
RICE UNIVERSITY 

THERMAL COMFORT STUDY 

OF A ONE WINDOW-WALLED ROOM 

t>y 

Jan Preston Smith 

A THESIS .SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

MASTER OF SCIENCE 

APPROVED, THESIS COMMITTEE: 

  —Frederic A. Wierum, 
Professor 

Houston, Texas 

December, 1978 



ABSTRACT 

THERMAL COMFORT STUDY 

OF A ONE WINDOW-WALLED ROOM 

by 

Jan Preston Smith 

Human comfort as a function of location in a room 

with one window wall at a temperature different from the 

other walls is studied. Computer models of the radiant 

field in a room and of the thermal response of the human 

body are used to obtain the experimental data. 

The factors affecting human comfort in a typical 

office room with one wall exposed to common northern 

United States winter temperatures are discussed in detail. 

The computer programs utilized in this research are des¬ 

cribed and their appropriateness as models is justified 

with current thermal environmental information. 

The parameters of the research are outlined, and a 

description of the goals and assumptions is given. The 

conclusions reached from the research are documented in 

graphs and text. 
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V. 

NOMENCLATURE 

Symbol Definition 

Tmrt 

pt 

t 

FSR 

Msl/Ad 

sk 

S cr 

TSV 

Mean Radiant Temperature* that uniform tempera¬ 
ture of a black enclosure which would result in 
the same heat loss by radiation from the person 
as the actual enclosure under study [1].* 

Shape factor between a person (modeled as a 
sphere) and a plane radiant source. 

Temperature of a plane radiant source. 

Shape factor between a sphere and a plane where 
the center of the sphere is on a line perpen¬ 
dicular to a corner of the plane. 

The metabolic output of a person used in 
regulated sweating per unit surface area of 
the person's body. 

The DuBois area* an expression of average 
human surface area commonly used in thermal 
environmental work Cl]]. 

The metabolic output of a person used in 
shivering per unit surface area of the 
person's body. 

Skin Signal* an indicator of the body's state 
at the skin level (above or below the neutral 
state). Used in the regulatory process of the 
human body. 

Core Signals an indicator of the body’s state 
in the body core (above or below the neutral 
state). Used in the regulatory process of the 
human body. 

Thermal Sensation Vote * an empirical measure 
of the body's thermal state. Determined from 
a function of the body's skin conductance, 
the metabolic sweat rate, and the metabolic 
shiver rate. The neutral state is assigned 
the TSV value of Jj-.O. 

* Number in [ ] indicates reference listed on page 
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Symbol Definition 

G 

G 

Y 

VO 

M. rswo 

ASHRAE 

Met 

h c 

T a 

clo 

Ta* 

T o 
T 
w 

R 

hi 
Ta** 

Tac 

Skin Conductance (thermal conductance). 

Neutral State Skin Conductance (G measured 
at neutral case). 

Neutral State Metabolic Sweat Rate (not zero 
in model given in Reference 3). 

American Society of Heating, Refrigerating 
and Air-Conditioning Engineers. 

A metabolic rate unit equal to 58*2 Watts of 
dissipated energy per square meter of body area. 

Convective heat transfer coefficient in the 
subject room on the human test subject. 

Ambient room temperature. 

A clothing insulation unit equal to 
.155 °C-meter yWatt = .88 °F-foot -hour/BTU. 

Neutral temperatures that ambient room tempera¬ 
ture that produces the neutral state in a human 
test subject when all walls are considered to 
be at that ambient temperature. 

Outdoor temperature. 

Inside window temperature. 

Window glass transmission factor (equal to the 
window thickness divided by the thermal conduc¬ 
tivity of window glass). 

Interior heat transfer coefficient. 

Equivalent Uniform Room temperature s the 
temperature of a room without a window wall 
(and thus where the ambient temperature and 
mean radiant temperature are equal) that 
produces the same metabolic effect as the 
case where the window is present. 

Local Compensation temperatures the temperature 
that brings a person subjected to the radiant 
field caused by a cold window wall back to the 
neutral state. 
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Symbol Definition 

T Overcompensation temperature : the temperature 
that causes the coldest position in the subject 
room to produce thermal neutrality in the test 
subject. 

Taj Ideal Mean temperature s the temperature that 
produces a balance of sweat and shiver metabolic 
rates between the hottest and coldest positions 
in the subject room. 



I. INTRODUCTION 

In this time of questionable energy reserves, more 

efficient use of that energy which is available has become 

an important direction of research. The monetary savings 

involved in a simple thermostat change makes this method 

of conservation very attractive to the operators of large 

office buildings. A balance must be found, however, 

between energy savings and reduced occupant performance. 

Research into human thermal comfort has become an important 

factor in this country's attempts at intelligent energy 

utilization. 

Modern office buildings have become primarily glass- 

walled. While esthetically pleasing to many, this is very 

inefficient construction for containing the heat used to 

make the office habitable to the workers during the winter. 

The winter situation has been chosen for this study because 

the temperature difference between indoor and outdoor 

environments is significantly greater than in summer, and 

provides a sharp comparison of different distances from the 

window. Also, while humans survived quite well before the 

advent of air conditioning, some level of heating has 

always been considered necessary for the working environ¬ 

ment . 

This study examines a typical office room where one 

entire wall is single-thickness glass exposed to winter 

temperatures common to the northern United States. This 
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glass provides a small amount of insulation from exterior 

ambient temperatures. The occupants of the room are 

considered to be involved in normal sedentary office 

activity such as typing or speaking on the telephone. The 

office is heated to a specified ambient temperature, with 

gradients due to the directional nature of vents and air 

delivery devices not considered. The temperatures of all 

walls, except for the window, are considered to be constant 

at all points and equal to the ambient room temperature. 

In actuality, as with the air in the room, the walls would 

increase in temperature with increased distance from the 

cold window. This approximation of constant wall tempera¬ 

ture was made to avoid extending consideration outside the 

subject room itself, which any more realistic approximation 

would require. Thus, the temperature field in the subject 

room arises totally from the radiant effects of the one 

cold wall. This field is determined by the quantity called 

the "mean radiant temperature" which in this study is found 

by use of the computer program TMRT1. A copy of this 

program is given in Appendix A. 

The program TMRT1 calculates the radiant field for a 

person at a given point in the subject room. The person is 

modeled as a sphere located .5 meters from the floor. The 

measure of this radiant field is the "mean radiant tempera¬ 

ture", which will be referred to as Tmrt. This quantity is 

calculated by the equation [[l]s 
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Tmrt « [S Fpt (1 

where t F ^ = Shape factor between the sphere and each 

radiant source in the enclosure of the room 

T^ = Temperature of each radiant source. 

The shape factors, F .j., are determined by a subprogram of 

TMRTl called FSR. This program uses an established 

relation for the shape factor between a sphere and a plane. 

The relation is given as [2] 

FSR = jp?[Arotan[[(Rx-Rx)+(Ry-Ry)+(Rx-Rx-Ry-Ry)r
i]] (2 

where t R = Z/X X = one dimension of the plane 
Y = the other dimension of the 

R - Z/Y plane (X and Y interchangeable) 
y Z = normal distance from sphere 

center to plane 

With the radiant temperature field in the subject room 

thus established, a study of the thermal comfort of a 

person exposed to that field can be made. Several differ¬ 

ent studies were made in the course of this research, under 

various environmental parameter combinations. These 

studies were accomplished by the use of a computer program 

named COMFY. A copy of the program is given in Appendix B, 

along with definitions of appropriate variables. This 

program is based on the human thermo-regulatory model 

proposed by Sprague, C. H., et al. in Reference 3* 

The program COMFY requires as input eight data, seven 

of which were used in the study; the metabolic heat produc¬ 

tion rate of the subject person (a function of the level of 
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activity), the clothing insulation value of the subject's 

apparel, the convective heat transfer coefficient of the 

person to the ambient environment, the ambient temperature 

of the test room, the mean radiant temperature (Tmrt) at 

the point to be considered, the relative humidity in the 

room, and the length of time that the subject is exposed to 

the test conditions. The unused eighth datum is heat 

storage rate of the test subject, which can be used in a 

different mode of the program to replace the exposure time 

as the parameter that limits the number of iterations run. 

The output data that are used in these studies are the 

resultant metabolism outputs of the test subject due to 

sweating or shivering, and the thermal environmental 

engineering measure called the "Thermal Sensation Vote" 

(TSV). 

The sweat and shiver metabolism rates are calculated 

by a subroutine of COMFY. The relation that determines the 

metabolic sweat rate was empirically determined and 

reported C3Ü to bei 

The relation for the metabolic shiver rate is similarly 

reported C3Ü as: 

Mrsw / Ad = x3 + !7 e 
(3 

Msh / Ad = 3lA x5 x6* 
(4 

The above rates are given per unit surface area of the test 

subject (called the DuBois area: A^). An average person's 

surface area is approximately 1.77 square meters ClU* The 
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x-variables in the above equations are determined by the 

signs of certain "signals”. These signals have been 

proposed as a method that the body uses to manage the 

regulatory functions of vaso-constriction/dilation. The 

exact manner that these variables depend on the signals is 

discussed in the Appendix. The variable S^ is one of the 

signal values. 

The quantity TSV is an empirical result that gives a 

relative measure of a person's thermal state when exposed 

to a given environment. The relation used to determine TSV 

is given as C3l* 

mcv h x MG -G )+K0(M -M )+KÆ . TSV = 4 + lx v vo 2 rsw rswo/ 3 sh 
G + M_ 

(5 
vo rswo 

where * Gy = Skin Conductance 

GVQ = Neutral State Skin Conductance 

M   = Neutral State Metabolic Sweat Rate rswo 

and where the K terms are appropriate weighting factors. 

The environment that yields TSV=4.0 is the thermally 

neutral case. If TSV is between 4.0 and 7*0» the test 

subject is hotter than neutral; if TSV is between 1.0 and 

4.0, the subject is colder than neutral. 

Rather than use the Thermal Sensation Vote for a 

purely empirical measure of neutrality, this research 

considers the neutral point to be the environment that 

causes neither sweating nor shivering. This point is not 

far from TSV=4.0, and has a more easily understandable 

physical meaning. In portions of the research that did 
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not include achieving neutrality as a goal, the quantity 

TSV was used as the comparative measure. 

The following discussion outlines the different 

studies' parameters and objectives, gives the procedures 

followed, and presents the resulting data. Some represen¬ 

tative graphs are given. The results are further discussed 

in the Conclusions and. are graphed in Appendix C. 



II. DISCUSSION 

A. Common Factors in This Research 

The various studies made in the course of this 

research are all conducted with some of the parameters held 

constant. The parameters that are varied in the studies 

are: outside temperature (window temperature), ambient 

room temperature, and test subject clothing insulation 

value. These parameters were chosen for the study since 

room temperature and test subject clothing are the two 

least expensive quantities to vary. Varying the relative 

humidity in the subject room would be another alternative, 

but would require constant adjustment of a kind that is not 

presently designed into all environmental control systems. 

All studies use as the subject office the room illus¬ 

trated in Figure 1 that measures 8 meters by 14 meters by 

3 meters. The choice of room size was totally arbitrary, 

but some attempt was made to choose dimensions that would 

be suitable for a multiple occupant office. The study 

points at which comparisons are made are as shown. The 

row of study points closest to the wall adjoining the 

window were positioned closer than the distance between 

the other rows because of the sharper changes occurring 

near that wall. 

The choice of metabolism rate for the test subject 

was made by referring to the ASHRAE Handbook of Fundamen¬ 

tals |[4]. The listing there of rates for different 
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activities gives the value range for miscellaneous office 

work to be 1.1 to 1.3 Met units. One Met unit is equiva¬ 

lent to 58.2 Watts of dissipated energy per square meter 

of body area, so a value of 65*0 Watts/meter^ was chosen 

as representative and is used throughout the research. 

The choice of convective heat transfer coefficient 

was largely arbitrary; this research uses a heat transfer 

coefficient of 5*0 Watts/meter^-°C. Utilizing the Nielson- 

Pederson relation [1], 

h = 12.1 v2 (room air velocity in meters/second) (6a 

(or = 2.38 T * in °G) (6b 
ci 

this value of h suggests a room air velocity of .17 

meters/second (approximately .56 feet/second). This value 

is higher than the often used heat transfer coefficient of 

3.0 Watts/meter^-°C, but the suggested air velocity is less 

than the .25 meters/second (.83 feet/second or 50 feet/ 

minute) commonly found in heating and air conditioning 

references The value used was considered an accep¬ 

table compromise. An "exact" convective heat transfer 

coefficient would depend on air velocity, position, the 

physical properties of the environment, and the human body's 

extremely irregular shape. The assumption of a constant 

convective coefficient throughout the room is commonly 

made, and the value of 5*0 Watts/meter -C is as accurate 

as any used. 
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The relative humidity in the subject room was 

considered to be equal to 50% throughout the course of the 

research. This value is often used as a standard in the 

literature, so was the logical choice. As was mentioned 

previously, this parameter is interesting as a possible 

variable in future research, but was not varied here 

because of a present equipment limitation. 

In this research the length of time of the test 

subject's exposure determines the number of iterations used 

in the program COMFY. The choice for this research was 

made to allow enough time for the subject to come to 

equilibrium with the environmental conditions in the room. 

Since the conditions studied were close to human neutra¬ 

lity, one hour was judged sufficient for equilibrium to be 

reached. 

Except in the last study, which illustrates how 

clothing can be used to compensate for an uncomfortably 

cold room, the clothing insulation value used in the 

program COMFY was kept constant at .6 clo. (The unit "clo" 

commonly used in environmental studies is a thermal resist¬ 

ance unit equal to .155 °C-meter^/Watt = .88 °F-foot^- 

hour/BTU.) This value was arrived at by referring to Gagge 

and Nevens' paper [53 which states that the average 

clothing insulation worn in winter is approximately .6 clo 

for both men and women. This value also seems to be the 

one quoted most often in the literature as the "standard 

clo value”. 
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B. Calculation of Neutral Température» Ta* 

As a reference point, it was desired to know the 

ambient room temperature that would result in neutrality 

for the test subject if there was no window wall. This 

reference temperature will be called the Neutral tempera¬ 

ture, Ta*. This temperature has been found by assuming 

that all walls in the subject room are the same constant 

temperature, resulting in a constant mean radiant tempera¬ 

ture (Tmrt) equal to the wall temperature at all points 

in the room. Runs of the program COMFY were made, with 

the ambient temperature and mean radiant temperature set 

equal to each other, until the temperature was found that 

resulted in the zero sweat-zero shiver case. The 

temperature that accomplishes this result is* 

Ta* = 21.37 °C (70.47 °F). 

C. Window Wall Temperature Range 

The range of outdoor temperatures considered in this 

research is typical of the northern United States winter. 

Five temperatures are studied, ranging from -30 °C to 10 °C 

in ten degree increments. This range is considered large 

enough to give a good indication of the effect of 

decreasing temperature on the subject room's internal 

environment. 

The determination of the inner wall temperature is 

accomplished using the following elementary heat balance. 
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Ta* - TQ Ta* - Tw 

R + l/hi l/hi 

where: TQ = outside temperature 

T, = inside window wall temperature w 

R = window glass transmission factor = 
where t =window thickness k 
g g 
k=thermal conductivity of window 
s glass 

h^ = interior heat transfer coefficient 

A thermal conductivity of .006 Watts/cm-°C for the window 

glass, and an interior heat transfer coefficient of 

.002 Watts/cm^-°C are used in the determination. The 

resultant values of the inside window wall temperatures are 

tabulated in Figure 2. These window temperatures determine 

the main variable in all the studies, and are given the 

number designation shown in Figure 2. 

D. Study I: Basic Run for Mean Radiant Temperature and 
Shiver Rate with Ta=Ta* 

This study was made to illustrate the effect that the 

addition of the one cold wall has on the environment of the 

subject room. The Neutral temperature, Ta*, is used for 

the other five wall temperatures and for the ambient room 

temperature. Because of the cold window wall at T . there 

exists a radiant field in the subject room that determines 

the mean radiant temperature given by the program TMRT1. 

The five graphs illustrating the results of the TMRT1 runs 

for the different Tw's are given in Appendix Cl. The data 
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points for the row closest to the window wall from each 

different temperature graph are graphed in Figure 3* 

With the temperature field established at all the 

study points, the resultant Tmrt values were used in the 

program COMFY. A run was made for each of the 28 study 

points. The program runs yielded the metabolism rate used 

in shiver for the test subject at each of the positions. 

The shiver values are graphed for each outside temperature 

in Appendix Cl. The values for each window row are given 

for comparison in Figure 4. The shiver metabolism rate is 

given with a minus sign to distinguish it from the sweat 

metabolism rate. 

As can be seen in the graph in Figure 3» the effect of 

the cold wall is much more severe at the centerline of the 

room than it is as the side wall is approached. This is to 

be expected, since the side wall is also a radiant source, 

and is working to bring the environment near it up to the 

Neutral temperature Ta* > T . As T,„ approaches Ta*, the w w 

mean radiant temperature curve flattens as it approaches 

the Tmrt = Ta* case. 

The five Tmrt vs. Room Position curves resemble the 

Figure 3 graphs, but also illustrate the effect of distance 

from the cold wall (wall 2) on the mean radiant temperature 

field. The drop in Tmrt is most pronounced close to the 

window, and rapidly falls off as the other walls begin to 

predominate. This field would tend to make persons 

assigned to office positions near such a window at a 
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distinct disadvantage to those near the back wall, or even 

near the side wall. A person near the window at the 

centerline of the room, for example, would experience 

almost a 10 °C lower radiant temperature than the person in 

the back corner when the outdoor temperature is -30 °C. 

The ability of a person to do office work at 52 °F would 

be questionable even for the most dedicated of energy 

conservationists. 

The shiver metabolism curves are much the same shape 

as the Tmrt curves, and the same reasoning for their shape 

applies. An indication of the discomfort of a person 

subjected to the environment created by the -30 °C outdoor 

temperature and sitting in the coldest position is the 

value of the Thermal Sensation Vote (TSV) at this point. 

Compared to the ’’neutral" value of 4.0, the TSV for this 

person is found from the program COMFY results to be 2.0. 

The results from this study demonstrate the extreme 

effect that the addition of a cold window wall has on the 

thermal environment of a room. Obviously, the temperature 

that will produce human thermal neutrality is not nearly 

adequate after the addition of the cold wall. With the 

window present, more energy is required to reach that 

previously "neutral" temperature than before, and even 

more will be needed to make the subject room an acceptable 

working environment. 
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E. Study II: Iterative Run for the "Equivalent Uniform 
Room" Temperature 

This study provides another method of illustrating the 

effect of the window wall on the thermal environment in the 

subject room. An iterative procedure is used for each of 

the 28 study points to determine an ambient room tempera¬ 

ture, Ta**, such that, when used with a mean radiant 

temperature of the same value in the program COMFY, yields 

the same shiver metabolism rate as was found in Study I. 

Thus, Ta** represents the fictitious equivalent uniform air 

temperature that gives the occupant the same degree of 

discomfort as the cold wall. The result is that this 

"Equivalent Uniform Room " temperature approaches the 

Neutral temperature, Ta*, in areas of the room where the 

effect of the cold window becomes less important. 

The graphs for the five outdoor temperatures are in 

Appendix CII. The dotted line in the graphs indicates the 

Neutral temperature, Ta*. Note that the scale used in 

these graphs is different than that used in Appendix Cl. 

A graph of the five coldest row Ta** values is shown in 

Figure 5- 

The lowest value of Ta** is 17.^2 °C (63*36 °F). This 

is an excellent indicator of the cold window effect, since 

it can be compared directly with the Neutral temperature of 

21.37 °C. This Equivalent Uniform Room temperature is 

below even President Carter's requested winter temperature 

of 65 °F, and would definitely require the recommended 
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sweater for occupant comfort. 

F. Study III» Local Compensation Temperature 

This study attempts to find an indicator of the energy 

output necessary to bring the occupants in the subject room 

back to the neutral comfort condition. Again, an iterative 

approach is used to determine the ambient temperature 

required at each point in the subject room to bring the 

test subject back to thermal neutrality. This temperature 

will be the "Local Compensation” temperature, and will be 

denoted by the symbol Ta . Physically, it represents the 

local increase in ambient temperature that would be 

necessary to offset the radiant cooling effect of the cold 

window. This temperature will provide the first step 

toward the determination of an economically and environ¬ 

mentally practical choice of some mean temperature to 

partially compensate for the effects of the cold wall. 

For this use of the program COMFY, the mean radiant 

temperatures found in Study I and graphed in Appendix Cl 

are used. Several iterations were made to determine what 

value of ambient temperature was required to bring the 

subject person to the zero shiver-zero sweat state. This 

method is rather extreme, since an increase in the ambient 

temperature would also cause Tmrt to rise, and would 

thereby lower the compensation temperature required. It 

is, however, a reasonable place to start the compensation 

attempt. 
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Graphs of the Ta values that resulted from this study 

are given in Appendix CIII. The graph of the coldest row 

temperatures is given in Figure 6 to illustrate the effect 

of outdoor temperature change. These curves show the 

opposite trend from those previously seen since they 

represent a compensation effort for the effects shown 

earlier. 

The wide range of compensation temperatures illus¬ 

trates the problem of an environmental engineer who must 

attempt to satisfy reasonably a majority of the people in 

a real office. Looking at the most extreme case, where 

Tq=-30 °C, it is seen that the coldest person in the 

subject room requires a Ta of 27*79 °C (82.02 °F), while 
C 

the warmest person only needs Ta =22.21 °C (71*98 °F). 

The futility of trying to satisfy the coldest person at the 

expense of the rest of the room is explored in the next 

study. 

G. Study IV t Overcompensation Run to Bring Coldest 
Subject to Neutrality 

This study shows the results of the extreme approach 

to compensation; the entire subject room is heated to the 

ambient temperature required to bring the coldest test 

subject to neutrality. The first step in this study is to 

determine the temperature that would actually give 

neutrality at the coldest point in the subject room. This 

is an iterative process between the two computer programs 
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FIGURE 6: Local Compensation Temperature 

at I m from Window 
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TMRT1 and COMFY. A first guess was made of the required 

compensation temperature, then the corresponding Tmrt value 

was found from TMRT1. This guess was used for the tempera¬ 

ture of the five walls other than the window, and the Tw 

values found previously were used for the window tempera¬ 

ture. This Tmrt was then substituted into COMFY with the 

first guess Ta. The resulting shiver or sweat rate output 

was inspected, and a higher or lower guess of Ta (with its 

associated Tmrt value) was made. When the ambient tempera¬ 

ture and its accompanying mean radiant temperature yielded 

the zero sweat-zero shiver case, this Ta became the over¬ 

compensation temperature. This temperature will be 

referred to as T . This temperature differs from the Tac 

for the coldest position because it was assumed that the 

mean radiant temperature stayed at the value found in 

Study I for the Ta determination in Study III. The mean 
V 

radiant temperature actually should change with any ambient 

temperature change. The five overcompensation temperatures 

are tabulated in Figure 7* 

The next step in this overcompensation run was to use 

the program TMRT1 to find the mean radiant temperatures for 

each TQC at each study point. These values have not been 

graphed in the Appendix, since they in themselves do not 

contribute any information to the study topic. These Tmrt 

values were input into the program COMFY, with Ta equal to 

each Tqc, and the resulting sweat metabolism rates are 
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graphed in Appendix CIV. Cold row curves have not "been 

included in the text, since the interest is in the extreme 

discomfort in the hotter portions of the subject room due 

to the overcompensating temperature increase, not in the 

effect near the window. 

The model on which the program COMFY is based £3] 

gives a very sharp point between the sweating and shivering 

states. Any change from the neutrality temperature 

produces either sweating or shivering, depending on the 

direction of the change. Thus, the overcompensation effort 

in this study causes some degree of sweating in the test 

subject at all positions except the coldest one. This 

method of compensation is obviously ridiculous, since the 

energy conservationists of today advocate everyone 

shivering, rather than all but one sweating. However, 

that alternative is just as unsatisfactory as this 

overcompensation. The ideal solution would be the case 

where some of the people in the room are slightly too cold, 

and some slightly too hot. Some people must be uncomfor¬ 

table, either way, in any case. The problem for the 

environmental engineer is to decide the measure of 

discomfort allowable and what sort of balance of too hot 

and too cold is to be used. This problem is made easier 

in the real world by the fact that some small degree of 

sweating or shivering is found acceptable (and even not 

noticed) by most people. The next study suggests one 

balance that could be used to try to compensate for the 
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effect of the cold window wall by the use of only normal 

room temperature control. 

H. Study Vt The Ideal Mean Temperature Run 

This study presents a method for idealizing the 

comfort of the people in the subject room. Here the choice 

of the zero sweat-zero shiver neutrality point provides the 

balancing direction. The ideal mean temperature is defined 

as that which causes the person at the hottest point in the 

room to expend as much energy in sweating as the person at 

the coldest point does in shivering. This ideal mean 

temperature is denoted by Taj. 

The method used in finding Taj was much the same as 

that used in finding the TQc values. A first guess was 

made of Taj, and the corresponding Tmrt's were found with 

TMRT1 for both the back corner study point and that at the 

centerline of the room near the window. These Tmrt values 

were then inputed into COMFY with the guessed Taj. If the 

sweat rate of the hot point did not equal the shiver rate 

of the cold point, a new Taj was chosen and the method 

repeated. This process uncovered an interesting charac¬ 

teristic of the human metabolism as given in this model. 

As can be seen in the different shapes of the positive and 

negative curves in Appendix CV, the sweat metabolism rate 

is more strongly affected by temperature change than the 

shiver rate. That is to say, a one degree rise in ambient 

temperature above the neutral point will cause a greater 

metabolic rate change than a one degree drop below the 
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neutral point. This means that, although the two extreme 

points are balanced, more of the people in the room will be 

sweating than will be shivering. This fact is illustrated 

in the graphs of this study. 

The next step in this study was to find the Tmrt 

values for all the study points at Ta^. This was accom¬ 

plished, as before, with the program TMRT1. These values 

were then used in COMFY to find the sweat and shiver rate 

values. This data is graphed in Appendix CV. Once again, 

the intermediate Tmrt values have not been shown. The 

five values of Ta^ are tabulated in Figure 8. 

This study describes a method of compensating for the 

cold window by a simple choice of temperature. This method 

could be applied to all existing environmental control 

systems. While few persons, if any, will be at that 

precise point of neutrality, the number that will be 

reasonably close has been maximized. Those persons at the 

extremes in the room should be able to compensate by the 

advised choice of clothing, a method that is the subject 

of the last study. 

I. Study YI« Compensating Clothing Insulation Value Run 

This study examines a method of compensation that is 

extremely attractive to the people that must pay the 

heating bills for office buildings. The method described 

does not require any additional temperature increase for 

human comfort in a room where the radiant field is affected 
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FIGURE 8: Ideal Mean Temperatures 
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by a cold window wall. Further, this method can be 

infinitely tailored to each person in the room, since they 

control the amount of clothing that they wear. There are 

limitations, of course, since secretaries can't type in 

snowsuits, but it still is a very simple compensation plan. 

Since the energy crisis is severe, a severe example 

was chosen for this study. The original conditions 

described in Study I were used, with Ta equal to Ta*, and 

the window temperature equal to the various Tw values. An 

iterative approach was used to determine the increased 

clothing insulation value required at each point to bring 

the test subject to neutrality. These compensating clo 

values are graphed in Appendix CVI. It can be seen that, 

even for the worst case, the clo value required does not 

exceed 1.25* A typical men's business suit is approxi¬ 

mately 1.0 clo, and the heavy traditional European business 

suit is 1.5 clo This puts the resulting compensating 

clothing insulation values of this study well within the 

range of practicality, and out of the realm of the snow- 

suit. A practical approach would be to seat the men in 

the office, with their traditionally heavier work clothing, 

in the seats nearest the window in winter. If the work in 

a particular office cannot be done in a business suit, a 

compromise could be reached between increased room tempera¬ 

ture and compensating clothing. 



III. CONCLUSIONS 

This research examines the effects of a cold window 

wall on the thermal environment in a typical office room. 

It was shown that the effect on human comfort in the room 

is severe, and that some form of compensation is required 

to make the subject room a workable environment. Various 

methods of compensation were discussed, both extreme 

methods and compromises. 

The work done here, being based on models, cannot be 

the definitive solution to the problems caused by a cold 

window wall. However, these studies suggest directions 

for actual experimental work to determine the forms of 

compensation that will be both practical and economical. 

A combination of compensation methods appears to be the 

most energy conservative approach, with clothing compensa¬ 

tion an integral part. This work provides methods for 

determining the extent of compensation required. 

The problem examined in this research was an extreme 

case. The severity of the cold wall effect could be 

diminished in many simple ways. Though only the case of 

a single-glazed window was examined, the addition of a 

double-glazed pane would provide considerable insulation. 

For existing single-glazed windows, light-weight drapery 

could produce much the same effect. Heating vent placement 

near the window could help to equalize the temperature 

field in the room, since the heating would be applied in 
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the coldest area (though this would require greater energy- 

input to the room). Lastly, this study considered a single 

test subject at a time, while an office full of people 

would require less added heat. 

This research should be examined as a guide to 

developing a working environmental control plan. The 

problem is illustrated quite clearly so that conventional 

methods of heating can be best applied. The compensation 

methods outlined here are valid, and should be used, in 

combination with others, to provide the best overall 

solution to the effects of a cold window wall. 



APPENDIX A 

Program TMRT1 
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PROGRAM TMRT1 

C CALCULATES SHAPE FACTORS AND MEAN RADIANT TEMP FOR A 
C SPHERE PLACED IN A RECTANGULAR ROOM WITH WALLS AT 
C VARIOUS TEMPERATURES 

DIMENSION T(7),X(3) 
WRITE(6,100) 

100 FORMAT(IX,’ENTER ROOM DIMENSIONS IN METERS’) 
READ(5» 110) HH,WW,DD 

110 FORMAT(3F10.3) 
WRITE(6,120) 

120 FORMAT(IX,’ENTER LOCATION OF PERSON IN METERS') 
READ(5,110) X(1),X(2),X(3) 
WRITE(6,130) 

130 FORMAT(IX,'ENTER WALL TEMPS IN C’) 
READ(5*140) T(1),T(2),T(3),T(4),T(5),T(6) 

140 FORMAT(6F8.2) 
40 H=X(1) 

W=X(2) 
D=X(3) 
H3=HH-H 
W3=WW-W 
D3=DD-D 
Fl =FSR ( W3, H, D ) +FSR ( W3, H,D3) +FSR ( W3, H3,D) +FSR ( W3, H3, D3 ) 
F2=FSR(D,H,W)+FSR(D,H,W3)+FSR(D,H3,W)+FSR(D,H3,W3) 
F3=FSR(W,H,D)+FSR(W,H,D3)+FSR(W,H3,D)+FSR(W,H3,D3) 
F4=FSR ( D3, H, W ) +FSR ( D3, H, W3 ) +FSR ( D3, H3, W ) +FSR ( D3, H3, D3 ) 
F5=FSR(H3,W,D)+FSR(H3,W,D3)+FSR(H3,W3,D)+FSR(H3,W3,D3) 
F6=FSR(H,W,D)+FSR(H,W,D3)+FSR(H,W3,D)+FSR(H,W3,D3) 
X=273•15 
TMRT=((F1*((T(1)+A**4)+F2*((T(2)+A)**4)+F3*((T(3)+A) 

1**4)+F4((T(4)+A)**4)+F5*((T(5)+A)**4)+F6*((T(6)+A)**4) 
2)**0.25)-A 
WRITE(6,240) HH,WW,DD 

240 F0RMAT(/,1X,’ROOM: ’,3F10.3) 
WRITE(6,250) H,W,D 

250 FORMAT(IX,'LOCATION: ’3F10.3) 
WRITE(6,150) T(1),T(2),T(3),T(4),T(5),T(6) 

150 FORMAT(IX,’TEMPS: ’.6F10.2) 
WRITE(6,160) F1,F2,F3,F4,F5,F6 

160 F0RMAT(1X,’FS: ’.6F10.6) 
WRITE(6,170) TMRT 

170 FORMAT( 1X,’TMRT= \F10.2) 
WRITE(6,180) 

180 FORMAT(/,IX,’CHANGE DATA?,1=YES,0=N0’) 
READ(5,190) I 

190 FORMAT(II) 
IF(I.EQ.O) GO TO 10 
WRITE(6,200) 

200 FORMAT(IX,'CHANGE LOCATION BY TYPING LOCATION NO., 
1DIMENSI0N, CR ' ) 

20 READ(5,210) K,X(K) 
210 F0RMAT(I5,F10.2) 
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IF(K.NE.O) GO TO 20 
WRITE(6,220) 

220 FORMAT(IX, ' CHANGE TEMP BY TYPING WALL NO. , TEMP, CR ' ) 
30 READ(5,230) J,T(J) 
230 FORMAT(15,F8.2) 

IF(J.NE.O) GO TO 30 
GO TO 40 

10 STOP 
END 

C FUNCTION SUBPROGRAM TO CALCULATE SHAPE FACTOR 
C OF SPHERE TO RECTANGLE 

FUNCTION FSR(Z.X.Y) 
IF(Z.EQ.O.O) GO TO 999 
IF ( X.EQ.0.0.OR.Y.EQ.0.0) GO TO 998 
RX=Z/X 
RY=Z/Y 

FSR=. 07957747*(ATAN( ( (RX*RX)+(RY*RY)+(RX*RX*RY*RY) )** 
K-0.5))) 
RETURN 

998 FSR=0.0 
RETURN 

999 IF(X.EQ. 0. O.AND. Y.EQ. 0.0) GO TO 997 
IF(X.EQ.0.0.OR.Y.EQ.0.0) 
FSR=0.125 
RETURN 

FO TO 996 

997 FSR=0.0416666 
RETURN 

996 FSR=0.0625 
RETURN 
END 
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Discussion 

This program calculates the mean radiant temperature 

used in the determination of a human subject's thermal 

response to a given environment in a rectangular room. 

The program requires as input the dimensions of the room, 

the temperatures of the four walls and the floor and 

ceiling, and the position of the person in the room. These 

input data are used to determine the shape factors between 

the test subject (modeled as a sphere) and each of the 

walls. These shape factors are used in the equation below 

to determine the mean radiant temperature experienced by 

the test subject at some point in the room. 

Trnrt « [2 Fpt T.^]* 

where* F . = Shape factor between the person (p) and 
p the radiant source, i.e. one of the plane 

surfaces in the room (t) 

T^ = The temperature of the radiant source 

The mean radiant temperature is defined [1] to be that 

uniform temperature of a black enclosure which would result 

in the same heat loss by radiation from the person as the 

actual enclosure under study. 

The position of the person in the room is measured 

from the corner made by the floor, the window (wall 2), and 

the side wall (wall 1). The walls are numbered as shown in 

Figure 1. The shape factors are determined from the 

established relation for the shape factor between a sphere 
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and a rectangle, where the sphere is on a line that is 

perpendicular to a corner of the rectangle. The shape 

factor is found by the addition of the four shape 

factors of the appropriate rectangles determined by the 

position of the test subject (sphere). These rectangles 

are illustrated below. 

The relation for the individual shape factors is: 

FSR = -fa CArotan£C(Rx'Rx)+(Ry-Ry)+(Rx-Rx-Ry-Ry)r
4]] 

Where* R = z/X X = one dimension of the plane 
Y = the other dimension of the 

plane (X and Y are 
interchangeable) 

R = Z/Y Z = normal distance from sphere 
^ center to the plane 

The actual equation for the mean radiant temperature 

used in this program is* 

Tmrt = [(FI * ((Tl+A)^) + F2 * ((T2+A)^) + 

F3 * ((T3+A)*1') + F4 * ((T4+A)4) + 

F5 * ((T5+A)^) + F6 ‘ ((Té+A)^)]^ - A 

where As=273*15 and the Fx's are the combined shape factors 
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(the F +'s) for each of the six wall surfaces of the room, px 

The Tx values are the respective temperatures of the wall 

surfaces. 

This program uses a subprogram called FSR to determine 

the individual shape factors, then computes the F^ values 

in the main body of the program. The program is designed 

to allow repeat runs with any or all of the variables 

changed. The input data, the resulting Tmrt value, and 

the Fp^ values are printed out as output of the program. 

This program was developed by Dr. Alan J. Chapman, 

Professor of Mechanical Engineering, Rice University. 



APPENDIX B 

Program COMFY 
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PROGRAM COMFY 

C CALCULATES REGULATORY FNS,TEMPS,HEAT. FLOW,FOR GIVEN 
C EXPOSURE TIME (MODE 1) OR STORAGE RATE (MODE 2) GIVEN 
C ENVIRONMENT AND ACTIVITY. USES BODREG SUBROUTINE. 
C UNITS « WATTS,SQ.M.,DEG C,HOURS,CLO UNITS. 

DIMENSION Y(8),W(15),Z(15) 
DATA W/O.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0 

11.5,2.0,2.5,3.0/ 
DATA Z/5.0,5.2,5.8,6.9.8.3*10.3,12.6,15.5,18.7»22.4, 

126.6,51.7,76.0,100.0,100.0/ 
WRITE(6,100) 

100 FORMAT(IX,'ENTER MODE» 1 FOR TIME, 2 FOR STORAGE') 
READ(5,HO) M 

110 FORMAT(II) 
WRITE(6,115) 

115 FORMAT(IX,'ENTER ACTIVITY AND ENVIRONMENTsMET RATE, 
1CLO,HC,TA,TMR,RH,QSTORAGE,EXP. TIME. SI UNITS') 

READ(5,120) (Y(I), 1=1,8) 
120 FORMAT(8,F10.2) 

GO TO 10 
5 READ(5,130) I,Y(I) 
130 FORMAT(15,FI0.2) 

IF(I.EQ.O) GO TO 10 
GO TO 5 

10 RM=Y(1) 
CL=Y(2) 
HC=Y(3) 
TA=Y(4) 
TMR=Y(5) 
RH=Y(6) 
QSEQ=Y(7) 
TIMEXP=Y(8) 
TIME=0.0 
Tl=37.0 
T2=34.0 
DT1DT=0.0 
DT2DT=0.0 
DTIME=0.0 
K0UNT=0 

15 TIME=TIME+DTIME 
T1=T1+DT1DT*DTIME 
T2=T2+DT2DT*DTIME 
K0UNT=K0UNT+1 
CALL BODREG ( Tl, T2, RM, CL, HC, TA, TMR, RH, DT1DT, DT2DT, 

1DTIME, T OP, VB, SWM, SHM, QR V, QRC, QR, QC ON, QRAD, VMAX, VSW, 
2VDIF,V23,WET,DRIP,GV,QS,Q12) 

IF(M.EQ.1)G0 TO 20 
IF(ABS(QS).LE.ABS(QSEQ)) GO TO 25 
GO TO 15 

20 IF(TIME.GE.TIMEXP) GO TO 25 
GO TO 15 

25 RMP=RM-46.56 



RMP2=RMP*RMP 
GV0=13.1073+0.2705*RMP-0.0038 7*RMP2 
YSWO=o.5033*RMP-0.002297*RMP2 
AK1=2.9058-O. ?199*RMP- 0.. 001326*RMP2 
AK2=-0.1398+0.06568*RMP+0.001154*RMP2 
AK3=- 0. 4050- 0.1474*RMP 
F= ( AK1* ( GV-GVO ) +AK2* ( VSW-YSWO ) +AK3*SHM)/( GVO+VSWO ) 
TSV=4.0+F 
PMVA=ABS(F) 
IF(PMVA.GE.3.0) GO TO 30 
DO 35 J=1» 15 
IF(PMVA.LE.W(J)) GO TO 40 

35 CONTINUE 
40 PPD=(Z(J-l))+((PMVA-W(J-I))*(Z(J)-Z(J-l)))/(W(J)-W(J- 

11)) 
GO TO 50 

30 PPD=100.0 
50 WRITE(6,180) 
180 FORMAT (IX,’ MR CLO HC TA TMR 
1 RH QS TIMEX ITR') 
WRITE (6,170) RM,CL,HC,TA,TMR,RH,QSEQ,TIMEXP,KOUNT 

170 FORMAT(IX,8F8.2,18) 
WRITE(6,135) 

135 FORMAT(IX,’TIME TOP MSW SHIV SKBF VMAX 
1 PWET TSK TSR QRES QCON QRAD 
2 QEVP QSTR TSV PPD’) 
WRITE(6,140) TIME,TOP,SWM,SHM,VB,VMAX,WET,T2,T1,QR, 
1QC ON,QRAD,V23,QS,TSV,PPD 

140 FORMAT(IX,F4.2,F7•2,F8.2,F7•2,F8.2,F8.2,F7•2,F8.2, 
1FF7•2,7F8.2) 
WRITE(6,150) 

150 F0RMAT(1X,’TYPE 0 TO STOP, 1 TO CHANGE ONE OR MORE 
IDA TA AND RUN AGAIN’) 
READ(5,110) K 
IF(K.EQ.O) GO TO 60 
WRITE(6,l60) 

160 FORMAT(IX,'ALTER DATA BY TYPING* DATA NO.,NEW DATA, 
ICR. AFTER NO ENTRY CR STARTS NEW PROBLEM’) 
GO TO 5 

60 STOP 
END 

SUBROUTINE BODREG(Tl,T2,RM,CL,HC,TA,TMR,RH,DT1DT. 
1DT2DT,DTIME, TOP, VB, SWM, SHM, QRV, QRC, QR, QCON, QRAD, VMA.X, 
2VSW,VDIF,V23,WET,DRIP,GV,QS,Q12) 

C CALCULATES REGULATORY FNS,HEAT FLOWS,TEMP DERIVATIVES, 
C 1TIME INCREMENT WHEN GIVEN SKIN AND CORE TEMPS,MET 
C 2RATE,HC,TA,TMR,AND RH. UNITS 1WATTS,SQ.M.,DEG C,HOURS, 
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C CLO UNITS 
SVP(T)=10.0**(20.9586-4.084*AL0G10(T+273.15)-2825.4/ 

KT+273.15)) 
PACL=1.0+0.15*CL 
FPCL=1.0/(1.0+0.145*HC*CL) 
RDE= 0.18l/HC 
PWA=RH*SVP(TA) 
T3P=T2 

20 T3=T3P 
HR=4.08E-8*((T3+273•15)**2+(TMR+273.15)**2)*(T3+TMR+ 

1546.3) 
TOP= ( HR*TMR+HC*TA )/( HR+HC ) 
FCL=1.0/(1.0+0.155*(HC+HR)*CL) 
T3P= TOP+FCL*(T2-T0P) 
IF(ABS(T3P-T3).GT.0.01) GO TO 20 
SCRVB=T1-36.98 
SSKVB=T2-34.0 
SCRSW=T1-36.98 
SSKSW=T2-34.0 
SCRSH=T1-36.98 
SSKSH=T2-33.3 
X1=SCRVB 
IF(Xl.LE.O.O) X1=0.0 
X2=SSKVB 
IF(X2.GE.0.0) X2=0.0 
X3=SCRSW 
IF(X3.LE.0.0) X3=0.0 
X4=SSKSW 
IF(X4.LT.0.0) X4=0.0 
X5»-SCRSH 
IF(X5.LT.0.0) X5=0.0 
X6=-SSKSH 
IF(Xô.LT.O.O) X6=0.0 
VB=(7•96+81.0*X1)/(1.0-0.3*X2) 
ALPHA=0.10 
SWM=(340.0*X3+17•0*X4)*EXP(SSKSW/l0.0) 
IF(SWM.LT.O.O) SWM= 0.0 
SHM=31.4*X5*X6 
QRV=0.0023*(RM+SHM)*(44.O-PWA) 
QRC=0.0014*(RM+SHM)*(34.O-TA) 
QR=QRV+QRC 
STUFF= FCL*FACL*(T2-TOP) 
QCON=HC*STUFF 
QRAD=HR*STUFF 
Q23=QC0N+QRAD 
VMAX=FACL*FPCL*2.26*HC*(SVP(T2)-PWA) 
WS=1.0 
GO TO 45 

40 IF(VMAX.LT.O.O) GO TO 45 
RS= 0.669*SWH!/VMAX 
IF(RS.LT.l.O) WS=RS 

45 VSW=WS*VMAX 
VDIF=(1.0-WS)*VMAX*RDE 
V23=VSW+VDIF 
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WET=RDE+WS*(1.0-RDE) 
DRIP=SWM-VMAX/0.669 
IF(DRIP.LE.0.0) DRIP= 0.0 

GV=5•28+1.164*VB 
QS=RM+SHM-QR-Q23-V23 
Q12=GV*(T1-T2) 
DT1DT=0.0265*(RM+SHM-QR-Q12)/(1.0-ALPHA) 
DT2DT=0.265*(Q12-Q23-V23)/ALPHA 
DTIME=AMIN1 (1.0/60.0, ABS ( 0. l/DTl DT ) , ABS ( 0.1/DT2DT ) ) 
RETURN 
END 
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Discussion 

This program determines the thermal response of a 

human test subject to a given environment. The program is 

based on the model developed by Sprague, C. H., et al. in 

the paper entitled MThe Prediction of Thermal Sensation for 

Man in Moderate Thermal Environments Via a Simple Thermo¬ 

regulatory Model” £3]• This paper presents .a two-node 

thermoregulatory model in which the body is represented by 

two concentric cylinders. The inner cylinder represents 

the body core, consisting of the skeleton, muscles, and all 

the internal organs. The skin is modeled by the outer 

cylinder. Heat is exchanged between the core and skin 

through bloodflow, and between the core and the environment 

through respiration. Metabolic heat production also occurs 

in the core. Moisture diffuses through or evaporates from 

the skin and then must be transferred to the surroundings. 

C3Ü The authors of the paper use empirically determined 

relations to determine the response of a human subject to 

a given environment, based on energy balances of the core 

and skin. 

This program is designed with an iterative loop 

through a subroutine called BODREG that can be limited in 

either of two ways. The limiting parameters are the length 

of time that the subject is exposed to the test environment 

and the heat storage rate in the test subject's body. The 

loop ends when either the specified time "expires", or when 



the test subject reaches the desired heat storage rate as 

determined by the program. 

The program requires as input the mode desired (heat 

storage or exposure time), the metabolic heat production 

rate of the subject person (a function of the level of 

activity), the clothing insulation value of the subject's 

apparel, the convective heat transfer coefficient of the 

person to the ambient environment, the ambient temperature 

of the test room, the mean radiant temperature (Tmrt) at 

the point being considered, the relative humidity in the 

room, and either the heat storage rate or the exposure time.. 

A value must be input for all of the variables, but the 

mode choice determines which of the last two will be 

disregarded. 

The program has several output data, three of which 

were used in this research. The output data used are the 

metabolic outputs of the human body used in sweating or 

shivering and the thermal environmental engineering measure 

called the "Thermal Sensation Vote" (TSV). The other data 

produced by this program will not be discussed here unless 

they are directly involved in the determination of the 

three used in this research. 

The equation used to determine the metabolic output 

rate used by the human body in regulated sweating is given 

below» 

Mrsw / Aa= C340 x3 + 17 x4] 

(sskA°) 
e 



45. 
s
cr = V " 36,98 (tcr also in °C) 

The tgk variable is the skin temperature of the subject 

under the given conditions; the t variable is the core 
JL 

temperature under those conditions. The subtracted values 

are called the "set points”, and differ from one proposed 

model to the next. The values given are those used in the 

Sprague model. The signs of the signal values resulting 

from these two equations determine the value of x^ and x^. 

The relations are« 

If Scr* °' *3 = Scr 

Scr- °> x3 = 0 

If Ssk2, °' x4 = Ssk 

Ssk? °> s4 = 0 

The skin and core temperatures start at the set point 

values (or very close to them), and gradually change as the 

time the subject is exposed to the environment passes. If 

the conditions are not too extreme, the body should even¬ 

tually come to some constant state of a certain amount of 

sweating or shivering. 

The metabolic output rate used by the human body in 

shivering in this program is determined by the relation 

below. 

"sh / Ad = 31-4 x5 x6 

Again, the metabolic output rate is given per DuBois area. 

The x^ and x^ variables are also determined by the skin and 

core signals, in the following manner. 

If Scr > 0, x^ = 0 If Ssk > 0, x6 = 0 

Scr ; °- x5 = *BS(Sor) Sgk < o, I4 = ABS(Ssk) 

where ABS(X) denotes the absolute value of X. 



The Thermal Sensation Vote (TSV) is determined by the 

relation given below. 

TSV = 4 + VV^0
)+K2C

M
rsw-

|W*SM
Sh 

^vo+ ^rswo 

The term Gy is the skin conductance of the human body. It 

is determined by the equationi 

Gv = 5-28 + 1.164 Vb 

where is the blood flow from the core of the body to the 

skin layer. This is the method by which internal body heat 

is brought to the skin surface. The heat transfer between 

the core and the skin is not directly proportional to the 

blood flow since some heat is exchanged with the inter¬ 

mediate tissues. The blood flow is determined by another 

relation depending on the skin and core signals. 

The relation ist 

v - 7*96+81.0 x, vb "  - 
1.0 - 0.3 Xg 

: > 
cr 0, ST 

=
 S 1 cr lf Ssk 

> 0, x2 = 0 

! < 
cr - 0, x^ = 0 Ssk 

< 
°» x2 = Ssk 

where s If S 

S 

The term G, ^ is the neutral thermal sensation skin conduct- vo 
ance, and has been determined in the Sprague model to be 

determined by the following polynomial expression. 

Gyo = 13.1073 + 0.2705 M’ - 0.00387 M'2 

where M' is the sum of the given metabolic rate (the 

activity rate), the metabolic rate due to shivering, and 

the "basal metabolic rate” which is assumed constant at 
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-46.52 W/m2. The metabolic rate due to shivering has 

already been discussed, and must be determined before M* 

can be found. The Mrgw term in the TSV equation has also 

already been discussed. The Mrswo term is the neutral 

thermal sensation metabolic rate due to sweating, and is 

determined by a polynomial expression similar to that used 

to find G . The expression isi 

1VI _ = 0.5033 M* - 0.002297 M'2 

rswo 

where M* is the same as in the G „ determination. The K vo x 

constants in the TSV equation are weighting factors that 

also depend on M'. The relations for these constants ares 

Kx = 2.9058 - O.O7199 M’ - 0.001326 M’2 

K2 = -0.1398 + 0.06568 M* + 0.001154 M'
2 

= -O.405O - 0.1474 M’ 

with M* as before. 

The Sprague, et al. model was converted to metric 

units by Dr. Alan J. Chapman, who developed this program. 



APPENDIX C 

Study Results Graphs 



CI. Basic Run Mean Radiant Temperature and 

Shiver Metabolism Rate Graphs 
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en. Equivalent Uniform Room 

Temperature Graphs 













cm. Local Compensation 

Temperature Graphs 
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CIV. Sweat Metabolism Rate Graphs for 

Overcompensation Temperatures 
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cv. Sweat and Shiver Metabolism Rate 

Graphs for Ideal Mean Temperatures 













CVI. Compensating Clothing 

Insulation Value Graphs 
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