Manhattan, Kansas,
was chosen for the study. It is a public housing project managed by the
Housing Authoritv of the City of Manhattan with funds provided through
guarantees from the federal government.

Designed especially for persons over 62, the Apartment Tower is a
12 story structure with 88 apartments. Figure 4 shows the general floor
plan consisting of eight apartments per floor, on floors two through 12.
Apartments labeled A, C, E, G and H in Figure 4 are efficiency apartments.
The floor plan of these apartments is diagrammed in Figure 5. The floor
plan of the one bedroom apartments, those labeled B, D and F, is shown in
Figure 6.

The exterior walls of the tower are constructed of four inch nominal
thi;kness split rib concrete block, one inch nominal thickness rigid styro-
foam insulation and four inch nominal thickness concrete bleck. The floors
are eight inch reinforced concrete with carpet and carpet pad. The inter-
ior walls between apartments are constructed of three inch metal studs with

doubled 1/2" fire code sheet rock. The air cavity inside the wall is filled

13
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Figure 4. Schematic Floor Plan -- Living Units, Floors 2-12
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with sound batting. Windows are 5/16" double strength single pane glass
with aluminum clad wood frames that are weather caulked with butyl rubber.

The temperéture of each individual apartment may be controlled by
means of a forced air fan-coil unit with a thermostat and three speed fan.
During the heéting season, hot water provided by a 600,000 BTUH nominal
water heater is circulated through the central piping system. A 63.5 ton
chiller provides 250 gpm of chilled water which is circulated through the
central piping system during the cooling season. .

The fan-coil unit uses 100% recirculated air. There are, however,
exhaust fans in:the kitchen and bathroom. Infiltration is relied on to

provide fresh air and make-up air for that which is exhausted.



SUBJECTS

With permission of the Manhattan Housing Authorify, letters announcing
a planned thermal comfort study were distributed to the residents of the
Apartment Tower. The residents were invited to attend an orientation
meeting in the Community Room of the Apartment Tower to see how the data
would be obtained and to have any questions answered concerning the proj-
ect. A schedule of time slots was made available at the meeting, enabling
those who wanted to participate to sign up. There was very poor atten-
dance at this meeting, so those who did not attend were personally con-
tacted and invited to attend a second meeting. This follow-up meeting
proved more successful and resulted in a total of 34 residents wishing to
participate. This group included two married couples and 30 people living
alone.

O0f the 34 participants, four were males ranging in age from 63 years
to 86 years with a mean age of 74.0 years. Thirty female residents par—
ticipated, fanging in age from 62 years to 90 years. The mean age of the
women was 74.2 years. The mean age of the group of subjects as a whole
was 74.2 years. The female to male ratio of 7.5:1 for the experimental
group compared with the national average of 1.4:1 for.persons over 65 years
of age [22].

Specific questions about the sociceconomic backgrounds of the partic-
ipants were not asked. However, informal conversations during the data
taking sessions indicated the following general information. Most of the
people had come from small towns and rural areas. For the most part the
subjects could have been classified in the middle-income bracket during

their working years before retirement. It seems that most of the

19
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participants had been raised in Kansas or had lived in Kansas for an ex-
tended period of time. All of the participants were in reasonably good
health and were able to do their own shopping, cooking, housecleaning
and other light chores.

As mentioned earlier, the clothing insulation value (Icl) for the
ensemble one is wearing is an important factor influencing his/her feelings
of comfort. Therefore, it was felt necessary to héVe an assessment of the
type of clothing being worn by the elderlylénq the corresponding insula-
tion value. With the help of Deanna Munson, Instrﬁcfor of Clothing and
Textiles at Kansas State University, a list was compdsed of different items
of clothing which would typically be worn by the elderly. For example,
one item listed was a women's dress which could be classified as being
sleeveless, short sleeved or long sleeved and its weight could be classi-
fied as light (a cotton or synthetic) or heavy (a wool or thickly woven
article). A sample of the data sheet which includes the clothing survey
is found in Appendix A. The Thermal Insulating Values (TIV) for the re-
sulting enéembles worn by the subjects during and preceding the data taking
session were assigned with the aid of the findings reported in Seppanen,
et al. [16]. Seppanen and his co-workers used a heated copper manikin
dressed in typical clothing ensembles and at equilibrium with its surround-
ings to determine the thermal insulating values. The results of this study
are tabulated in Appendix B. As an example, if during the testing one of
the elderly subjects was wearing a light weight, short sleeved blouse and
a light weight skirt, the ensemble was given an insulation value of 0.33 clo
corresponding to the women's ensemble number 60 in Appendix B. One clo
unit is definéd to be 0.88 (sq.ft.)(hr.)(F)/BTU. Some of the women's

slack outfits were best approximated by ensembles classified as typical
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men's ensembles'in which case they were assigned the:iﬁsulation value of
the man's ensemble. Seppanen and his co-workers also reported that the
type of underwear worn by women has relatively 1itgle.effect on thermal
insulating vaiues. Therefore, to avoid embarassment, questions concerning
undergarments were not asked and it was assumed thé subjects were wearing
some sort of typical underwear. The range of thermal insulating values
for the ensembles worn by the 34 subjects as a whole rénged from 0.21 clo
to 1.00 clo with an average value of 0,49 clo. If the.high and low extremes
are excluded, thé insulating values then range from 0.32 clo to 0.71 clo.
The irsulating values for the ensembles worn bj the‘four male subjects
ranged Trom 0.51 clo to 0.65 clo with an average of (.60 clo, while the
correcponding insulating values for the ensembles worn by the 30 female
subjects ranged from 0.21 clo to 1.00 clo with an average value of 0.48 clo.
The activity level of the subjects could be classified as sedentary.
For the most fart, the subjects had been sitting priof to the testing and

remained so during the testing period.



ENVIRONMENTAL TESTING INSTRUMENT

The Apartment Tower comfort study was the first use of the KSU Envi-
ronmental Testing Instrument (ETI) shown in Figurés 7 and 8. The Environ-
mental Testing Instrument was one of two alternative_approaches studied by
Guy [24] to develop an instrument to collect envifonmental data and eval-
uate it in arway to give a measure of the thermal qﬁality of an interior
environmenf.

Built by Institute for Environmental Research engineers with support
from ASHRAE, the basic function of the prototype instrument is to collect
environmental data (airspeed, relative humidity, dry bulb temperature and
globe temperature) and to evaluate it to determine whether or not the given
interior environment satisfies the requirements of ASHRAE Comfort Standard
55-74. A report describing this function of the instrument and its opera-
tion is in thé process of being written by Turnquist and Volmer [25] and
will be published by the Institute of Environmental Research.

An additional feature, the capability of the instrument to provide a
direct read out of the values for dry bulb temperature (tdb), globe tempera-
ture (tg), local airspeed (VEL) and relative humidity (RH) makes it valu-
able as a measurement tool as well as an evaluation instrument. TFor the
study described in this thesis, the Environmental Testing Instrument was
used as a measurement tool to measure the environmental variables listed
above. The values of the environmental variables were read directly from
the instrument and recorded on a data sheet, a samplé of which is shown in
Appendix A. A brief description of the four sensors and their associated
analog circuits follows.

The thermocouple output of the airspeed probe, shown in Appendix C

22
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with the other sensors to be described below, is the input to an analog
circuit Whiéh calculates the local airspeed. For example, with the selec-
tor switch on the front panel of the ETI set to VEL, the output of the air-
speed circuit for a calculated airspeed of 50.0 FPM-wonld be indicated as
50.0 millivolts on the digital panel meter (see Figure 7).

Dry bulb temperature is calculated by means of an‘analog circuit which
converts the emf output of a Yellow Springs Thermilinear thermistor to a
DC voltage prdportional to temperature. The thermistor for dry bulb tem-
perature is enclosed in an epoxy-sealed probe eprsed to ambient room air.
With the selector switch set to tdb’ an output of 75.8 millivolts would be
indicated by the digital panel meter for a calculated dry bulb tempera-
ture of 75.8F.

Globe temperature is calculated by an analog circuit identical to
that for dry bulb temperature. As defined by ASHRAE Standard 55-74, globe
temperature is the equilibrium temperature at the center of a six-inch
diameter thin-walled sphere. The surface of the globe is specified to be
pink in color (No. 11-B~2 from the Marez and Paul Colqr Dictionary, McGraw-
Hill, 1951). This temperature is sensed by a thermistor, identical to that
for dry bulb temperature, located at the center of a six-inch copper sphere.
For the selector switch set to tg, the digital panei meter would indicate
77.9 millivolts for a calculated globe temperature of 77.9F.

The relative humidity circuit converts impedance changes in an electro-
hygrometric plastic wafer into a voltage proportional to relative humidity.
These changes in impedance are caused when moisture is gained or lost by
the plastic sensing element by the mechanism of adsorption. By setting
the selector switch to RH, the digital panel meter would indicate 50.5

millivolts for a calculated relative humidity of 50.5%.



The error specifications for the measured variables just described

are included in the uncertainty analysis of Appendix F.
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PROCEDURES

The Apartment Tower comfort study was conducted during the final two
weeks of September, 1974. The weather had been cool so the central piping
system of the Apartment Tower was circulating hot water.

The testing sessions, conducted between the hours of 8:00 a.m. and
5:00 p.m., required 30 minutes for each. The tests were conducted in the
following manner.

The subjects who had signed up at the orientation meetings were met
at their apartment at the agreed upon time. The Environmental Testing
Instrument was wheeled into their apartment and the test stand holding the
probes, see Figure 9, was located in a prescribed location. This location
is marked by an X on the floor plan of the efficiency and one bedroom apart-
ments shown previously in Figures 5 and 6 respectively. The airspeed and
dry bulb temperature probes located at the top of the test stand, Figure 9,
were approximately three feet from the floor.

Once the test stand was located, the Environmental Testing Instrument
was switched on. After a fifteen minute period to allow the sensors to
reach equilibrium with the room conditions, the measuréd values of the four
environmental variables described previously, dry bulb temperature, globe
temperature, airspeed and relative humidity, were recorded on a data sheet,
Appendix A. The subject was then handed a nine point-comfort ballot, Fig-
ure 10, and asked to describe which adjective best.described their feelings.
The subjects were not informed about the temperature or humidity of their
apartment until after they had voted. This was done to prevent any precon-—
ceived ideas about a "comfortable temperature' from interfering with their

true thermal sensations at the moment. In the two cases where married
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WHICH ADJECTIVE CORRECTLY
DESCRIBES HOW YOU FEEL
RIGHT NOW?

VERY HOT

HOT

WARM

SLIGHTLY WARM
NEUTRAL
SLIGHTLY COOL
CooL

COLD

VERY COLD

l-—-‘l\.'J\.N-I:'U'!OW‘\IOOED

FIGURE 10. Thermal Comfort Ballot
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couples participated, the comfort vote of a spouse was not discussed or
revealed until both had indicated their feelings. The comfort votes were
also recorded on the data sheet.

The articles of clothing being worn by the subject were recorded on
the data sheet during the fifteen minutes of informal conversations pre-
ceding the acfual test readings.

Upon completion of the testing sessions, a coﬁputer program, listed
in Appendix D, was used to reduce the data. With values for globe temper-
ature, dry bulb temperature, airspeed and relative humidity available, it

was possible to calculate adjusted dry bulb temperature, t b? and vapor

adj d
pressure, Pa' These are the coordinates of the graph outlining the comfort
envelope in ASHRAE Standard 55-74. They are also the variables that were
plotted in developing the thermal comfort data of this study. The equations

implemented in the program to calculate these variables are described below.

Vapor pressure was calculated using the following relationship:
P =RHxP (1)
a 5

where PS is the saturated vapor pressure. Saturated vapor pressure was
determined using the steam tables after the dry bulb temperature was deter-
mined. The measured values of relative humidity were corrected per cali-
bration data before being used in the calculations.

Adjusted dry bulb temperature is defined by ASHRAE Standard 55-74
as the arithmetic average of mean radiant temperature (tmrt) and dry bulb
temperature. Mean radiant temperature is defined in the same standard by

the following equation:

t = (1.0 + 0.157/VEL) (tg - tdb) + t (2)

mrt db
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where the units for VEL are feet per minute and t and t are in

mrt’ tg db
degrees Fahrenheit. The measured values of airspeed were corrected per

calibration data before being used in the calculations. It follows that

the equation for adjusted dry bulb temperature would be:

tadj ab =~ Fmre ¥ tap | (3)

2 .
The numerical results for each subject may be found in Table A5 in
Appendix E. The results are presented graphically in the next section

along with several conclusions.



CHAPTER THREE

DISCUSSION OF RESULTS



DATA ANALYSIS

The psychrometric chart, a graphical representation of the thermody-
namic properties of moist air, continues to be an Important tool in the
study of thermal comfort. Houghten and Yaglou [3] chose the "psych chart"
as the format for presenting their "lines of equal éomfort" in 1923. ASHRAE
has traditionally used this type of chart for describing thermal comfort
criteria. Tﬁe New ASHRAE Comfort Chart in current use is diagrammed on a
chart whose coordinates are dry bulb temperature and partial vapor pressure
éf water.

The results of this study are presented graphically on the psychro-
metric chart of Figure 1l1. The coordinates of adjusted dry bulb temperature
in degrees Fahrenheit and partial vapor pressure of water in millimeters
of mercury were chosen in order to be consistent with the Comfort Envelope
of ASHRAE Standard 55-74. Each data point is identified by the symbol for
the corresponding comfort vote expressed by the test subject.

Since there was no provision for humidity control in the Apartment
Tower system, Figure 11 is not intended to relate.fhe thermal comfort votes
to the observed conditions of water vapor pressure. Recall, however, that
the Apartment Tower residents could adjust the temﬁerature of their apart-
ments to a desired condition. Figure 11 is then, an indication of the
comfort responses associated with the measured values of adjusted dry bulb
temperature and the coincidental water vapor pressurelconditions.

Figure 11 indicates that out of the 34 apartments sampled for ther-
mal environmental conditions, 27 of the environments received a neutral
vote by the occupant. This is equivalent to saying that the subject was

comfortable with the conditions that existed in his/her apartment during
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ADJUSTED DRY BULB TEMPERATURE °F

Figure 11. The Apartment Tower Environmental Conditions
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the testing period--neither slightly warm nor slightly cool. The mean
value of adjusted dry bulb temperature for the 27 environments receiving
neutral votes was 77.6F. For the four subjects who indicated that they
were slightly warm, the average adjusted dry bulb temperature of their
apartments was 78.6F. The mean value of adjusted dry Bulb temperature in
the apartments whose occupants voted slightly cool was 75.4F. All four
male subjects responded to the comfort ballot with neutral votes. The
average adjusted dry bulb temperature for their apartments was 78.2F.
Twenty-three of the female subjects expressed comfort with the conditions
in their apartments. The mean value of adjusted dry bulb temperature was
77.5F.

A linear regression analysis of the data points yielded a "best fit"
line with a positive slope of 0.44 mm Hg/°F. That is, lower vapor pressures
were encountered at lower adjusted dry bulb temperatures and higher vapor
pressures were observed at higher adjusted dry bulb temperatures. This is
not intended to say that the general trend for comfort was higher thermo-
stat settings for higher humidities.

The significance of the mean value of 77.6F for adjusted dry bulb
temperature in the 27 "neutral environments' can best be illustrated with
Figure 12. This figure outlines the KSU-ASHRAE Comfort Envelope plotted on
a modified New ASHRAE Comfort Chart. This envelope applies for occupants
wearing 0.6 clo to 0.8 clo insulation and for sedentary activity. It applies
for environments in which mean radiant temperature is nearly equal to dry
bulb temperature. Adjusted dry bulb temperature is equal to dry bulb temp-
erature for this case. Therefore, the temperature scale of Figure 12 was
modified to read adjusted dry bulb temperature in order that the 77.6F line

might be compared with the KSU-ASHRAE Comfort Envelope.
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CONCLUSIONS

As illustrated by Figure 12, the mean value of adjusted dry bulb
temperature of 77.6F for the 27 neutral conditions bisects the KSU-ASHRAE
Comfort Enveloﬁe. This information suggests that the design engineer
might expect favorable thermal responses by the elderly to conditions
inside the KSU-ASHRAE Comfort Envelope. Since college student data was
used to develop the KSU-ASHRAE Comfort Envelope, the evidence of Figure
12 supports the now generally accepted conclusion that thermal comfort is
relatively unaffected by age [9].

An unexﬁeated finding of this project was the low clothing insulation
values. As mentioned previously, excluding the high and low wvalues, the
range was from 0,32 clo to 0.71 clo. This contrasts with the 0.6 clo to
0.8 clo range of the KSU-ASHRAE Comfort Envelope and the 0.5 clo to 1.0 clo
of ASHRAE Standard 55.74. This finding suggests that further study be
directed toward determining the amount and type of clothing people actually
wear about their residences (as opposed to office attire).

As an initial investigation, this project has not explored all the
possible environmental conditions that are likely to exist in apartments
of the elderly nor has it been an attempt to. For exaﬁple, the narrow
range of relative humidity might be broadened by data collected during

summer and winter months. Although the results of this project seem to

agree with existing standards, the general conclusions could be strengthened

by studying a larger sample with data obtained during different seasons of

the year.
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Appendix B

Thermal Insulating Values for
Representative Men's and Woman's Ensembles
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Table A3. Thermal Insulating Values for Representative Men's Ensembles
Reproduced from Seppanen et al., [23].
TiV’s for Repressntative Man's Enesmbles
Ensemble Undar . . 14
Jack f =
No. Shirt Socks Trousers Shirt Tie Sweater cket el le
a 42 y S8-Cool
15 Cool-12  Cool12 Nty 120 048
LS-Cool
24 Cooll  Cook1z 0% 118  0.49
23 Cool-1  Jeans-11 Ss-g\foven 121 049
10 Cool-1  Cool-12 ss'gm’”" 121 051
S58-Warm
16 Cool-t  Coot-12 oo 'L 117 052
14 Warm2  Cool-12 ss"’;"“’" 121 087
13 553 Coot-1  Cool12 55“2’“"" 121 059
26 Cool-l  Werm-13 55"2’“"’" 123 061
12 s:;_ Cool-1  Cool-12 55"3’“’" 121 082
17 5L Coot1  Coottz  LHSWowen 122 065
3 10
LS-Warm
25 CooM  Coot12 N0 124 076
21 5L Cool1  Cooltz ~ SSWoven LS-Cool 125 081
3 9 18
1 ‘Cookl  coppie  Sohowven  Nerow Cool 4.5 os0
: 9 7 20
22 SL Coolt  Cooltz S5 Woven v i 126 090
3 9 19
SL S5S-Woven Cool :
18 s Cool-1  Cool-12 2 253 125 092
SL §S-Woven Narrow Cool
19 - Cool-1  Cool-12 o 5 p 125 092
20 SL. oot Cogliy  SoToven  Narrow Warm .26 092
a 8 7 21
27 53" Cool-1  Warm-13 ss":""’" """;"“’ W;'{" 126 1.00

Two garments of each type were tesiad, one with low thermal resistance (cool) and one with higher
thermal resistance {warm).

YAverage of 4 measurements, 2 at At = 10F and 2 st At ~ 20F,

2Garment numbers correspond to those in Appendix A.

355 = short sleeve LS = long sleeve

SL = sleeveless

Aan ensembles include cotton briefs and low quarter shoes.
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Table A4. Thermal Insulating Values for Representative Women's Ensembles
Reproduced from Seppanen et al., [23].

TiV's for Representative Women's Ensambles:

Ensemble . Under®
No. Dress Skirt Slacks Blouse Sweater | Jacket wear |1 | 110
sL23
45 gkl 1 1.05| 0.21
SL
a4 P n 1.05] 0.21
SL 5S
6s Cool-7 Cool-16 U ReR e
ss
60 Cool-9 el i 1.12| 0.33
LS
81 Cool-9 Cool-11 H 1.12| 0.36
LS
49 Cool-9 Cool 15 I 1.10| 0.40
55 SL
53 Cool9 ol 16 Eoniili It 1.10| 0.42
LS 1 s
62 Cool-8 ot Cool17 1l 1.16| 0.45
ss Ls
83 Cool-2 BoniiE Bo Lk T 1.16| 0.49
Warm-10 L8 1
50 larm- Warm-M10 1] 12| 0.51
ss
57 Cool-12 HoaliE n 1.20| 051
LS
65 Cool-12 sl e " 1.16] 058
sS SL
59 Cool-12 o Eald " 1.15] 0.58
47 Warm-10 =5 no |115] ass
Warm-M 19 ' '
LS
48 Warm-10 Warm-1g ) 1.15| 0.65
46 Warm-10 LS v 115! 0.66
ar Warm-M19 ) )
LS
42 WS 1 1.22| 0.68
66 Warm-10 ks Vi 1.15{ 0.68
Warm-M19 ' ’
LS
41 Plaret ni 1.22| 0.69
LS
i : ;
40 e v 1.22! 0.7%

.Continued on next page



Table A4.

Continued

TIV's for Representative Women's Ensembles
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Ensemble UnderB
No. Dress Skirt Slacks Blouse Sweater Jacket wear for | 115
LS LS
e Warm-8 Warm-M10 H 122} D43
LS LS
61 Werm-10 Warm-M10 Warm-M20 " 1.20( 0.80
LS LS
52 Warm-10 warm-M10| warm-M19 1] 1.12| 0.80
56 Warm-13 LS " 1.22] 0.82
' Warm-M10 : '
LS
54 Warm-13 Warm-Mi9 1l 1.24| 0.89
LS LS
58 Warm-13|  \varm-M10| Warm-M19 & V24| 1.09

Two garments of each type were tested, one with low thermal resistance (coall and one with higher

thermal resist

ance (warm),

VAverage of 4 measurements, 2 at At =~ 10 F and 2 at At = 20 F.
2SL = sleeveless S5 =short sleeve
3Numbers of garments correspond to those in Appendix A.
“Garment numbers preceded by M are for men’s garments used in women’s ensemble.
SAll ensembies include low quarter shoes.

LS = {ong sleeve

11 plus nylon half slip and elastic nylon-lycra girdie

SUndsrwear key.
1 cotton bra, acetate panties
n cotton bra, acetate panties, nylon panti-hose
1] i1 plus full length nyion slip
v 111 pius efastic nylon-lycra girdle
v
Vi 11 plus knee socks



Appendix C

Close-up Views of Environmental
Testing Instrument Sensors
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Figure A3.

Close-up of Humidity Sensor
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Figure

A4,

Close-up of Enclosure for Globe
Temperature Sensor
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Appendix D

Computer Program for Calculation
of Environmental Variables
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THIS PROGRAM CALCULATES MEAN RADIANT TEMPERATURE, ADJUSTED DRY
BULB TEMPERATURE, AND WATER VAPOR PRESSURE FROM THE MEASURED INPUT
VARTABLES OF DRY BULB TEMPERATURE, GLOBE TEMPERATURE, RELATIVE
HUMIDITY, AIRSPEFED, AND SATURATED WATER VAPDR PRESSURE.

THE VARIABLE SYMBOLS AND THEIR UNITS ARE AS FOLLOWS-

108 DRY BULB TEMPERATURE, DEGREES FAHRENHEILT

T6 GLOBE TEMPERATURE, CEGREES FAHRENHEIT

RH RELATIVE HUMIDITY, PER CENT

VEL AIRSPEED, FEET PER MINUTE

PS SATURATED WATER VAPOR PRESSURE, MILLIMETERS OF MERCURY
PA PARTIAL VAPOR PRESSURE OF WATER, MILLIMETERS OF MERCURY
TMRT MEAN RADIANT TEMPERATURE, CEGREES FAHRENHEIT

TADJDB ADJUSTED DRY BULB TEMPERATURE , DEGREES FAHRENHEIT
CIMENSION TDB(34),TG(34),VEL(34),RH{34)
DIMENSION PS(34) 4PA(34) 4TMRT(34),TADJDB(34)
DO 100 I=1,34
100 READ(5,101) TDR(T),TGEI},VEL{T),RH(I),PSLI)
101 FORMAT(SF1é&.5)
CO 200 1=1,34
THIS 1S EQUATICN 1 FROM THE TEXT TO CALCULATE PARTIAL VAPOR
PRESSURE OF WATER
PA(T)=RH(I)*PS(1)/100.,0
THIS IS FQUATION 2 FROM THE TEXT TG CALCULATE MEAN RADIANT
TEMPERATURE '
TMRT (1 1=((1.0+0.157%SQRTAVEL(I) ) )*(TG(I)=TDB(I)})+TDBLI)
THIS IS EQUATION 3 FROM THE TEXT TO CALCULATE ADJUSTED DRY RULB
TEMPERATURE
TADJDB(I)=(TMRT(I)+TCB(1)}/2.0
200 CONTINUE
WRITEL6,600)
600 FORMAT('1")
WRITE(&,601) |

601 FORMAT(L2X, *DRY BULB?,9Xs"GLOBE ", 11Xy *AIRY, 10X, "RELATIVE",6X,"SAT

LVAPOR?® ,5X, ' PART VAPOR',3X,'MEAN RADIANT®,3X,*ADJ DRY BULRY)
WRITE{6,602) _

602 FORMAT(2X," SUBJECT? 42X, * TEMPERATURE " 44X, 'TEMPERATURE®, 7X, ' SPEFD*,9
1Xs "HUMIDITY?, 7X, *PRESSURE® y6Xy? PRESSURE® 45X " TEMPERATURE?® ,4X , ' TEMP
1LERATURE® , /)

DO 602 [=1,34 ,

603 WRITE(6,604) I,TDBIT)TGUI)VELLT)4RH{TI)4PS(I},PALT),TMRT(I)
1,TADJCR{T)

604 FORMAT{SXI2¢T7Xy4(F5.2,10X) yF5.249K9F5.2410X3F5.2,10X,F5.2,7)

WRITE(6,600)
STOP
END
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UNCERTAINTY ANALYSIS

The findings reported in this study are the results of combining indi-
vidually measured static quantities via some mathematical relationship.
if the conclusions that were reached are to be of value, there must be
some kind of statement dealing with the "goodness" or reliability of the
measured quantities and computed values. The process by which this cri-
teria is established is called the uncertainty analysis.

First, it is necessary to establish the uncértainty in the measured
values of dry bulb temperature (tdb), globe temperature (tg), airspeed
(VEL) and relative humidity (RH).

The specifications for the identical thermistor circuits used in the
measurement ofldry bulb temperature and globe temperature quote an absolute
accuracy of £ 0.27F. This may be taken to mean the odds are 20 to 1 that
the output of the temperature circuits will fall inside of this limit. A
second source of error is the ability or inability of the digital multi-
meter to accurately display the calculated results of the circuits. The
specifications quote a maximum error for the digital multimeter of 0.05%
of reading * 1 digit. The resolution of the multimeter is 0.1 millivolt
which corresponds to 0.1lF., Therefore, when reading a typical temperature
of 75.0F, the maximum error would be 0.14F. An accepted way of combining
the error of the temperature circuit with the error in reading out the
result would be to use the root-mean-squared value of the errors [26].

In other words:

Ji0.16)2 = (0.27)2

P
1}

0.30F

>
]
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where AT is the limit of error im the globe temperature and dry bulb temp-
erature measurements. One can expect 957 of the dry bulb temperature and
globe temperature measurements to be within 0.3F bf correct.

The values for airspeed used in the computer pfogram were first cor-
rected per calibration data. This procedure eliminates the uncertainty
in the abilify of the airspeed circuit to calculate the correct value.
However, there is still the uncertainty in the ability of the multimeter
to indicate the correct value. For a typical airspeed of 9.0 FPM and a
maximem error of 0.05% of reading ta digit in the multimeter, the maximum
error would be 0.1 FPM., So AVEL = 0.1 FPM means one might expect 95% of
all the corrécted airspeed readings to be within 0.1 FPM of correct.

As with alrspeed measurements, the relative humidity figures were also
corrected with calibration data. Therefore, with a typical measurement of
50.2% RH, one might expect 95% of all corrected values to be within 0.1% RH
of correct, or ARH = 0.1% RH.

The manner in which these uncertainties propagate through the mathe-
matical relationships of adjusted dry bulb tempergture (tadj db) and vapor
pressure (?a) are also important. By doing a sensitivity analysis, one can
determine which individual uncertainties have the greatest influence on the
calculated result.

The generalized sensitivity equation for a funcfion of two wvariables,
such as R = f(X,Y), is given by Sprague and Nash [26] as:

of af
L LR L L
W

R f(X,Y) X £ (X,Y) . (1A)

The quantities iﬁ’ AX

R X Y

and AY are known as the normalized uncertainties

and are given the symbols Hgs My and Ky respectively. The quantities in
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brackets are called the sensitivity factors and are given the symbols S,

and SY' Now equation lA may be written as:
Hp = SX”X + SYUY . : {2A)

Although equation 2A indicates the relative significance of the uncertain-
ties in the measured quantities, it is not actually used to calculate a
numerical value for uR. To do this one uses a root-mean-squarecd error

equation of the form:

P, = JSZU + STl . (3A)

Recalling the equation for mean radiant temperature (tmrt) in the
text, the sensitivity equation for tmrt may be written for a typical case.

For the case where:

t = 76.0F
g
ab = 75.0F
VEL = 9.0 FPM
tmrt = 76.5F,
the sensitivity equation is:
= — 4 ;
My 0.00311VEL + 1.462ut 0.462u
mrt 24 db

This equation indicates that globe temperature has the greatest influence
on mean radiant temperature while airspeed influences it the least. The
numerical value for My for the typical case mentioned previously is
mrt
0.006.
Using the same precedure as before with the same typical values, the

sensitivity equation for adjusted dry bulb temperature (t ) is:

adj db
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e = 0.5051.1t + 0.495ut .
adj db mrt db
The numerical value for p is 0.0036. Recalling the definition of
adj db

the normalized uncertainty, the limit of error in adjusted dry bulb

temperature can now be established. Since

A

t '
i _ _adj db
3
*adj ab  tadj ab
with an adjusted dry bulb temperature of 75.8F, the uncertainty, A ¥
adj db
ig > 0.27F.

The sensitivity equation for vapor pressure (Pa) is:

Mp = l.OuP + l.OuRH G
a s

This means vapor pressure is equally sensitive to both relative humidity
and saturated vapor pressure (PS). Saturated vapor pressure was determined
using a steam table to find the value of Ps for the corresponding dry bulb

temperature. The T 0.3F uncertainty in t,, means an uncertainty of T 0.23 me

db

Hg in saturated vapor pressure. For a typical case where,

tap = 75.2F
PS = 22.38 mm Hg
RH = 50.5%
Pa = 11.23 mm Hg

the numerical value for the normalized uncertainty in vapor pressure is
0.01. For the calculated value of Pa of 11.23 mm Hg, the limit of error,

Ap 5 1s * 0.11 mm Hg.
a
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ABSTRACT

The Apartment Tower, a public housing project for senior citizens
located in Manhattan, Kansas, was chosen as the tésf facility to sample
thermal envifonmental conditions in apartments of_the elderly and to deter-
mine their comfort response to those conditions. Designed especially for
persons over 62, the Apartment Tower is a 12 story structure with 88
apartments,

Thirty-four residents (mean age of 74 years), participated by making
their apartments available to be sampled and by césting a comfort vote
describing their thermal sensation from conditions exiéting in their
apartment ét the time of the test sessiomn.

The enviroﬁmental variables of dry bulb temperatﬁre, globe temperature,
relative humidity and airspeed were measured with the Environmental Testing
Instrument, a prototype instrument designed and built by Institute for
Environmental Research engineers at Kansas State Univefsity. The wvalues
for adjusted dry bulb temperature and vapor pressure were calculated by
a computer using the observed values of the four meaéﬁred variables.
Clothing insulafion values were also determined for.the ensembles worn
during the testing sessions.

Comfort resﬁonses included feelings of slightly warm, neutral and
slightly cool. The 27 conditions receiving neutral votes yielded an aver-
age of 77.6F for adjusted dry bulb temperature. The 77.6F line was then
constructed on the New ASHRAE Comfort Chart. This line was shown to bisect
the KSU-ASHRAE Comfort Envelope, an envelope developed with college stu-
dent data. This finding supports the now generally accepted fact that

thermal comfort is relatively unaffected by age.



The average clothing insulation value for the ensembles worn by the
subjects was 0.49 clo. This contrasts with the 0.5 clo to 1.0 clo speci-
fication of ASHRAE Standard 55-74 and the recommended 0.6 clo to 0.8 clo
lfor the KSU-ASHRAE Comfort Envelope suggesting that perhaps people are

wearing lighter clothing about their residences than was expected.



