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ABSTRACT 

1. 

APPLICATIONS OF A MATHEMATICAL MODEL OF THE 

HUMAN BODY FOR DETERMINING THERMAL COMFORT 

BY 

GREGORY WADE HILL 

A conceptual description of a current mathematical 

model of the human body, analyzed in terms of heat transfer, 

is presented. This model is designed to predict thermal 

comfort responses of a person exposed to a particular indoor 

environment. Methods of heat exchange between the body 

core, the skin, and the surroundings are described. 

Formulations are also included for two parameters describing 

the environment-the mean radiant temperature and the 

convective heat transfer coefficient. Heat transfer 

equations and computer programs for this model are used to 

generate data for the study. 

Three applications for this model are discussed in 

terms of their effectiveness in achieving thermal comfort: 

the effect of radiant cooling panels, the effect of ceiling 

fans, and the effect a change in the person's metabolic 

rate. In each example, the temperature of the surroundings 

is displaced from a reference temperature where thermal 

comfort exists. Efforts to restore the sensation of comfort 

are examined and the results are illustrated in graphical 

and tabular form. Conclusions are drawn from the procedure 

and recommendations for future research are suggested. 
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Vil . 

Symbol 

Nomenclature 

Definition 

Ad Dubois area: an expression of average 

human surface area commonly used in 

thermal environmental work 

CCR average specific heat of the body core 

CL clo: a clothing resistance insulation 

unit equal to 0.155 ° C-meter2 /Watt = 

0.88 ° F-foot2 -hour/BTU 

CSK specific heat of the skin 

DELTA elapsed time needed to increment the core 

and skin temperatures 

DTI DT change in core temperature with respect 

to time 

DT2DT change in skin temperature with respect 

to time 

D1-D9 temperature set-points used in several 

empirical equations describing 

physiological mechanisms 

EDI F evaporative heat transfer from diffusion 

of water vapor through the skin 



Vlll . 

EMAX 

ERES 

ESK 

ET* 

EVC 

EWSW 

FACL 

FCL 

FPCL 

maximum evaporative capacity from the 

skin surface to the environment 

energy exchange with the environment by 

respiration 

total heat transfer from the skin by 

evaporation of moisture 

effective temperature: the dry bulb 

temperature for a black enclosure at 50% 

relative humidity (sea level), in which 

an occupant would exchange the same heat 

by evaporation, convection, and radiation 

as in the existing nonuniform environment 

a vasoconstriction factor for thermal 

comfort prediction 

a wettedness factor for thermal comfort 

prediction 

the ratio of the surface area of a 

clothed person to the surface area of a 

nude person 

clothing thermal efficiency factor 

clothing moisture permeation efficiency 

factor 



IV 

Fp-i 

Fl-2 

HC 

HR 

KS 

KSN4 

KSO 

MCR 

MSK 

NMET 

Nu 

PAS 

shape factor between a person and a 

surface 

shape factor between a sphere and a plane 

surface 

convective heat transfer coefficient 

radiative heat transfer coefficient 

overall skin conductance as a function of 

blood flow 

the skin conductance when the PMV = -4.0 

the skin conductance at thermal 

neutrality 

core mass per unit body surface area 

skin mass per unit body surface area 

number of mets; a met is a metabolic 

rate unit equal to 58.2 Watts of 

dissipated energy per square meter of 

body area 

Nusselt number 

saturated vapor pressure at the ambient 

air temperature 



X. 

PMV predicted mean vote: a nine-point 

numerical scale for the sensation that a 

human.would experience under given 

climate and metabolic conditions 

PNT time interval between successive outputs 

of data in TRANS2 

PPD predicted percentage of dissatisfied: a 

statistical value that indicates, for a 

large test population, the percentage of 

people who are likely to be unhappy with 

the given climate and metabolic 

conditions 

Pr Prandtl number 

PS saturated vapor pressure at the skin 

temperature 

PSI a sweat suppresion factor that depends on 

the level of skin wettedness 

QS heat storage rate in the body 

QST heat storage rate limit: a parameter 

used to stop the time and temperature 

incremental process used in the main 

programs of this research 

Re Reynolds number 



XI . 

RH 

RM 

RMA 

RPC 

SHM 

SVP(T) 

SW 

TA 

Tbra 

relative humidity ratio 

total metabolic heat production rate per 

unit body surface area 

metabolic rate of the person 

dry heat exchange with the environment by 

radiation and convection 

metabolic response by shivering 

temperature dependent function to 

calculate the saturated vapor pressure, 

in millimeters of mercury, for the given 

temperature 

energy exchange from the body by the 

evaporation of sweat 

ambient air temperature 

balanced mean temperature: a temperature 

for radiant cooling panels that results 

in the same level of thermal sensation 

for the two test locations in this study 

requiring the highest and lowest range of 

temperatures to achieve thermal comfort 



XI1 . 

Tdp dew point temperature: the temperature 

at which the condensation of water vapor 

in a space begins for a given state of 

vapor pressure as the temperature of the 

air-vapor mixture is reduced 

Ti temperature designation for a surface of 

an enclosure 

TMR mean radiant temperature: the 

temperature of a black enclosure which 

would bring about the same radiation heat 

exchange from a given subject as exists 

with the current enclosure 

TO operative temperature: the average of 

the air temperature and the mean radiant 

temperature weighted by their respective 

heat transfer coefficients 

To(i) initial operative temperature: the 

operative temperature at initial 

conditions (see TO) 

Tpc panel compensation temperature: the 

radiant cooling panel temperature that is 

necessary to obtain a designated level 

for the predicted percentage of 

dissatisfied 



Xlll. 

TSN negative thermal sensation: a thermal 

comfort parameter used to predict thermal 

sensation in cool climates 

TSP positive thermal sensation: a thermal 

comfort parameter used to predict thermal 

sensation in warm climates 

TXP exposure time limit: a parameter used to 

stop the time and temperature incremental 

process used in the main programs of this 

research 

T1 temperature of the body core 

T2 temperature of the skin 

T3 temperature of the clothing 

Vac air compensation velocity: the resultant 

air velocity caused by the rotation of 

ceiling fans that is necessary to obtain 

a designated level for the predicted 

percentage of dissatisfied 

W mechanical external work 

WET level of skin wettedness 

WSW sweat wettedness factor 

XKS (see KS) 



XKSO (see KSO) 



_I. Development of the Model of the Human Body 

A. Introduction and Historical Foundation 

People will experience varying degrees of comfort and 

discomfort when exposed to a variety of indoor environments 

and conditions. The ability to predict how people will 

respond is a useful tool when attempting to minimize energy 

costs and maximize energy efficiency-yet keeping conditions 

acceptable for humans. At least two methods exist for 

gaining this information. The first method involves placing 

human subjects in a controlled environment, adjusting 

conditions to the desired levels, and recording comfort 

responses from the subjects. A second method involves 

constructing mathematical equations to model the human 

body's response to environmental conditions and using these 

equations to predict comfort responses from the conditions 

under study. 

There are several advantages in using a mathematical 

model of the human body to predict thermal sensations for 

given climate conditions. Mathematical modeling determines 

the mean sensation for a relatively large population, since 

extensive results from previous experiments have been used 

to formulate the equations. Selection of a test population 

of comparable size would present several problems. Climate 

conditions are also easier to control in a mathematical 

model than with an experimental environment. Thermal 

sensation results from the model are also reproducible, yet 
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no two human subjects would respond in the same way when 

given the same conditions. The use of a mathematical model 

will hopefully improve efforts to optimize thermal comfort 

under existing environmental and economic constraints. 

It must be pointed out, however, that the thermal 

comfort predictions obtained from a mathematical model 

should not be compared with the responses of a specific 

individual. The mathematical results are more appropriately 

compared to the average thermal comfort responses of a 

population sample on the order of one hundred. The average 

response of the sample can be referred to as the thermal 

comfort response for a hypothetical "average" person, which 

is actually what the mathematical model is attempting to 

imitate. 

Man has had an interest in studying and in improving 

human thermal comfort for many years. One of the first 

major contributions to the study of thermal comfort was made 

by Houghten and Yagloglou in 1923 (1,2). These 

investigators published two papers dealing with thermal 

comfort for people who were essentially sedentary and 

located in still air. In the first study, a relationship in 

terms of comfort was determined between relative humidity, 

wet-bulb temperature, and dry-bulb temperature. This 

relationship was expressed in a series of lines plotted on a 

psychrometric chart. Each point on a particular line 

represented a different set of values for the three above 
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mentioned variables. When a person was exposed to an 

environment characterized by any point on this line, they 

would experience the same level of comfort or discomfort. 

These lines were determined to be lines of equal comfort, 

and the numerical representation for these lines was given a 

name-the effective temperature. In the second study, the 

effective temperature was used to determine what range of 

values would cause a person to experience thermal comfort. 

Although another parameter, the new effective temperature, 

has replaced the effective temperature in current research 

and literature, this contribution continues to be recognized 

as an important development in the study of thermal comfort. 

A considerable amount of research in this subject has 

been published in the literature during the past 60 years; 

many of the important contributions are listed in the 

bibliography for this paper or in the bibliographies of the 

references themselves. For further information on 

convection, radiation, or conduction heat transfer, consult 

Chapman's Heat Transfer (3). To find a more detailed 

conceptual or mathematical approach to thermal comfort, 

consult Fanger, Azer, the Bio-Astronautics Data Book, or the 

1981 ASHRAE Handbook of Fundamentals (4,5,6,7). For 

additional information on human physiology, consult the 1981 

ASHRAE Handbook of Fundamentals or Guyton's Basic Physiology 

(7,8). To locate additional computer programs dealing with 

thermal comfort, consult published work of Hsu or Smith 
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(9,10). In drawing material from these references and 

others, this study presents a conceptual, mathematical, and 

computer model to predict thermal sensation for human 

beings. From this foundation, three applications are 

examined to determine their success or failure in 

establishing thermal comfort. The applications are as 

follows: (1) installing radiant cooling panels in a room, 

(2) installing ceiling fans in a room, and (3) changing the 

metabolic activity of the people in a room from a time- 

independent parameter into a time-dependent parameter. 

B. Physiological Factors Affecting Human Comfort 

In order to appreciate the mathematical model of the 

human body and the computer programs that utilize this 

model, it is necessary to understand the basic 

thermoregulatory processes of the body that are being 

modeled. It is also important to recognize the 

physiological and environmental parameters that influence 

the thermoregulatory processes. The most critical 

constraint in the body, in terms of heat transfer and 

temperature regulation, is keeping the interior portions of 

the body within a narrow temperature range(36-33° C). If 

this temperature deviates even a few degrees from this range 

for an extended period of time the person may suffer 

internal damage or even death. To prevent this, two rates 

of heat transfer must be in balance: the rate of heat 

generation in the interior of the body and the rate of heat 
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exchange from the body interior to the skin and to the 

surroundings. When this balance is not achieved, the heat 

storage rate in the body, and, hence, the internal 

temperature of the person's body will increase or decrease 

with time. 

This section will explain each physiological process of 

the body’s temperature control system that is included in 

the mathematical model. Some aspects of this control system 

affect the heat generation rate in the interior of the body, 

while other aspects of this system influence the heat 

transfer away from the body interior or away from the 

surface of the skin. The major physiological and 

environmental parameters that are observed to affect this 

energy balance will also be discussed. Physical mechanisms 

of heat transfer from the body, such as radiation and 

convection and evaporation, will then be presented. 

Some physiological processes, such as shivering and 

external mechanical work, affect the internal heat 

generation rate of the body. This rate is refered to as the 

metabolic rate. Metabolism is defined (8) as the chemical 

reactions in all cells in the body; therefore the metabolic 

rate is the rate at which these reactions occur. The 

metabolic rate is measured as the amount of heat given off 

as a result of these chemical reactions. Most of the energy 

generated by the body is eventually changed into heat, yet 

some of this energy may be transformed into some type of 
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work that is external to the body. In performing work, the 

energy of the body is changed into another type of energy, 

such as potential or kinetic energy; however the amount of 

externally performed work is usually negligible compared to 

the other energies involved and is therefore not always 

included in the body heat balance. 

Shivering is a physiological process designed to raise 

internal heat production in the body; it goes into effect 

if other means to keep the internal temperature constant 

prove inadequate. When the body experiences a cold 

sensation, impulses from the nervous system are transmitted 

to muscles throughout the body. These impulses cause the 

tone of the muscles to increase. When the tone reaches a 

certain level, shivering starts. The intensity of shivering 

increases as the impulses grow stronger. If shivering 

occurs, the generated heat is added directly to the person's 

metabolic rate to influence the total metabolic heat 

production rate of the body. 

Two physiological processes that influence heat 

transfer from the interior of the body are respiration and 

blood flow to the skin. Respiration is the physiological 

mechanism that exchanges oxygen in the atmosphere with 

carbon dioxide in the lungs. In terms of heat transfer, two 

aspects of respiration are considered: dry heat transfer 

through convection and heat transfer through water vapor in 

the air. The amount of dry heat transfer by convection due 
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to vapor depends on the difference between the interior body 

temperature and the air temperature. The process of 

convection heat transfer will be presented in greater detail 

in a later part of this section. The other energy exchange 

associated with respiration, heat transfer through water 

vapor exchange, is proportional to the mass of air 

transferred in the lungs, and the amount of water vapor in 

this inhaled air depends on the relative humidity of the 

air. Relative humidity is defined (11) as the mole fraction 

of water vapor in the air at a given temperature and 

barometric pressure divided by the mole fraction of water 

vapor at saturation at the same pressure and temperature. 

The amount of water vapor in the exhaled air (which is 

assumed to be saturated) is a function of the saturated 

vapor pressure at the temperature of the exhaled air. The 

saturated vapor pressure is defined as (11) the pressure 

exerted by water vapor in a water vapor-air mixture at 

saturation conditions in the enclosure under study. Both 

aspects of heat transfer by respiration depend on the 

metabolic rate. 

Regulation of the amount of blood flow to the skin, 

measured by an equivalent skin conductance, is the other 

method of heat exchange from the body core. In a cold 

environment blood flow to the skin is reduced, causing the 

skin to act as a layer of thermal insulation. This 

physiological mechanism is called skin vasoconstriction. 
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Although vasoconstriction causes the skin temperature to 

drop, it protects the body core from a similar drop in 

temperature. In a warm environment blood flow to the skin 

is increased to improve heat exchange with the environment. 

This mechanism is called skin vasodilation. Vasodilation 

raises the thermal conductance and the mean skin 

temperature. Both vasodilation and vasoconstriction depend 

on the values of the average skin temperature and the 

internal body temperature as sensed by the body's 

thermoregulatory system. 

Two physiological processes that affect heat transfer 

from the surface of the skin to the surroundings are 

diffusion of water vapor through the skin and sweating. 

Although diffusion of water vapor is a means of heat 

transfer, it is not a controlled part of the 

thermoregulatory processes. The amount of water vapor that 

diffuses through the skin is a function of the environment's 

ability to evaporate water, which depends on the relative 

humidity, the difference between saturated vapor pressure at 

skin temperature and at ambient environment temperature, the 

convective heat transfer coefficient at the skin surface, 

and tha resistance of clothing (if any) to water vapor 

transfer. The amount of heat transfer by diffusion is also 

proportional to the fraction of the body surface that is not 

covered with sweat. The total heat loss by evaporation from 

the skin is at a minimum when there is no sweating, and it 
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is at a maximum when sweat covers the entire body surface. 

Sweating is a means of increasing heat transfer from 

the skin by evaporation of water and it begins if increasing 

the blood flow to the skin fails to keep the core 

temperature stable. As the core temperature continues to 

rise, impulses from the nervous system are transmitted to 

the layers of skin covering the body. The process of 

sweating is actually the combination of several processes 

working together: sweat secretion from sweat glands that 

lie under the surface of the skin, transportation of sweat 

from the glands to the surface by means of sweat ducts, 

propagation of sweat into a thin layer over the surface of 

the skin, and evaporation of this layer of sweat into the 

surrounding atmosphere. The amount of heat transfer caused 

by sweating depends on the core and the skin temperatures,, 

and on the fraction of skin which is covered by sweat. 

Now that the major thermoregulatory mechanisms of the 

body have been summarized, it is necessary to present basic 

information concerning the physical mechanisms of heat 

transfer away from the body surface. In addition to the 

energy transported in the respiratory process, heat is 

transferred from the body surface to the environment by 

thermal radiation, by convective heat transfer, and by 

evaporation. 

In the process of radiation heat transfer, objects that 
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are at different temperatures exchange heat with one another 

by means of electromagnetic radiation in the infrared 

portion of the spectrum. If the temperature of a body is 

greater than the temperature of the enclosure, the net 

result of infrared energy exchange will be heat transfer 

away from the body. 

In the process of convection heat transfer, energy is 

exchanged between a body and its environment by means of 

motion of a fluid that surrounds the body, usually ambient 

air. The energy source causing the fluid motion may result 

from a temperature difference between the fluid and the 

body, from an external source, (e.g., fans), or from both 

sources. In the case of the model of a human being in an 

enclosure, the surrounding fluid is the atmosphere and the 

energy, source making convection possible may come from a 

temperature difference or from an external source or both. 

In the process of evaporation, energy is required to 

change water from a liquid into a vapor. In order for the 

layer of sweat on the surface of the body to evaporate, 

energy from the surface of the body must be transferred to 

the sweat. According to Guyton (8), 0.58 Calories of energy 

are transferred from the body for each gram of water that 

evaporates from the surface of the skin, a representative 

value of the latent heat of vaporization. The mass transfer 

mechanism that governs the rate of sweat evaporation depends 

on the difference between partial pressure of water at the 
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skin temperature and the partial pressure of water at the 

ambient air (as measured by the relative humidity). 

C. Description of the Model of the Human Body 

Now that the basic thermoregulatory processes and 

physical mechanisms affecting thermal comfort have been 

reviewed, it is important to see how they are included in a 

model of the human body. In considering this model of the 

human body, there are at least three aspects to recognize: 

a conceptual model, a mathematical model, and a computer 

model. This section will summarize the conceptual model and 

present a basic explanation of the computer model that is 

found in the various programs used in this research. 

Information concerning the mathematical model of the human 

body is presented in the appendices for each of the computer 

programs and subprograms, but most of the equations are 

described in Appendix A (B0DRG2) and Appendix B (C0MFY2). 

The human body is modeled conceptually by a two or 

three-node regulatory model (See Figure 1.). The first node 

has a uniform temperature and is called the body core-the 

internal organs, the muscles, and the skeleton. The second 

layer, the skin, does not have a uniform temperature, and so 

a mean skin temperature is used in the equations. The 

person's clothes may represent a third layer at a 

temperature that must be determined. For a nude person the 

clothing temperature is replaced with the skin temperature. 
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Figure I Conceptua! Model 
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The thermoregulatory mechanisms of shivering, external 

mechanical work, and respiration are included as energy 

gains or losses for the first node. The thermoregulatory 

mechanisms of diffusion and sweating are included as energy 

gains or losses for the second node. The regulation of 

blood flow in the body is included as an energy exchange 

between the first and the second nodes. The physical 

mechanisms of heat transfer (by radiation, convection, and 

evaporation) are included as energy gains or losses for the 

second and/or the third nodes. 

Since the basic structure of the model of the human 

body and the relationship between this model and the various 

thermoregulatory processes and physical mechanisms affecting 

heat transfer have been presented, it is necessary to 

examine the relationship between this model and the concept 

of thermal comfort. Thermal comfort is defined (11) as that 

condition of mind which expresses satisfaction with the 

thermal environment. As the definition suggests, a person's 

perception of the environment is an important factor in 

determining thermal comfort. Consequently, the basis for 

the equations used to predict thermal comfort is 

experimental data from sample populations, rather than a 

derivation from heat and mass transfer equations or theory. 

In collecting this experimental data, people are subjected 

to various environmental and metabolic conditions and asked 

to describe their corresponding thermal sensation. The 
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references to many of these experiments and a summary of 

earlier formulas used to relate the thermoregulatory system 

to thermal comfort are mentioned by Fanger (4) and Hsu (9). 

Several equations are used in this model to predict 

thermal comfort as a function of the condition of the 

thermoregulatory system. For a complete description of each 

parameter used in this model to predict thermal comfort, see 

Appendix B (C0MFY2). The main parameters are: warm thermal 

sensation (TSP), cold thermal sensation (TSN), predicted 

mean vote (PMV), and the predicted percentage of 

dissatisfied (PPD). TSP and TSN are calculât id from various 

thermoregulatory parameters included in the three-node model 

of a human being. TSP is used to predict thermal sensation 

in warm conditions, while TSN is used to predict thermal 

sensation in coOl conditions. The basis for TSP and TSN 

comes from an empirical observation mentioned by Azer (5) 

that warm thermal sensation correlates best with skin 

wettedness and cold thermal sensation correlates best with 

skin temperature. Consequently, TSP is a function of a skin 

wettedness factor that is described in more detail in 

Appendix B. TSN is a function of a skin vasoconstriction 

factor that is also described in more detail in Appendix B. 

Conceptually, PMV is a numerical scale devised to 

measure the algebraic mean of the thermal sensations of a 

sample population that is exposed to various environmental 

and metabolic conditions. The thermal sensation for an 
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individual is designated by choosing which PMV value most 

closely describes the thermal sensation that the individual 

is experiencing. Some references use a seven-point scale 

for the PMV (4,7), while other references use a nine-point 

scale (9). The PMV used in this research is the nine-point 

scale, which is as follows: 

-4 = very cold 

-3 = cold 

-2 = cool 

-1 = slightly cool 

0 = neutral 

+1 = slightly warm 

+2 = warm 

+3 = hot 

+4 = very hot 

Mathematically, PMV is under most conditions equal to 

TSP in warm conditions and equal to TSN in cool conditions. 

In other words, TSP and TSN are always calculated in the 

mathematical model, yet their values are meaningful only 

during warm or cool thermal sensations, respectively. Under 

certain mathematical conditions, PMV is actually an 

algebraic combination of TSP and TSN. These conditions 

shall be explained in more detail, however, in the section 

dealing with the changes made in this model compared with 

previous models. 



16 

Conceptually, the predicted percentage of dissatisfied 

(PPD) is a numerical scale designed to indicate what 

percentage of a sample population will experience 

dissatisfaction when exposed to the given environmental and 

metabolic conditions. PPD was developed by Fanger (4) to 

provide a useful and meaningful index to describe the level 

of comfort for a given set of environmental and metabolic 

conditions. Fanger's definition of PPD is that percentage 

of a given population that is likely to vote +2, or higher, 

for warm environments or -2, or lower, for cool 

environments. In comparing thermal environments with the 

PPD, the environment with the lowest PPD value is the most 

acceptable environment for the entire sample population. 

Mathematically, PPD is a function of PMV, which was 

described in the preceeding paragraph. Table B1 lists the 

relationship between PMV and PPD as determined by Fanger 

based on many observations using human subjects. According 

to these results, the minimum PPD value is 5.0 (5% of the 

sample population is dissatisfied), while the maximum PPD 

value is 100 (the entire sample population is dissatisfied). 

The relationship between the condition of a person's 

thermoregulatory system and their perception of thermal 

comfort has been discussed by presenting a model of the 

thermoregulatory system and a model to predict thermal 

comfort and showing the correlation between the models. It 

is important to see how these models are utilized in the 
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computer model for this research. A total of six computer 

programs and subprograms are used in presenting the computer 

model: B0DRG2, C0MFY2, TRANS2, TMRSUB, FSR, and VELSUB. 

The main subprogram used in this model is called 

B0DRG2, found in Appendix A. The purpose of B0DRG2 is to 

calculate, for a given instant of time, each of the 

physiological parameters mentioned in the preceeding 

section. Several other physiological parameters are also 

calculated in B0DRG2, but they are too numerous to mention 

here. After each parameter has been calculated, they are 

combined algebraically into one or both of two differential 

equations. The first differential equation describes the 

heat balance for the interior, core, of the body (node 1), 

while the second differential equation describes the heat 

balance for the layers of skin covering the body (node 2). 

The following physiological parameters are included in the 

first equation: metabolism, external work, shivering, 

respiration, blood flow, and the time rate of change of the 

core temperature. The following physiological parameters 

are included in the second equation: blood flow, sweating, 

diffusion of water vapor through the skin, and the time rate 

of change of the skin temperature. Physical mechanisms of 

heat transfer (radiation, convection, and evaporation) are 

also included in the second equation. 

Given each of the other physiological parameters 

mentioned here, B0DRG2 uses these two differential equations 
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to calculate the instantaneous rate of change of the core 

temperature for the first node and the skin temperature for 

the second node. These two rates of change are then 

returned to B0DRG2 so that a new set of physiological 

parameters can be calculated. Although this model of the 

human body has three nodes, there is no differential 

equation to describe the heat balance for the third node-the 

clothing. The reason that there is no equation is that the 

clothing is assumed to instantaneously follow the heat 

balance on the second node-the skin. 

One of the two main programs used in this computer 

model is called COMFY2 and it is discussed in more detail in 

Appendix B. C0MFY2 is used in the first and second studies 

in this research, which examine radiant cooling panels and 

ceiling fans. To operate, C0MFY2 requires eight input 

parameters which are described in more detail later. C0MFY2 

uses data from the thermoregulatory model of the body that 

is calculated in B0DRG2. These data are used in the 

equations that predict thermal comfort and that are included 

in COMFY2. In using B0DRG2, C0MFY2 uses two initial values 

for the core and skin temperature as inputs to B0DRG2. 

After B0DRG2 returns the values for the rates of change of 

these temperatures, C0MFY2 adds these changes to the initial 

temperatures and then sends the new temperatures back to 

B0DRG2. C0MFY2 also keeps track of the time elapsed in 

reaching these temperature changes, so that the total 
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elapsed time will be kept up to date. 

This time and temperature incremental process continues 

until one of two conditions is reached. One possible way to 

stop this process involves the exposure time limit {TXP), 

which is one of the eight input parameters to COMFY2. The 

program user has the option of selecting a value for TXP, so 

that this incremental process will stop when this time has 

elapsed, whether conditions of equilibrium have been reached 

or not. The other possible way to stop this process 

involves the heat storage rate limit (QST), which is also 

one of the eight input parameters to COMFY2. If this option 

is selected, the incremental process will stop when the 

level of equilibrium as measured by QST reaches the inputed 

value. After the incremental process stops by one or the 

other of these two methods, C0MFY2 calculates each of the 

parameters used in this model to predict thermal comfort for 

a sample population. All of the major physiological and 

thermal comfort parameters are outputed, and C0MFY2 is ready 

to accept a new set of physiological and metabolic 

parameters. 

The other main program used in this computer model is 

called TRANS2, and it is discussed in more detail in 

Appendix C. TRANS2 is used in the third study of this 

research, which examines the effects on thermal comfort of 

changing a person's metabolic rate. To operate, TRANS2 also 

requires eight input parameters that are discussed in later 
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paragraphs, however TRANS2 and COMFY2 use different sets of 

these parameters. The first seven parameters are the same 

for both main programs, yet the last parameter is different. 

TRANS2 also uses the thermoregulatory model found in BODRG2 

and includes the equations to predict thermal comfort. 

TRANS2 also uses the time and temperature incremental 

process to determine values for the physiological 

parameters. In using BODRG2, however, TRANS2 first inputs a 

set of environmental and metabolic conditions for the 

purpose of reaching equilibrium conditions. After 

equilibrium has been reached, TRANS2 is ready to accept a 

new set of input parameters. The time and temperature 

incremental process for the current set of conditions 

continues until the exposure time limit is reached. In 

TRANS2, however, the thermal sensation as a function of time 

is examined, instead of just examining the thermal sensation 

at the end of the exposure process. This is accomplished in 

TRANS2 by means of the eighth input parameter, (PNT), which 

represents the time interval between successive outputs of 

data. When TRANS2 reaches each of these intervals during 

the exposure process, all of the major physiological and 

thermal comfort parameters are outputed. In this manner, 

the time dependence of these parameters can be examined by 

using TRANS2. When the exposure time has been reached and 

each of the parameters have been outputed, TRANS2 is ready 

to accept a new set of physiological and metabolic 

parameters. The initial conditions for this new set of 
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parameters is the final set of conditions from the 

preceeding set of parameters. In other words, the second 

set of conditions takes up where the first set of conditions 

left off, from the perspective of equilibrium. 

The remaining three subroutines (TMRSUB, PSR, and 

VELSUB) are available to calculate two of the eight input 

parameters for these programs and are described more fully 

in Appendices D and E. TMRSUB is used to model a human 

sitting in a six-sided enclosure. This subroutine 

determines the radiation shape factors between the person 

and each of the six surfaces. FSR is used in conjunction 

with TMRSUB to determine the radiation shape factor between 

a rectangular panel and a sphere, which is w';at the human 

body in a sitting position is modeled as. Both of these 

subroutines are used to determine the mean radiant 

temperature, which is defined in a future paragraph. 

VELSUB is used to determine another input parameter, 

the convective heat transfer coefficient, which is defined 

in the next paragraph. Using VELSUB, this coefficient can 

be determined for a human being in a variety of positions in 

either still air or moving air. The application for this 

research determines the coefficient for a human being 

sitting in a location with the air in motion. For further 

information on this conceptual model of the human body, as 

well as on earlier conceptual models, consult Hsu (9). 
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Eight parameters that describe the conditions affecting 

the human body are required inputs for these programs. Some 

of these parameters characterize the actual climate of the 

enclosure-such as the relative humidity (RH), which has been 

defined earlier. The ambient air temperature (TA) measured 

by a dry-bulb thermometer is also needed. Another parameter 

used is the mean radiant temperature (TMR), which is defined 

(11) as the uniform temperature of a black enclosure in 

which a solid body or occupant would exchange the same 

amount of radiant heat as in the existing non-uniform 

environment. The convective heat transfer coefficient (HC) 

is also needed. HC is defined (3) as the ratio of the heat 

flux from the surface of a solid body, measured at the 

surface in a direction normal to the surface, to the 

difference between the surface temperature and the 

temperature of the fluid surrounding the solid body. 

Other necessary input parameters characterize the human 

subject that is being modeled. Two input parameters 

indicate the length of time that the subject is exposed to 

the given conditions, however COMFY2 and TRANS2 use 

different sets of these time parameters. One of the inputs 

for COMFY2 is the heat storage rate limit in the body (QST), 

such that the exposure ends when this is reached. The other 

parameter is simply the exposure time limit (TXP). For 

TRANS2 the exposure time limit is also used, but the other 

parameter represents the time interval between successive 
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outputs of data (PNT). For COMFY2 either parameter can be 

used in the calculations; the program user makes his 

selection. The chosen parameter is inputed and the other 

input may be any extraneous value. For TRANS2 both time 

parameters are used in the program. 

Another input required for the program that describes 

the human subject is the metabolic rate (RMA), which has 

been defined earlier. Table 1 lists different types of 

activity and the associated metabolic rate (See Table 1.). 

Other lists of metabolic rates are available in the 

literature (4,6,7). To measure the surface area of a nude 

body, the Dubois area (7) is used as a standard reference 

value, rather than measuring the surface area for a 

particular individual. The units for the Dubois area are 

square meters, and it is found by the following empirical 

equation (w is the body mass in kilograms and h is the body 

height in meters): 

Ad = 0.202 * (w**0.425)* (h**0.725) 

For an average person with a mass of 70 kg and a height of 

1.73 m, the Dubois area is about 1.8 m^ . 

The last input parameter required by these programs is 

the amount of clothing insulation, or clo value (CL) of the 

person. A clo is a unit used to describe clothing in terms 

of its insulation abilities. A nude person has a clo value 

of 0. One clo unit has a thermal resistance of 0.155 meter^ 

-° C/watt = 0.88 foot^ -° F-hour/BTU (See reference 10.). 
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Table 2 lists various clothing ensembles and the associated 

clo value (See Table 2.). Other lists of clo values are 

available in the literature (4,6,7,12-14). 

D. Changes in Model from Previous Contributions 

Although the programs used in this paper are basically 

very similar to the program listing given by Hsu (9), there 

are several important differences to note. In some 

instances, a specific addition or substitution is made to 

the mathematical model. The purpose for these changes was 

to improve the accuracy of the programs, to correct a 

problem that was encountered, or to calculate more data for 

use in analysis. In other cases, sections of Hsu's programs 

are not included in the programs used here. 

One improvement made on the program is in the choice of 

an empirical equation used to predict the vapor pressure of 

water at various temperatures. The equation used in Hsu's 

programs (9) to calculate vapor pressure is included as the 

following function subprogram (T is temperature in Celsius): 

(Let TC2 = TC*TC, TC3 = TC**3.0, TC4 = TC**4.0.) 

TC=T/100.0 

PSMM = 6.16796 + 358.1855*TC2 - 550.3543*TC3 + 1048.8115*TC4 

RETURN 

END 
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TABLE 1 Metabolic Rate for Various Activities (1) 
M/Ad = Metabolic Rate/Dubois Area (kcal/hr*m*m) (2) 

Activity M/Ad Activity M/Ad 

Resting 
Sleeping 35 
Seated, quiet 50 

Reclining 40 
Standing, quiet 60 

Walking on a level surface (km/hr) 

3.2 100 
4.3 130 
6.4 190 

4.0 120 
5.6 160 
8.0 290 

Vehicle driving 

Car (light traffic) 50 
Car (heavy traffic) 100 
Heavy vehicle (e.g. 
power truck) 160 

Night flying 60 
Instrument flying 90 
Combat flying 120 

Heavy work 

Pushing wheelbarrow 
(57 kg at 4.5 km/hr) 125 
Handling 50 kg bags 200 

Pick & Shovel Work 200-240 
Digging trenches 300 

Domestic work 

House Cleaning 100-170 
Cooking 80-100 
Washing dishes,standing 80 

Washing by hand,ironing 100-180 
Shaving, washing, dressing 85 
Shopping 80 

Office Work 

Typing (electric) 
30 wpm 45 
40 wpm 50 
Adding machine 60 

Typing (mechanical) 
30 wpm 55 
40 wpm 60 
Draftsman 60 

(1) Source of information is Reference 4 
(2) Dubois area explanation is in nomenclature, pp. vii 



26 

TABLE 2 Clothing Insulation for Various Ensembles (1) 

1 clo = 0.155° C-meter2 /watt = 0.88° F-foot2 -hour/BTU 

Clothing Ensemble Clo 

Nude 0.0 
Shorts 0.1 
Typical Tropical Clothing Ensemble: Shorts, open- 

neck shirt with short sleeves, light socks and 
sandals 0.3-0.4 

Apollo Constant Wear Garment (astronauts): Light 
cotton under-garment with short sleeves and ankle 
length legs, cotton socks 0.35 

Light Summer Clothing: Long light-weight-trousers, 
open neck shirt with short sleeves 0.5 

Light Working Ensemble: Athletic Shorts, woollen 
socks, cottonwork shirt (open-neck), and work 
trousers, shirt tail out 0.6 

U.S. Army "Fatigues"', Man's: Light-weight underwear, 
cotton shirt and trousers, cushion sole socks and 
combat boots 0.7 

Combat Tropical Uniform: Same general components as 
U.S. Army fatigues but with shirt and trousers of 
cloth, wind resistant, poplin 0.8 

Light Outdoor Sportswear: Cotton shirt, trousers, 
T-shirt, shorts, socks, shoes and single ply 
poplin (cotton and dacron) jacket 0.9 

Typical Business Suit 1.0 
Typical Business Suit + Cotton Coat 1.5 
Heavy Traditional European Business Suit: Cotton 

underwear with long legs and sleeves, shirt, 
woollen socks, shoes, suit including trousers, 
jacket, and vest 1.5 

U.S. Army Standard Cold-wet Uniform: Cotton-wool 
undershirt and drawers, wool and nylon flannel 
shirt, wind resistant, water propellant trousers 
and field coat, cloth mohair and wool coat liner 
and wool socks 1.5-2.0 

Heavy Wool Pile Ensemble: (Polar weather suit) 3-4 

(1) Source of information is reference 4 



27 

The following equation is recommended by Moelwyn and 

Hughes (15), and is used in the programs for this paper (let 

TK = T + 273.15) 

SVP(T) = 10.0**(20.9586 - 4.084*ALOG10(TK) - 2825.4/TK) 

A simple comparison of outputs from both equations to 

published data in a steam tables handbook (15) shows that 

the second equation is a better approximation between 

temperatures of 10 - 40 degrees Celsius (See Table 3.). 

Another improvement included in the program for this 

paper deals with the predicted percentage of dissatisfied 

(PPD). The predicted percentage of dissatisfied indicates 

what percentage of a sample population would experience 

thermal discomfort when exposed to the given environmental 

conditions. This parameter is a function of the predicted; 

mean vote (PMV), which is another index of thermal 

discomfort. As noted earlier, PMV varies from -4.0 to 4.0; 

negative values represent cold thermal sensation and 

positive values represent warm thermal sensation. The 

values for warm and cold thermal sensation are calculated by 

different equations, but the problem of deciding which 

sensation value to use for the PMV depends on the relative 



28 

TABLE 3 Comparison of Vapor Pressure Equations 

p(Celsius) Hsu BODRG2 Steam Tables 

10.0 9.30434 9.24923 9.20776 
11.0 9.92304 9.88486 9.84306 
12.0 10.59230 10.55867 10.51737 
13.0 11.31172 11.27269 11.23143 
14.0 12.08114 12.02890 11.98824 
15.0 12.90065 12.82941 12.78931 
16.0 13.77061 13.67644 13.63638 
17.0 14.69161 14.57225 14.53320 
18.0 15.66450 15.51920 15.48128 
19.0 16.69040 16.51978 16.48261 
20.0 17.77065 17.57653 17.54395 
21.0 18.90685 18.69222 18.65404 
22.0 20.10087 19.86934 19.83914 
23.0 21.35482 21.11099 21.07674 
24.0 22.67105 22.42000 22.38935 
25.0 24.05219 23.79960 23.76946 
26.0 25.50109 25.25262 25.22458 
27.0 27.02087 26.78284 26.75471 
28.0 28.61491 28.39316 28.36735 
29.0 30.28681 30.08743 30.06248 
30.0 32.04047 31.86922 31.84763 
31.0 33.87997 33.74206 33.72279 
32.0 35.80973 35.71030 35.69545 
33.0 37.83436 37.77751 37.75812 
34.0 39.95872 39.94807 39.93330^ 
35.0 42.18797 42.22635 42.21349 
36.0 44.52748 44.61646 44.60619 
37.0 46.98287 47.12310 47.11139 
38.0 49.56005 49.75113 49.74411 
39.0 52.26514 52.50499 52.49684 
40.0 55.10454 55.39022 55.38458 
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values of two other parameters-XKSO and XKS. XKSO 

represents the skin conductance at thermal neutrality, whili 

XKS represents the skin conductance as a function of blood 

flow. 

In cool environments, the cold thermal sensation (TSN) 

is used for the PMV, while the warm thermal sensation (TSP) 

is used for warm climates. As long as the skin conductance 

(KS) is greater than or equal to the skin conductance at 

thermal neutrality (KSO), the TSP value is used for PMV. 

When KS becomes less than KSO, the TSN value is used for 

PMV. A discontinuity in the PMV and PPD values results if 

the TSP and the TSN values are not equal at the same time KS 

and KSO are equal. In other words, as KS becomes greater 

than KSO, PMV jumps from the value of TSN to the value of 

TSP. To correct this discontinuity, a weighted average of 

TSP and TSN is used to calculate PMV when the difference 

between KS and KSO is not greater than 10% of KSO. 

To explain this program change, BB is defined in the 

first line of this program segment to be the percentage 

difference between XKSO (the skin conductance at thermal 

neutrality) and XKS (the skin conductance as a function of 

blood flow). If the absolute value of BB is larger than 

0.1, the program jumps out of this segment. If not, two new 

parameters are calculated-A and B. A and B are weighting 

functions for the warm and cold sensation parameters and 

they are used to combine these sensation parameters into the 
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predicted mean vote. A and B are defined so that when BB is 

equal to zero, A and B are both equal to 0.5. This means 

that the PMV equals one-half of the warm thermal sensation 

added to one-half of the cold thermal sensation. The PMV is 

equal to the warm thermal sensation when BB equals -0.1, and 

the PMV is equal to the cold thermal sensation when BB 

equals 0.1. At any other value of BB, PMV is equal to the 

sum of the cold thermal sensation and the warm thermal 

sensation multiplied by their respective weighting 

coefficients A and B. 

After running these programs with a variety of 

metabolic and environmental conditions, it was observed that 

a change needed to be made in the calculation of the 

sweating and shivering parameters. Sweating and shivering 

are two physiological processes that take effect when the 

human body experiences hot or cold thermal discomfort, 

respectively. It would therefore be difficult, if not 

impossible, to find a combination of metabolic and 

environmental conditions that would result in both shivering 

and sweating. Yet there are conditions in the unaltered 

model that would result in both shivering and sweating. 

This problem is a result of inconsistencies in the empirical 

equations used in this model of the human body. 

To explain this program alteration, AA is defined in 

the first line of this program segment to be the absolute 

value of the percentage difference between XKSO (the skin 
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conductance at thermal neutrality) and XKS (the skin 

conductance as a function of blood flow). If AA is larger 

than 0.1, no percentage reductions need to be made in SW 

(sweating parameter) or in SHM (shivering parameter), so the 

program jumps to another statement. If AA is less than 0.1, 

percentage reductions are made in SW and SHM by the next two 

statements. For example, if AA = 0.05, then the new values 

of SW and SHM are equal to one-half of the old values: SW = 

SW * 10.0 * 0.05 = SW * 0.5. If AA is equal to zero, then 

SW and SHM are also set to zero. To make sure that 

shivering does not occur during warm thermal sensations and 

that sweating does not occur during cold thermal sensations, 

the last three statements of this program segment are 

included. If XKS is less than XKSO, then a cold thermal 

sensation is in effect and the sweating parameter is set to 

zero. If XKS is greater than XKSO, then a warm thermal 

sensation is in effect and the shivering parameter is set to 

zero. 

One additional change has also been made to the 

programs. WET is a parameter used in the mathematical model 

to describe the skin wettedness. WET is defined (9) as the 

total evaporative heat loss from the skin (ESK) divided by 

the maximum evaporative capacity from the skin to the 

environment (EMAX). When WET is greater than 0.4, an 

iterative procedure is needed to determine the evaporative 

heat loss due to sweat (SW), ESK, and WET. This iteration 



32 

is a necessary part of the set of empirical equations used 

to determine SW, ESK, and WET. An iteration is used in 

Hsu's program (9), yet the procedure is not identical to the 

procedure used in this research. 

Just as several additions have been made to Hsu's 

programs, there are also some aspects of his model that are 

not included here. Whereas this program only deals with 

persons in an unacclimated condition, Hsu's programs can 

model persons as they become acclimated to an expressed 

environment, and also model people who are unacclimated. 

The model used in this research does not take into account 

the effect that salt accumulation from sweating has upon 

evaporative heat exchange, but Hsu's model includes this 

effect. Hsu's program also includes a subroutine called RKG 

that uses a Runge-Kutta method of integration to determine 

the incremental change in core and skin temperature over a 

given length of time. This subroutine is not included in 

the programs in the study. For a comparison of Hsu's 

programs and the programs used here, consult reference 9 and 

Appendices A-E. 
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II. Applications for the Model of the Human Body 

A. Common Parameters in each Study 

As the supply of energy resources decreases and the 

demand for energy resources increases, additional attention 

is being devoted to finding methods to conserve these 

resources. One of the methods of doing this involves 

finding ways to use energy more efficiently-either getting 

the same benefits while using less energy or getting more 

benefits while using the same amount of energy. Numerous 

efforts are being made to conserve the energy that is used 

in keeping buildings thermally comfortable, or in other 

words, the energy that is used in the processes of heating, 

ventilation, and air conditioning. The purpose of each of 

the three studies reported in this work is to investigate 

different methods of using less energy in a room while 

attempting to keep the occupants of the room at an 

acceptable level of thermal comfort. 

In each application studied in this paper a 

displacement is made in the air temperature and mean radiant 

temperature from initial conditions of thermal comfort. To 

restore conditions of thermal comfort, a corresponding 

change is made in one or more of the input parameters for 

the computer program. The effectiveness of this particular 

response in restoring thermal comfort is examined. So that 

each of the applications can be compared with one another, 

there must exist a common set of initial conditions and a 
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common hypothetical enclosure for the model of the human 

body. 

The initial conditions used in each of these 

applications were selected so that the resulting level of 

thermal comfort would be at a maximum; or in other words, so 

that the predicted percentage of dissatisfied (PPD) would be 

at a minimum. The resulting value for the PPD is 5.0, which 

is the lowest possible value for any combination of 

environmental and metabolic conditions. The values chosen 

for each input parameter are as follows: 

RMA: metabolic rate of the person: 60.0 W/m*m 

CL: amount of clothing person has on: 0.6 clo 

HC: convective heat transfer coefficient: 3.8 W/m*m* ° C 

TA: dry-bulb air temperature: 25.0° C 

TMR: mean radiant temperature: 25.0° C 

RH: relative humidity: 0.3 

TXP: exposure time limit: 2.0 hours 

A drawing of the hypothetical enclosure used in each 

application is found in Figure 2. The enclosure consists of 

a single room with a height of 2.4 meters, a width of 4.0 

meters, and a length of 12.0 meters. Human beings are 

modeled at six different test locations in the room. Since 

the room is symmetrical all of the positions are in one 

quadrant of the room. For the purpose of determining the 

mean radiant temperatrure, the human figure is modeled as a 

sphere suspended 0.675 meters above the floor (See reference 
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Figure 2 Hypothetical Enclosure 
for this Research- 
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17.). 

1. Basic Run to Find Discomfort Levels 

In this section the air temperature (TA) and the mean 

radiant temperature (TMR) are altered from the above 

reference state to determine the corresponding level of 

dissatisfaction. The level of discomfort is measured by the 

predicted percentage of dissatisfied (PPD). During the 

initial conditions of comfort and discomfort, TA is equal to 

TMR. When TA is equal to TMR, these temperatures are also 

equal to the operative temperature, TO. The operative 

temperature is defined (11) as the uniform temperature of a 

black enclosure in which a solid body or occupant would 

exchange the same amount of heat by radiation and convection 

as in the existing non-uniform environment. In other words, 

the operative temperature can also be defined (7) as the 

average of the mean radiant temperature and the ambient air 

temperature weighted by their respective heat transfer 

coefficients. The ambient air temperature and the mean 

radiant temperature are displaced from initial conditions of 

thermal comfort, and the mean radiant temperature is then 

changed in one of the studies to restore thermal comfort. 

For this reason, only the initial value of the operative 

temperature, To(i), will be equal to TA and TMR. Columns 1 

and 2 of Table 5 list the values of To(i) used in this study 

and their corresponding PPD values. As To(i) is displaced 

from initial conditions of thermal comfort, the 



37 

corresponding level of discomfort as measured by the PPD 

increases from an initial PPD value of 5.0. For example, 

the number in the first column and the first row of Table 5 

is 27.0, the value of the initial operative temperature for 

that row of data. The next number in that row, 7.18, is the 

corresponding level of discomfort as measured by the 

predicted percentage of dissatisfied. 

B. Study 1.: Radiant Cooling Panels 

Radiant cooling panels are used to lower the mean 

radiant temperature of the enclosure that they are installed 

in. The surface of the panel is kept at a temperature lower 

than the surroundings by means of a liquid, such as freon, 

that flows through the panel. It is possible that the 

energy required to cool people by the air conditioning 

process could be used more efficiently in operating radiant 

cooling panels. In other words, radiant cooling panels 

might be able to keep the occupant of a room just as 

comfortable as an air conditioning system does, while using 

less energy to operate. The purpose of this study is to 

examine the effectiveness of radiant cooling panels, instead 

of the usual systems of air conditioning, in providing 

thermal comfort. 

Current studies of radiant cooling panels and their 

corresponding effect on thermal comfort have been published 

in the literature (18-20). Although reference 20 is not 
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directly related to the research in this study, it lists 

several sources of information on the topic of using radiant 

cooling panels to achieve thermal comfort. In this study, 

the air temperature and the temperature of the enclosure are 

raised to a designed level above the initial conditions of 

thermal comfort. Radiant cooling panels are then installed 

in the enclosure in an attempt to restore thermal 

equilibrium by changing the mean radiant temperature. Two 

characteristics of the cooling panels will be regulated to 

determine their effectiveness in restoring thermal comfort: 

the temperature of the panel, and the geometric location of 

the panel with respect to the hypothetical location of the 

person. Furthermore, two different panel configurations 

will be used in this study; a ceiling panel configuration is 

compared with a series of wall panels. The surface area of 

the ceiling panel is equal to the cumulative area of the 

wall panels, as shown in Figure 2. 

1_. Panel Compensation Temperature 

In this section radiant cooling panels are used to 

lower the mean radiant temperature of the enclosure so that 

conditions of thermal comfort will be re-established. A 

separate run of the computer program is made for each of the 

two panel configurations and for each of the six test 

locations in the hypothetical enclosure. For each test 

location and each value of the initial operative 

temperature, a corresponding panel compensation temperature 
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is determined. The panel compensation temperature, Tpc, is 

the radiant cooling panel temperature that is necessary to 

obtain a designated level for the index of discomfort-the 

PPD. 

To begin each test run, the value of Tpc is found that 

will result in a value of 6.00 for the PPD. This PPD value 

is suggested by Fanger (4) as the lowest permissible value 

for the ?PD for occupied rooms. Tpc is then incremented by 

5.0 degrees Celsius until the value for PPD reaches 10.00. 

This PPD value is suggested by the author as an upper PPD 

limit so that a maximum and a minimum value for the PPD can 

be used in analyzing the data obtained from the studies 

completed in this research. This procedure is repeated for 

each different combination of these three variables: panel 

configuration, initial operative temperature, and test 

location. Tables 4a and 4b list the values of Tpc that 

correspond to PPD values of 6.00 and 10.00 for each program 

run in this section. For example, the number in the first 

column and the first row of Table 4a is 1, the number of the 

test location for that row of data. The next two numbers in 

that row are values for Tpc when the initial operative 

temperature is 27.0. A Tpc value of 14.2 is necessary for a 

PPD value of 6.00, and a Tpc value of 43.4 is necessary for 

a PPD value of 10.00. The next two numbers, -12.0 and 24.2, 

are Tpc values that correspond to PPD values of 6.00 and 

10.00, when the initial operative temperature is 28.0. Each 
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pair of numbers in this table, and in Table 4b, is read in 

the same way. 

Additional information about this section is available 

in Table 5. Column 3 lists the value of the mean radiant 

temperature that are necessary for PPD values of 6.00 and 

10.00. For example, two numbers are listed in the first row 

and the third column of Table 5: 25.81 and 28.73. For an 

initial operative temperature of 27.0 and a desired PPD 

value of 6.00, the required mean radiant temperature is 

25.31. For a desired PPD value of 10.00, the required mean 

radiant temperature is 28.73. The fourth and fifth columns 

will be discussed in future sections. Graphical results of 

the panel compensation temperature are illustrated in 

Appendix F. The values of Tpc that correspond to PPD values 

that range from 6.00 to 10.00 are plotted for each different 

test location. A separate plot is made for each different 

combination of initial operative temperature and panel 

configuration. 

Three vertical lines appear on these graphs, and the 

graphs in the next section, that indicate the boundaries for 

one suggested maximum temperature and two suggested minimum 

temperatures for the cooling panels. The line on the right 

side of these graphs (Tpc = 25.0) corresponds to the values 

of the air temperature and the mean radiant temperature that 

are used as input parameters in obtaining initial conditions 

of thermal comfort. Consequently, panel temperatures higher 
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TABLE 4a Panel Compensation Temps, for PPD = 6.0, 10.0 

Ceiling Panel Configuration 

To(i)=27.0 
test 
No. 

28.0 29.0 30.0 

14.2 -12.0 -50.7 -152.0 

1 

43.4 24.2 0.0 -33.55 

17.0 -2.3 -27.2 -64.0 

2 

40.22 24.95 6.7 -16.25 

17.45 -0.8 -23.9 -56.9 

3 

39.7 25.1 7.8 -13.75 

16.9 -2.5 -27.6 -65.0 

4 

40.3 24.95 6.55 -16.65 

19.0 4.4 -13.1 -35.6 

5 

37.77 25.55 11.46 -5.25 

19.35 5.4 -11.15 -32.0 

6 

37.4 25.65 12.2 -3.65 

(1) 1st value is for PPD = 6.0, 2nd value is for PPD = 10.0 
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TABLE 4b Panel Compensation Temps, for PPD = 6.0, 10.0 

Wall Panel Configuration 

To(i)=27.0 
test 
No. 

28.0 29.0 30.0 

18.7 3.4 -15.2 -39.4 

1 

38.17 25.45 10.75 -6.9 

19.85 7.05 -7.9 -26.3 

2 

36.75 25.3 13.4 -1.05 

20.05 7.7 -6.7 -24.2 

3 

36.48 25.88 13.85 -0.05 

15.1 -8.7 -42.1 -106.0 

4 

42.35 24.43 2.3 -27.48 

17.6 -0.2 -22.65 -54.2 

5 

39.5 25.15 8.2 -12.8 

18.0 1.2 -19.7 -48.2 

6 

39.0 25.25 9.2 -10.5 

(1) 1st value is for PPD = 6.0, 2nd value is for PPD = 10.0 
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TABLE 5 Radiant Cooling Panel Information 

To ( i ) PPD TMR (1) Tdp Tbm (2) 

25.81 -7.8 

27.0 7.18 

28.73 

7.97 

-4.13 

24.73 -35.2 

28.0 10.89 

27.63 

8.83 

-29.2 

23.62 -93.0 

29.0 13.84 

26.50 

9.68 

-73.0 

22.47 • • • 

30.0 22.92 

25.35 

10.55 

-195.0 

(1) 1st value is for PPD = 6.0, 2nd value is for PPD = 10.0 

(2) 1st value for ceiling panel, 2nd value for wall panels 
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than the value for this boundary results in an increase of 

thermal discomfort-rather than a decrease. 

The middle vertical line on these graphs corresponds to 

one of the suggested minimum temperatures for the cooling 

panels-the dew point temperature. The dew point temperature 

(Tdp) is defined (11) as the temperature at which the 

condensation of water vapor in a space begins for a given 

state of vapor pressure as the temperature of the air-vapor 

mixture is reduced. Each of the initial operative 

temperatures used in this study has a corresponding dew 

point temperature, as listed in Table 5. For example, the 

number in the first row and the fourth column of Table 5 is 

7.97, which is the dew point temperature for an initial 

operative temperature of 27.0. As the temperature of the 

cooling panels is lowered to a value equal to or below the 

dew point temperature, water will condense on the surface of 

the panels. 

The vertical line on the left side of these graphs (Tpc 

= 0.0) corresponds to the freezing point of water. As the 

temperature of the cooling panels is lowered to a value 

equal to or below this boundary, ice will form on the 

surface of the panels. Even though it is physically 

possible to achieve panel temperatures well below these 

suggested minimum temperatures, it may not be desirable to 

do so because of the side effects encountered with a panel 

surface temperature below either of these suggested minimum 
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temperatures. An analysis of the data calculated in this 

section and a summary of the conclusions of each study are 

presented after all of the studies for this research have 

been presented. 

2. Overcompensation Run 

In this section another possible method of attempting 

to restore thermal comfort conditions using radiant cooling 

panels is investigated. For a given initial operative 

temperature, the test location requiring the lowest range of 

temperatures to achieve thermal comfort is selected. For 

example, using the information given in Table 4a for the 

ceiling panel configuration, test location 1 is found to 

have the lowest range of panel temperatures, regardless of 

the value of the initial operative temperature. Using the 

information given in Table 4b for the wall panel 

configuration, test location 4 is found to have the lowest 

range of panel temperatures, regardless of the value of the 

initial operative temperature. The range of panel 

temperatures for this test location is then used to 

determine the corresponding level of comfort for each of the 

other test locations. A separate program run is made for 

the two different cooling panel configurations. 

Graphical results of the overcompensation run for each 

value of the initial operative temperature and for each of 

the two panel configurations are illustrated in Appendix F. 
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An analysis of the data calculated in this section is 

included with results from each of the other studies in a 

section immediately after all of the studies for this 

research have been presented. 

2- Balanced Mean Temperature Run 

This section examines another possible method of 

restoring thermal comfort conditions. For a given initial 

operative temperature, the two test locations requiring the 

highest and lowest range of temperatures to achieve thermal 

comfort are selected. By making repeated runs of the 

computer program, a panel temperature is then found that 

results in the same level of thermal sensation for these two 

test locations. This temperature is called the balanced 

mean temperature, Tbm. Values for Tbm for the ceiling panel 

and the wall panel configurations are found in column 5 of 

Table 5. For example, two numbers are listed in the first 

row and the fourth column of Table 5: -7.8 and -4.13. For 

an initial operative temperature of 27.0, the value of Tbm 

for the ceiling panel configuration is -7.8. For the same 

value of To(i), the value of Tbm for the wall panels 

configuration is -4.13. It must be pointed out that 

although this value for the panel temperature will result in 

equal levels of thermal sensation for the two test 

positions, one person will experience warm thermal sensation 

while the other person will experience cold thermal 

sensation. 
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An analysis of the data calculated in this section is 

included with results from each of the other studies in a 

section immediately after all of the studies for this 

research have been presented. 

C. Study 2: Ceiling Fans 

Ceiling fans are designed to increase the speed of the 

air in the enclosure that they are installed. When the air 

speed increases, this raises the convective heat transfer 

coefficient of the enclosure and raises the cooling effect 

of the air on the occupants in the enclosure. It is 

possible that the energy required to cool people by the air 

conditioning process could be used more efficiently in 

operating ceiling fans. In other words, ceiling fans might 

be able to keep the occupants of a room just as comfortable 

as an air conditioning system does, while using less energy 

to operate. The purpose of this study is to examine the 

effectiveness of ceiling fans, instead of the usual systems 

of air conditioning, in providing thermal comfort. 

Current studies of ceiling fans and their corresponding 

effect on thermal comfort have been published in the 

literature (21-23). In this study, the air temperature and 

the temperature of the enclosure are raised to a designated 

level above the initial conditions of thermal comfort. 

Ceiling fans are then installed in the enclosure in an 

attempt to restore thermal comfort by changing the 
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convective heat transfer coefficient (HC). The geometric 

location of the fan with respect to the hypothetical 

location of the person is not a parameter in any of the 

equations used in Appendix E (VELSU3) to determine HC. 

Therefore, only the speed of the moving air is régulât -d to 

determine the effectiveness of the ceiling fan in restoring 

thermal comfort. It is assumed that one fan is installed 

above each test location in the enclosure. According to 

references 21 and 23, ceiling fans can generate air 

velocities as high as 2.0 meters/sec. 

1. Air Compensation Velocity 

In this study ceiling fans are used to raise the 

convective heat transfer coefficient of the enclosure so 

that conditions of thermal comfort will be re-established. 

Since the location of the fans is not changed and since tha 

effect of the fans is not dependent upon the location of the 

test subject, only four runs of the computer program are 

made. These runs correspond to the four different initial 

operative temperatures used in this study. For each 

different value of the initial operative temperature, a 

corresponding air compensation velocity is determined. The 

air compensation velocity, Vac, is the resultant air 

velocity caused by the rotation of the ceiling fans that is 

necessary to obtain a designated level for the index of 

discomfort-the PPD. 
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To begin each test run, the value of Vac is found that 

will result in a value of 6.00 for the PPD. Vac is then 

incremented by 0.05 m/sec until the value of PPD reaches 

10.00. This procedure is repeated for each different value 

of the initial operative temperature. Table 6 lists the 

values of Vac that correspond to PPD values of 6.00 and 

10.00 for each program run in this study. The calculated 

value for the convective heat transfer coefficient is also 

listed. 

To explain the data listed in Table 6, the number in 

the first column and the first row of Table 6 is 27.0, the 

value of the initial operative temperature for that row of 

data. The next number in that row, 7.18, is the 

corresponding level of discomfort as measured by the 

predicted percentage of dissatisfied. These two numbers 

also appear in the same row and column of Table 5 and are 

discussed in section II.A.1., which describes a basic 

program to find discomfort levels. The next two numbers 

represent values for the air compensation velocity, Vac. 

The resulting value for PPD is 6.00 when Vac = 0.378, and 

the resulting value for PPD is 10.00 when Vac = 0.1735. The 

last two numbers in this row are values for the convective 

heat transfer coefficient. The corresponding value for HC 

is 4.65 when Vac = 0.378, and the corresponding value for HC 

is 2.91 when Vac = 0.1735. 
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TABLE 6 Ceiling Fan Data 

To ( i ) PPD Vac (1) HC (1) 

0.378 4.65 

27.0 7.18 

0.1735 2.91 

0.69 6.67 

28.0 10.89 

0.296 4.02 

1.32 9.85 

29.0 15.84 

0.472 5.31 

2.65 14.96 

30.0 22.92 

0.7157 6.82 

(1) 1st value is for PPD = 6.0, 2nd value is for PPD = 10.0 
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Graphical results of Vac are illustrated in Appendix F. 

Since the values for Vac and the initial operative 

temperature are the only variables that affect PPD values in 

this study, the data is plotted on a single graph. Two 

vertical lines appear on this graph that indicate the 

boundaries for the suggested maximum and minimum air 

velocities. The line on the left side of the graph (Vac = 

0.27) corresponds to the value of the convective heat 

transfer coefficient that is used as an input parameter in 

obtaining initial conditions of thermal comfort. Therefore, 

any value of this air velocity (and any corresponding heat 

transfer coefficient) that is less than the value for this 

boundary actually serves to increase thermal discomfort- 

rather than to decrease it. 

The second vertical line on this graph corresponds to a 

suggested maximum air velocity (Vac = 0.8). This velocity 

is observed (21) to cause lightweight objects to be blown 

about. This value may be too low to be used as a maximum 

air velocity for this study, since it is reported to be a 

constant air velocity of this magnitude. In contrast, 

ceiling fans provide a variable air velocity that varies 

with time and with geographical distance from the fan. 

Moreover, when ceiling fans were used in the reference 

mentioned above to create a variable air velocity of about 

0.8 m/sec, no objects were observed to be blown about. No 

other suggested maximum air velocities have been found in 
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the literature; therefore the value of 0.8 m/sec will be 

used in this study. An analysis of the data calculated in 

this section and a summary of the conclusions of each study 

are presented after all of the studies for this research 

have been mentioned. 

D. Study 3: Change of Metabolism 

Increasing the metabolic rate of a person by 

exercising, by walking up and down a staircase, or by any of 

a number of other methods can improve the level of thermal 

comfort of a person in a cold environment. In some types of 

jobs the level of metabolism required to perform the work is 

high enough to compensate for a cold environment that may be 

present at the job location. On the other hand, some jobs 

only require a metabolic rate near sedentary conditions, 

which is inadequate to compensate for a cold environment. 

If this type of work must be performed in a cold 

environment, other methods must be used to keep the 

occupants of the enclosure at an acceptable level of thermal 

comfort. 

It is possible, however, that if the occupants exercise 

(or use some other method to raise their metabolic rate) at 

a certain level of intensity and for a long enough time 

interval, that the level of thermal comfort will remain 

acceptable even during the time intervals when the 

occupants' metabolic rate is near sedentary conditions. The 
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purpose of this study is to examine the effectiveness of 

having the occupants in an enclosure perform a certain level 

of exercise for a certain length of time in order to 

compensate for the effects of the cold environment that the 

occupants are working in. 

Reference 24 is not directly related to the focus of 

this particular study, yet it has more in common with this 

study than with any other published papers that were found 

in the literature. In this study, the air temperature and 

the temperature of the enclosure are lowered to a designated 

level below the initial conditions of thermal comfort. The 

metabolic rate input parameter is then raised for a fraction 

of the total exposure time in an attempt to improve thermal 

conditions during the entire exposure time. Three 

parameters of this procedure will be regulated to determine 

their effectiveness in restoring thermal comfort: the 

amount of the increase in the metabolic rate, the fraction 

of time over which the increase is made, and the location 

during the exposure time period of the time intervals with a 

different metabolic rate input. 

Several important differences need to be observed in 

comparing this study with the first and second studies. 

First of all, the initial operative temperatures in this 

study are lower than the operative temperature for thermal 

comfort, whereas they are higher than the operative 

temperature for thermal comfort in the first two studies. 
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In this study the input parameter that is manipulated 

describes the human ^eing to be modeled, yet an 

environmental input parameter is manipulated in the other 

two studies. Furthermore, a different program is used in 

this study; whereas C0MFY2 (See Appendix B.) is used in 

studies 1 and 2, TRANS2 (See Appendix C.) is used in this 

study. 

Perhaps the most important difference to note in 

comparing this study with the other two deals with the 

manner in which the data is calculated. In the first two 

studies a new variable is introduced and is manipulated to 

obtain a specific thermal sensation response at the end of 

an exposure time of two hours. In the first study, this 

variable is the panel compensation temperature, which 

indicates the temperature for the radiant cooling panels 

that is necessary to lower the mean raqdiant temperature and 

to achieve a desired level for the thermal sensation 

response. In the second study, this variable is the air 

compensation velocity, which indicates the air speed 

necessary to raise the convective heat transfer coefficient 

and to achieve a desired level for the thermal sensation 

response. In this study the metabolic rate is manipulated 

for discreet intervals of time in order to observe the 

transient effect on the thermal sensation response during 

the entire two hour exposure time. Since there is no 

specific thermal sensation response that is the desired 
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result, there is no need to introduce a new variable into 

this study. 

In order to determine the effectiveness of this 

approach in restoring thermal comfort, there must be a 

standard to compare the results with. To create this 

standard, a separate set of runs of this computer program is 

made to determine the thermal sensation response over the 

time interval when there is no manipulation of the metabolic 

rate. Numerical results of these program runs are listed in 

Table 7. Program runs made at temperatures of 20 and 21 

degrees Celsius revealed mathematical instabilities in the 

output of the model that must be corrected in further 

research. Hence, 20 and 21 degrees Celsius are not used as 

temperature values in this research. 

To begin each test run, each of the input parameters 

are set to the values lilisted earlier for the initial 

conditions of thermal comfort. The exposure time is set at 

five hours, so that each run will have no influence 

whatsoever from the previous run. After this step is 

completed, the air temperature and the mean radiant 

temperature are set to one of the values for the initial 

operative temperature. At either one or two points in the 

two hour time interval, the metabolic rate is raised to a 

designated level for a designated period of time. When this 

period has elapsed, the metabolic rate is returned to its 

initial level. After two hours have elapsed, the input 
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TABLE 7 PPD as a Function of Time 

Time To(i)=22.0 To(i)=19.0 

0.0 5.01 5.01 

12.0 5.12 5.64 

24.0 5.53 11.12 

30.0 5.69 16.73 

42.0 6.09 30.09 

54.0 6.48 32.06 

60.0 6.64 32.41 

72.0 6.89 32.78 

84.0 7.11 32.93 

90.0 7.19 32.97 

102.0 7.31 33.01 

114.0 7.38 33.03 

120.0 7.41 33.03 
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parameters are re-set to the conditions for thermal comfort 

to prepare for the next run. This procedure is repeated for 

each different combination of these four variables: 

metabolic rate change, initial operative temperature, length 

of time of the metabolic rate change, and location during 

the exposure time period of the time intervals. 

Graphical results of the data obtained in this study 

are illustrated in Appendix F. The different values of the 

metabolic rate change are plotted on the same graph. A 

separate plot is made for each different combination of 

initial operative temperature, length of the time interval, 

and location of the time interval. The label that is 

adjacent to each of the lines on these graphs represents the 

value of the metabolic rate that was used in calculating 

data for that particular line. An analysis of the data 

calculated in this section and a summary of the conclusions 

of each study are presented in the next section. 
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III. Conclusions 

Study 1: Radiant Cooling Panels 

To summarize this study, the air temperature and the 

mean radiant temperature were raised in the hypothetical 

enclosure to discreet levels above initial temperature 

conditions of thermal comfort. To restore thermal comfort 

conditions at the higher temperatures, radiant cooling 

panels are simulated by varying the surface temperature of 

portions of one or more of the surfaces of the enclosure. 

This affects the mean radiant temperature, and the 

effectiveness of this method of restoring thermal comfort is 

examined. Each of the three sections of this study will be 

discussed separately. 

In the first section, radiant cooling panels are used 

to lower the mean radiant temperature of the hypothetical 

enclosure. As the eight graphs for this section indicate, 

there are instances where radiant cooling panels can restore 

thermal comfort conditions for people exposed to a warm 

environment by lowering the mean radiant temperature. Yet 

there are at least three factors that limit the 

effectiveness of cooling panels in providing thermal 

comfort-the physical location of the panel, the distance 

between the panel and the individuals to be cooled, and the 

temperature of the air and the surfaces of the enclosure not 

covered by a cooling panel. 
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As mentioned earlier, if the surface temperature of the 

cooling panel is below the dew point temperature, water will 

condense on the panel surface from the atmosphere. It is 

possible that the physical location (and therefore the 

utilization) of a cooling panel at this temperature would be 

restricted if the condensate dripped from the surface. This 

problem is discussed in more detail in reference 18. The 

physical location of the panel is also limited by radiant 

asymmetry, which is simply the condition of uneven radiant 

heating or cooling over the entire body. The radiant 

cooling panel may be positioned so that it cools one section 

of the individual, yet a radiant heat source in the 

enclosure may be warming another section of the individual. 

If this happens, the individual may be in thermal 

neutrality, but they would hardly experience thermal 

comfort. Radiant asymmetry is one example of local thermal 

discomfort, which is discussed in more detail in the 

recommendations section of this research. The limitation of 

physical position of panels with respect to radiant 

asymmetry is discussed in more detail in reference 18. 

Since the distance between a radiant cooling panel and 

the individuals to be cooled is an important parameter in 

calculating the mean radiant temperature, the effects of 

this limitation are readily apparent in the graphs. As the 

graphs indicate, when the distance between the panel and the 

person increases, the effectiveness of that panel is 
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noticeably reduced. If cooling panels are to be used, each 

person must have one or more panels near them that have a 

surface area large enough to significantly affect the mean 

radiant temperature of the enclosure. If the enclosure is 

large or if the number of occupants is large, the use of 

cooling panels may be economically unjustified. The effect 

of this problem limits cooling panels to small enclosures or 

to enclosures with a small number of occupants. 

The temperature of the air and the surroundings, as 

measured by the initial operative temperature, is probably 

the greatest limitation to the effectiveness of radiant 

cooling panels. Of the temperatures used in this study, 

only 28 degrees Celsius is a recommended level when cooling 

panels are used. 27 degrees Celsius does not increase the 

level of discomfort significantly, although individuals may 

choose to operate cooling panels at this temperature anyway. 

In order to reach most of the comfort levels at this 

temperature, however, The cooling panels must be set to a 

surface temperature above the value used for the initial 

comfort conditions. In other words, the radiant cooling 

panel becomes a radiant heating panel. At 29 or 30 degrees 

Celsius, however, the cooling panels fail to adequately 

restore thermal comfort over most or all of the range of the 

calculations, unless the panel temperature exceeds the 

suggested minimum panel temperatures. At any temperature 

above 30 degrees Celsius, the cooling panels would obviously 
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be even less effective in restoring thermal comfort. A 

temperature of 28 degrees Celsius seems to be the best 

temperature to operate cooling panels for most of the range 

of the calculations. 

The other two sections of the study involve extreme, 

though not unthinkable, attempts to restore thermal comfort 

by using radiant cooling panels. In the second study, each 

of the occupants in the six locations are exposed to the 

lowest range of panel temperatures required by any of the 

occupants. The problem with this approach to restore 

conditions of thermal comfort is that the increase in 

thermal comfort for each of the other test locations is not 

usually significant enough to justify setting the cooling 

panels at the lowest range of temperatures. In other words, 

a point is reached such that further lowering of the panel 

temperature does not result in a significant improvement in 

thermal comfort. This fact becomes more apparent as the 

initial operative temperature is raised to values that are 

further and further away form thermal comfort conditions. 

In the third study, a panel temperature for all of the 

occupants is selected that results in the same level of 

thermal sensation for the two test subjects requiring the 

least and the greatest amount of cooling. This approach 

might at first seem to be a reasonable method of attempting 

to restore thermal comfort conditions. If all of the 

persons in a room cannot experience the same level of 
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thermal comfort, it might be appropriate to set the 

environmental conditions so that some of the people are 

slightly too warm, while others are slightly too cold. The 

problem with this idea is that each of the values for Tbm 

found in this section are below the lower minimum value for 

the panel cooling temperature. Moreover, there is no 

corresponding value for Tbm when the initial operative 

temperature is set at 30.0 degrees Celsius and the ceiling 

panel configuration is used. Absolute zero is not cold 

enough! Radiant cooling panels are not as effective when 

the distance from the panel to the object to be cooled is 

great, or when the temperature displacement from thermal 

comfort conditions is extreme. 

Study 2: Ceiling Fans 

To summarize this study, the air temperature and the 

mean radiant temperature were raised in the hypothetical 

enclosure to discreet levels above initial temperature 

conditions of thermal comfort. To restore thermal comfort 

conditions at the higher temperatures, ceiling fans are 

simulated by varying the velocity of the air in the 

enclosure. This affects the convective heat transfer 

coefficient, and the effectiveness of this method of 

restoring thermal comfort is examined. 

As the graph for this study indicates, ceiling fans can 

increase the air velocity of an enclosure and can therefore 
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improve the thermal comfort conditions for individuals 

exposed to a warm environment. There are at least three 

factors, however, that limit the effectiveness of the 

ceiling fan in providing thermal comfort-the variability of 

the air velocity, the distance between the fan and the 

individuals to be cooled, and the surfaces of the enclosure. 

As has been mentioned briefly in the section of this 

research dealing with ceiling fans, the air velocity 

produced by a ceiling fan varies with time. This 

characteristic of the ceiling fan is also discussed in 

reference 21. Since the air velocity is variable, the 

convective heat transfer coefficient and the corresponding 

level of thermal comfort are also variable. It is suggested 

in reference 21 that the variability of the air velocity is 

a helpful factor in providing thermal comfort to the 

individuals affected by it. Yet it must also be pointed out 

that this characteristic increases the uncertainty in 

predicting the effectiveness of the fan. 

The reason that the distance between the fan and the 

individuals affected by it was not a factor in this study 

was that no equations were found in the literature that 

included distance as a variable. Yet it is obvious that 

someone who is seated directly under a fan will experience 

more comfort from the fan than someone who is seated several 

meters away from the fan. This problem is avoided to a 

certain extent in this study by assuming that one fan is 
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installed above each test location in the hypothetical 

enclosure. If this practice were followed in a large room 

with several occupants, howe/er, the cost-effectiveness of 

the ceiling fans would be reduced. It is therefore 

important to recognize that the distance between the fan and 

the individuals to be cooled is a significant limitation to 

the effectiveness of the fan. 

The temperature of the air and the surroundings, as 

measured by the initial operative temperature, is probably 

the greatest limitation to the effectiveness of the fan. As 

shown on the graph for this study, 27 or 30 degrees Celsius 

are not recommended values for the initial operative 

temperature when ceiling fans are used. 27 degrees Celsius 

does not increase the level of discomfort significantly, 

although individuals may choose to operate the fan at this 

temperature anyway. In order to reach most of the comfort 

levels at this temperature, however, the convective heat 

transfer coefficient must be set to a value lower than the 

coefficient used for the initial comfort conditions. In 

other words, the fan must be turned off. 

At 30 degrees Celsius, however, the ceiling fan fails 

to adequately restore thermal comfort over most of the range 

of the calculations, unless the air velocity exceeds the 

suggested maximum air velocity. At any temperature above 30 

degrees Celsius, the ceiling fan would obviously be even 

less effective in restoring thermal comfort. Temperatures 
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of 28 or 29 degrees Celsius seem to be acceptable over most 

of the range of the calculations when ceiling fans are in 

operation. 

Study 3: Change of Metabolism 

To summarize this study, the air temperature and the 

mean radiant temperature were lowered in the hypothetical 

enclosure to discreet levels below initial temperature 

conditions at the lower temperatures, the metabolic rate of 

the model of a human is raised to discreet levels for 

discreet periods of time during the entire exposure time. 

This causes the thermal sensation to vary with time, and the 

effectiveness of this method of restoring thermal comfort is 

examined. 

As the graphs for this study indicate, changing the 

metabolic rate of an individual for certain intervals of 

time can improve the thermal comfort conditions for 

individuals exposed to a cool environment. There are at 

least four factors, however, that limit the effectiveness of 

a change in metabolism in providing thermal comfort-the 

decrease in work output and productivity associated with 

this approach, the amount of the change of metabolism, the 

location of the metabolism changes during the exposure time, 

and the temperature of the air and the surfaces of the 

enclosure. 
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It must be pointed out that although the first two 

studies of this research (radiant cooling panels and ceiling 

fans) do not adversely affect the work output or the 

productivity of the individuals, the method of compensation 

in this study does have an adverse affect on work output or 

productivity. If a certain level of metabolism were 

maintained throughout the exposure time, then the thermal 

comfort problems associated with cool environments could be 

solved. Yet the occupants will not get any of their work 

accomplished if they spend all of their :ime exercising. 

Furthermore, it should be pointed out that changing the 

metabolic rate for brief periods of time can disrupt the 

concentration and the productivity of the occupants when 

they finish exercising and return to their sedentary work 

activities. If this is to be used, then the cost of 

restoring thermal comfort must be determined in terms of the 

effect on work output and productivity. 

Although the amount of the change of metabolism is 

included as a variable in this study, the effect of this 

parameter in the graphical results is not as great as one 

might expect. In most of the graphs for this study the 

effect of changing the metabolic rate from one level to 

another above sedentary conditions does not ppreciably 

improve the level of thermal comfort. The major exception 

to this generalization is the occurence of brief periods of 

high thermal discomfort that appear at certain levels of the 
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metabolic rate as the human (or the modeling equations) 

adjusts to the new metabolic conditions. The important 

factor in using the metabolic rate in improving thermal 

comfort is not so much a function of the change in 

metabolism as it is a function of whether or not the 

metabolism is changed. 

According to the graphical results of this study, the 

location of the metabolism changes during the exposure time 

significantly affects the thermal comfort response of the 

individual. Setting the time interval only at the beginning 

of the exposure time (sections 1 and 2 of this study) is not 

the optimal location for a metabolism change. On the other 

hand, setting the time interval at the beginning and at the 

middle of the exposure time (sections 3 and 4 of this study) 

improves the thermal comfort response noticeably. A 

suggested future study would set the change of metabolism 

only at the middle of the exposure time, to determine if 

these results differ significantly from the results of 

sections 3 and 4. Changing the metabolism at the beginning 

of the exposure time does not significantly affect thermal 

comfort responses since the individual reached equilibrium 

conditions before beginning the exposure time. 

The temperature of the air and the surroundings, as 

measured by the initial operative temperature, is probably 

the greatest limitation to the effectiveness of a metabolism 

change. Neither 19 nor 22 degrees Celsius can be 
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recommended as temperature levels when this practice is 

followed. 22 degrees Celsius does not increase the level of 

discomfort significantly, but the level of improvement in 

the thermal comfort response at this temperature is 

insignificant anyway. When the temperature is set to 19 

degrees Celsius, a change in metabolism can improve thermal 

comfort significantly, yet it is questionable whether the 

improvement is sufficient for the individuals in the 

enclosure. For example, reducing the PPD from 30.0 to 15.0 

by this approach can be considered as evidence to support 

this approach from a mathematical perspective. Yet if an 

individual is dissatisfied at both PPD values, they will not 

consider this approach to be a success. 

Of the three studies examined in this research, this 

study is perhaps the least efficient approach to improving 

thermal comfort conditions. A suggested future study for 

dealing with cool environments would involve increasing the 

amount of clothing the person is wearing. A detailed study 

of this approach to restoring thermal comfort is found in 

reference 10. 
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IV. Recommendations 

There are a number of areas for further research in 

the study of thermal comfort and mathematical modeling of 

the human body. Some of these areas are included in the 

following: further improvments on a curve-fit between the 

warm thermal sensation and the cold thermal sensation, 

further analysis of the various physiological mechanisms and 

physical processes affecting the regulation of body 

temperature, a study of the normal variations in body 

temperature, and a study of non-thermal controls of body 

temperature. Most of the following recommendations for 

future study involve physiological systems described in a 

text written by Guyton (8). Other references will be 

mentioned as they are used. 

When the metabolic rate input parameter of the person 

being modeled is at or near sedentary conditions (RM = 58.2 

W/m*m), the curve-fitting technique used to match the warm 

and cold thermal sensations provides acceptable results. 

When the metabolic rate is substantially above sedentary 

conditions, however, an undesirable condition results. A 

plot of the change in thermal sensation with respect to 

changes in, say, air and mean radiant temperatures contains 

a local maximum and a local minimum at the boundaries where 

the curve-fitting technique is used. 

To solve this problem, two improvments on this 
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technique were tried but discarded. One suggestion involves 

changing the boundaries so that the curve-fit could be used 

over a greater region. In this way the warm and cold 

sensation values could be combined in more instances. The 

problem with this approach is that the local maximums and 

minimums tend to follow the boundaries, due to the behavior 

of the warm and cold thermal sensation curves. 

The second suggestion involves discarding the 

sensation curves over the region in question and using 

another curve-fit that is based on the boundary conditions. 

The problem with this is that there is no method of 

determining the sensation when the boundary conditions are 

known. In other words, the overall skin conductance and the 

skin conductance at thermal neutrality are two parameters 

that determine whether the warm or cold thermal sensation 

curves should be used for the predicted mean vote. The 

percentage difference between these parameters is used to 

set the boundaries over which a curve-fit is to be employed. 

When these values are given, however, it is not possible to 

obtain the corresponding values for the warm or the cold 

thermal sensation. More research in mathematical modeling 

techniques that would apply to this type of problem is 

suggested, so that improved results can be obtained when the 

metabolic rate is substantially above sedentary conditions. 

There are a few physiological mechanisms and physical 

processes known to man that help to regulate body 
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temperature but are not currently considered in this model. 

For instance: the mechanisms of radiation, convection, and 

evaporation are accounted for in the model as they relate to 

heat transfer to and from the body. Heat conduction from 

the body to some other object is not currently taken into 

consideration, however, partly because its contribution to 

the total heat transfer is minute. Its contribution is 

therefore neglected, since either the area of contact or the 

temperature difference between the person and the object are 

small. Yet it is precisely in these two situations that 

additional modeling would be helpful. A condition necessary 

for thermal comfort to exist in a person is thermal 

neutrality-a balance between the rates of heat production 

and heat loss. Yet it is possible to have thermal 

neutrality over the entire body while experiencing local 

discomfort at certain areas of the body. For example, a 

barefoot person standing in ice water while placing his hand 

on a stove may be in thermal neutrality over his entire 

body, even though he would hardly be in a state of thermal 

comfort. It may be possible to develop a subroutine that 

would input various parameters relating to local thermal 

discomfort-such as the area of contact and the temperature 

of the object or medium in question. This subroutine would 

determine the resultant local heat transfer and the 

associated effect on the person's thermal comfort. Current 

research on local discomfort and its corresponding effect on 

thermal comfort for the entire body has been published in 



72 

the literature (25-28). 

Physiological mechanisms exist in the body to 

increase the rate of heat loss when the person experiences a 

sensation of warmth. Two of these effects, vasodilation of 

the skin and thermoregulatory sweating, are accountei for in 

the included programs. Two other mechanisms that affect 

sweating have been modeled with mathematical equations but 

are not included in these programs, namely the effects of 

the accumulation of sodium chloride and waste products on 

the skin, and the acclimatization effects due to continued 

exposure to hot conditions. For further discussion of these 

mechanisms, consult Hsu (9) or Azer (5,29). 

Another physiological factor exists in the body that 

affects the sweating mechanism and merits further study. At 

birth, a baby has an abundance of sweat glands in his body. 

If the child grows up in the temperate zones, many of these 

glands become permanently dormant. Yet a person raised in 

the tropics will have a more effective system of sweat 

control, since most or all of their glands remain 

functional. Studies by Fanger (4) seemed to indicate that 

geographic location did not significantly affect the 

conditions desired for thermal comfort. However the 

sweating mechanism is of minor importance during conditions 

of thermal comfort and thermal neutrality. An effectiveness 

comparison of sweating mechanisms between people raised in 

the tropics and people raised in temperate zones seems 



73 

justified. 

When the body experiences a cold sensation, several 

physiological systems are set into action that re-adjust the 

body's temperature balance. These systems can be divided 

into two categories according to their effect: the effect 

of conservation of heat currently in the body and the effect 

of increased production of heat within the body. 

Vasoconstriction of the skin is one mechanism that is 

successful in conserving heat and is modeled in the 

programs. Another mechanism that is used by the body to 

conserve heat but is not currently modeled in the existing 

programs is piloerection-in other words, the hairs on the 

skin surface "stand on end". The effect of this mechanism 

is to reduce heat convection away from the body by the flow 

of air immediately adjacent to the skin surface. This 

mechanism is less effective in humans than in most animals, 

due to a relative scarcity of human hair. Nevertheless it 

does contribute to heat conservation in the body; a study of 

piloerection for the purpose of mathematical modeling is 

suggested. 

Shivering is a metabolic response of the body that 

increases heat production during periods of cold thermal 

sensation. Two other mechanisms also exist in the body that 

cause an increase in body metabolism. One of these 

mechanisms originates in the sympathetic nervous system. 
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The sympathetic nervous system is a part of the automatic 

nervous system, which controls the visceral functions of the 

human body. When the sympathie nervous system is stimulated 

by a cold sensation, two hormones are released-epinephrine 

and norepinephrine. The effect of the stimulation of the 

nervous system and the release of these hormones is to 

increase the rate of metabolism in the body. This effect is 

known as chemical thermogenesis; a study of this effect for 

the purpose of mathematical modeling is suggested. 

Another system for increasing a person's metabolism 

during exposure to cold environments includes the 

hypothalamus and the thyroid gland. The hypothalamus serves 

as the body's thermostat, or simply as its temperature 

regulation center. The hypothalamus initiates several 

thermoregulatory mechanisms that have already been 

discussed: sweating, vasodilation, vasoconstriction, 

shivering, and other mechanisms. The hypothalamus also 

causes the thyroid gland to increase production of thyroxine 

during periods of cold thermal sensation. Thyroxine serves 

to increase the body's metabolic rate, although this is not 

a short-term effect. Several weeks are needed for the level 

of thyroxine secretion to reach the amount determined by the 

hypothalamus. This effect may be analagous to the 

acclimatization effect on sweating that occurs during 

prolonged exposure to hot climates. Further research into 

this mechanism would help to model the acclimatization 
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process in cold environments. 

A final recommendation for further research of 

physiological mechanisms involves i study of reactions to 

extreme heat or cold. These examples are obviously not 

within the range of thermal comfort; moreover, prolonged 

exposure to these conditions can result in injury or death. 

The purpose of such a study would be to determine at what 

conditions the body can no longer adequately protect itself, 

and to include these conditions in the mathematical model. 

That way, someone using this model would know whether or not 

these conditions were reached during experimental studies of 

thermal comfort. 

In cddition to a study of the body's physiological 

processes dealing with temperature regulation, research is 

also recommended into the normal variations of body 

temperature. The causes of a change in body temperature 

include, but are not limited to, the following phenomena; 

the age of the person, the sex of the person, the body build 

of the person, the food intake of the person, the female 

menstrual cycle, and the circadian rhythm-which is a 

variation of the core temperature with respect to the time 

of the day. Several studies have been made to find the 

effect of these factors at thermal comfort conditions 

(4,30-34). The metabolic rate has been observed to be 

slightly lower when comparing elderly subjects with middle 

aged adults, yet the comparison studies of adults and 
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children are inconclusive. At conditions of thermal 

comfort, the sensations of males and females are observed to 

be of little or no significance. The female menstrual cycle 

and the circadian rhythm do cause the person's core 

temperature to vary with the day of the cycle or the time of 

the day, yet the effect of these factors on thermal comfort 

appears to be negligible. Since most of the studies 

referred to have limited their observations to conditions of 

thermal comfort, a study of each of these factors is 

suggested to determine its influence during periods of hot 

or cold sensation. Results of these studies could be used 

to further improve and modify the mathematical model, if the 

results uncovered a significant influence. 

The final recommendation suggests further study into 

the effects on temperature sensation caused by non-thermal 

factors. The necessity of such a study becomes more 

apparent as the definition of thermal comfort is reviewed. 

According to ASHRAE Standard 55-74, "Thermal Environmental 

Conditions for Human Occupancy" (11), thermal comfort is 

defined as that condition of mind which expresses 

satisfaction with the thermal environment. There are 

certainly other factors besides environmental and metabolic 

parameters that influence a person's mental perception of 

satisfaction with the environment. Such factors include, 

but are not limited to, the following variables: color and 

lighting of surroundings, amount of crowding in the 
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enclosure, incentive and personality and temperment of the 

subject, perceived temperature, and sociological norms. 

Some studies on these factors have been published in the 

literature (35-40). 

Several characteristics of these non-thermal 

parameters create difficulties when studying their effects. 

First of all, the fact that these factors have no direct 

relationship to temperature and heat transfer means that 

they are not within the realm of thermal science. The 

contributions of psychologists, sociologists, and even 

interior designers must be included in a study of these 

factors. Furthermore, the artificial, controllable 

environment of a laboratory setting is ideal for studying 

thermal variables but may be a source of error when 

examining mental perceptions of comfort. Since the 

laboratory is unlike the natural interior environment that 

people are accustomed to, different perceptions of comfort 

or discomfort may be introduced into the laboratory study. 

Although field studies allow little or no control over 

physical factors, they would be a helpful contribution in a 

study of non-thermal effects since they deal with real world 

settings. 

Finally, the goal of determining empirical equations 

to model the effects of non-thermal variables on comfort 

will be difficult to achieve because it is hard to predict 

human behavior. Equations can be written to model and 
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predict a variety of physical phenomena, yet it is quite a 

task to develop an equation to model the effects of non- 

thermal parameters on human behavior. None of these 

variables would have any effect on a thermal maniken, which 

has been used in some studies (4,12,13). But man is not a 

machine and therefore cannot be fully modeled as a machine. 

The presence of these and other difficulties in studying the 

effects of nonthermal variables on human comfort should not 

be viewed as a stumbling block, but as a challenge to the 

researcher who is determined to make advances in the field 

of thermal comfort. 



79 

Appendix A B0DRG2 

The purpose of B0DRG2 is to calculate, for a given 

instant of time, the values for physiological parameters 

that regulate the numan body. To facilitate this, the body 

is modeled as three nodes that represent the body core, the 

skin, and the person's clothing (See Figure Cl). The 

equations that show the relationship between these 

parameters and indicate the changes in core temperature 

(DT1DT) and skin temperature (DT2DT) are as follows (See 

reference 5. ). 

MCR*CCR*(DT1DT) = RM-W-ERES-KS(T1-T2) 

MSK*CSK*(DT2DT) = KS(T1-T2)-RPC-SSK 

Each of the terms in these equations and in the 

equations used in determining the outer clothes temperature 

will be explained later. MCR and MSK are the core mass per 

unit body surface area and the skin mass per unit body 

surface area, respectively. CCR and CSK are the average 

specific heat of the body core and the specific heat of 

skin, respectively. Each of the other parameters in these 

two equations will be discussed in future paragraphs. 

Inputs to B0DRG2 include the following eight values: 

T1: body core temperature 

T2: body skin temperature 

RMA: metabolic rate of the person 

CL: amount of clothing person has on 

HC: convective heat transfer coefficient 
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TAî dry-bulb air temperature 

TMR: mean radiant temperature 

RH: relative humidity 

By using some of these values, further parameters 

that describe the human subject or the room climate can be 

calculated in the mathematical model. FACL is the ratio of 

the surface area of a clothed person to the surface area of 

a nude person and it is always greater than unity. Except 

for the fact that the value of this ratio is a function of 

the amount of clothing the person has on, little can be done 

to derive an exact equation from theory. Therefore, the 

following empirical equation is used (See reference 4.): 

FACL = 1.0 + .15*CL 

FPCL is the clothing moisture permeation efficiency 

factor and it is related to heat transfer by evaporation. 

This term accounts for the permeability of clothing to water 

vapor and it is a function of the amount of clothing the 

person is wearing and the convective heat transfer 

coefficient. FPCL is found by the following empirical 

equation (See reference 7.): 

FPCL = l.O/U.O + . 143*HC*CL) 

SVP(T) is a temperature dependent function that 

calculates the saturated vapor pressure, in millimeters of 
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mercury, for the given temperature. It is determined by the 

following curve fit of the steam tables (See reference 15.) 

(Let TAK = TA + 273.15.): 

SVP(T)= 10.0**(20.9586-4.084*ALOG10(TAK)-2825.4/(TAK)) 

The values for saturated vapor pressure for air 

temperature and skin temperature are SVP(TA) and SVP(T2) 

respectively. 

To calculate the clothes temperature, T3, an 

iteration involving four parameters is used. The reason for 

this is that T3 depends on the value of TO and FCL, which 

will be defined in a later paragraph. FCL and TO depend on 

the value of the radiative heat transfer coefficient, HR, 

which will also be defined in a later paragraph. HR depends 

on the value of T3, which is the variable to be solved for. 

To solve this problem, T3 is given an initial value; in this 

program it is the skin temperature T2. The radiative heat 

transfer coefficient (HR) is defined (3) by the following 

equation: 

HR = e*s*f*(Tl4 - T24 )/(Tl - T2) 

T1 and T2 represent temperatures in degrees Kelvin, 

e (epsilon) represents the emittance of the outer surface of 

the clothed body, which is approximately equal to unity (4). 

s (sigma) is the Stefan-Boltzmann constant (4), which is 

equal to 5.67EE-08 W/m^ - ° K4 . f represents the ratio of 

the effective radiation area of the clothed body to the 
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surface area of the clothed body, and it is approximated as 

0.71 or 0.72 {See reference 4.). This equation for HR 

algebraically simplifies to (Let T3K = T3 + 273.15, TMK = 

TMR + 273.15.): 

HR = 4.08EE-08*{[T3K**2]+[TMK**2]}*(T3K+TMK) 

The ambient operative temperature (TO) is defined 

as the average of TA and TMR weighted by their respective 

heat 

transfer coefficients, or (See reference 7.): 

TO = (HC*TA + HR*TMR)/(HC + HR) 

FCL is the clothing thermal efficiency factor for 

dry heat transfer and it is related to heat transfer by 

radiation and convection. FCL is included in the term for 

dry heat transfer, RPC, to modify the temperature gradient 

in the same way that FPCL modifies the vapor pressure 

gradient for heat exchange by evaporation. The factor 0.155 

results from the definition of the clo unit, which is given 

in reference 7. RPC is defined in a later paragraph, but 

FCL is found by the following formula (See reference 9.): 

FCL = 1.0/U.0 + . 155*(HR+HC) *CL) 

T3, the clothes temperature, is then calculated 

with this equation: 

T3 = TO + FCL*(T2-TO) 

This value of T3 is used to re-calculate HR, and 

the iteration proceeds until the current value of T3 exceeds 
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the previous value by a number less than 0.01. 

To calculate the energy generation or transfer by 

the processes of blood flow, shivering, and sweating, 

several temperature set-points are used. Most of these 

numbers correspond to physiological set-points for various 

mechanisms of the body, yet some numbers are only regression 

constants obtained by fitting an empirical equation to 

observed data. 36.98 and 33.8 represent the set-point 

temperatures of the body core and the skin for vasodilation, 

while 32.1 is the set-point temperature of the skin for 

vasoconstriction. 33.8 also represents the set-point signal 

from the skin for sweat secretion, while 36.9 is the core 

set-point signal for sweat secretion. 33.37 is the set- 

point signal from the skin for sweat inhibition. 36.9 also 

represents the set-point temperature of the body core for 

shivering, while 32.5 is the set-point temperature of the 

skin for shivering. 35.15 is a regression constant used in 

the empirical equation for skin blood flow. For more 

information about these set points, consult references 5 and 

9. These set-points are listed as follows (negative values 

for these set points are changed to 0): 

D1 = Tl-36.98 D2 = Tl-35.15 

D3 = T2-33.80 04 = 32.10-T2 

D5 = Tl-36.90 D6 = 33.37-T2 

D7 = 32.50-T2 D8 = 36.90-T1 

D9 = T2-33.80 
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KS represents the overall skin conductance as a 

function of blood flow. During cold thermal sensations, 

vasoconstriction decreases blood flow to the skin and 

therefore decreases KS. During warm thermal sensations, 

vasodilation increases blood flow to the skin, thereby 

increasing KS. Several empirical equations have been 

formulated to model observed values of the skin conductance 

and are reviewed by Hsu (9). The maximum value of skin 

conductance possible in any climate is 75.0 W/m*m* ° C. The 

empirical equation for skin conductance that is used in this 

research is as follows (See reference 9.): 

6.75+42.45*Dl+8.15*D3*D2**0.8 
KS = 5.3 +   

1.0 + 0.4*D4 

SHM represents the metabolic response by shivering 

that takes effect during periods of cold thermal sensation. 

If shivering occurs, it is added directly to the metabolic 

rate of the person (RMA) to form the total metabolic heat 

production rate per unit body surface area (RM). Several 

empirical equations have been formulated to model shivering 

by taking into account various physiological set-points 

observed by experimentation and reviewed by Hsu (9). For 

example, if the core temperature rises above 37.1° C, no 

shivering occurs, regardless of the value of the skin 

temperature. The empirical equation for shivering that is 

used in this research is as follows (See reference 9.): 

SHM - 20.0*D7*D8 + 5.0*D7 
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ERES is the energy exchange with the environment by 

respiration, and it consists of two parts: dry heat 

transfer through convection and heat transfer through water 

vapor in the air. Both parts of ERES depend on the 

pulmonary ventilation rate (breathing), which is a function 

of the metabolic rate. The energy exchange by convection 

depends on the specific heat of air and the temperature 

difference between the exhaled air and the ambient air. The 

energy exchange by water vapor transfer depends on the 

latent heat of vaporization of water and on the difference 

in specific humidity values between exhaled air and inhaled 

air. The equation for the specific humidity of exhaled air 

is an empirical relationship developed by physiological 

measurements. The equation for ERES is as follows (See 

reference 9.): 

ERES = 0.0023*RM*(44.0-RH*PAS) + 0.0014*RM*(34.0-TA) 

RPC represents the dry heat exchange with the 

environment, and it consists of heat transfer by radiation 

and heat transfer by convection. Both parts of this term 

depend on the values of FACL, FCL, and the skin temperature- 

T3. Heat transfer by radiation depends on the value of the 

mean radiant temperature, while heat transfer by convection 

depends on the ambient air temperature. So that RPC can be 

defined by one equation, these two temperatures are combined 

into the operative temperature, TO, which was presented 

earlier. The formula for RPC is as follows (See reference 
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7.): 

RPC = (HR+HC)*FACL*FCL*(T2-T0) 

Several parameters are needed to determine the 

total heat transfer from the skin by evaporation of moisture 

(ESK). When sweating occurs but does not cover the entire 

body, ESK is calculated by one of these two formulas (See 

reference 9.) : 

ESK = SW + (1-WSW)*EDIF, if SW < = EMAX 

ESK = EMAX, if SW > EMAX 

EMAX is the maximum evaporative capacity from the 

skin to the environment, and it is taken into account only 

when the skin surface is entirely covered with sweat. Since 

EMAX is basically a characteristic of skin that is 

completely wet, it is therefore a function of the difference 

in saturated vapor pressures of the skin surface and the 

ambient air. FPCL and HC are included in EMAX to account 

for the vapor exchange through clothing and the heat 

exchange because of air movement. The factor of 2.2 in the 

equation is the Lewis relation, which is the ratio of the 

heat transfer coefficients of evaporation to convection, and 

is described further in reference 7. EMAX is found by this 

equation (See reference 9.): 

EMAX = 2.2*HC*FPCL*(PS-RH*PAS) 

EDIF is the evaporative heat transfer from 

diffusion of water vapor through the skin, and it is taken 
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into account when either the entire skin surface or a 

fraction of the skin surface is dry. Since EDIF is a 

characteristic of skin that is dry, it is a function of the 

difference in saturated vapor pressures of the skin surface 

and the air-just as EMAX depends on this difference. EDIF 

also depends on the heat of vaporization of water and the 

permeability of skin to water vapor. EDIF is found by this 

equation (See reference 9.): 

EDIF = 0.408*(PS-RH*PAS) 

SW represents the formula for the energy exchange 

from the body by the evaporation of sweat, which is 

activated by temperature set-points in the skin and the body 

core. The amount of sweating also depends on the fraction 

of the skin surface that is wetted by sweat. Several 

empirical equations have been formulated to model observed 

levels of sweating and are summarized by Hsu (9). The 

empirical formula for SW is as follows (See reference 9.): 

(260.0*D5+26.0*D9)*exp(D9/8.5) 
SW = PSI*  

1.0 + 0.05*D6**2.4 

PSI is a sweat suppression factor that depends on 

the level of skin wettedness (WET) (See reference 9.). 

WET = ESK/EMAX 

PSI = 1.0, if WET <= 0.4 

PSI = 0.5 + 0.5*exp(-5.6*(WET-0.4)), if WET > 0.4 

WSW, the sweat wettedness factor, is defined as (See 

reference 9.): 
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WSW = SW/EMAX 

When WET is greater than 0.4, an iterative process 

must be used to determine SW, PSI, WSW, ESK, and WET. 

After each of the above mentioned parameters are 

determined, four values are calculated and returned to the 

main program: DT1DT, DT2DT, DELTA, and QS. The equations 

for DT1DT and DT2DT have previously been discussed. The 

elapsed time needed to increment the core and skin 

temperatures (DELTA) is determined to be the smallest of the 

following values: 1 minute, or the time needed for a 

temperature increment of 0.1 degrees Celsius in either the 

skin or the core temperature. The formula for DELTA is as 

follows: 

DELTA = AMINK 1.0/60.0, ABS(0.1/DT1DT) , ABS(0.1/DT2DT.) ) 

QS is the rate of heat storage in the body, which 

is the difference between the rate of heat generation in the 

body and the rate of heat exchange from the body to the 

surroundings. Physiological mechanisms of the body that are 

a part of the thermoregulatory system work together to bring 

this term to zero, but changes in environmental or metabolic 

conditions cause this term to deviate from zero. The rate 

of heat generation in the body is measured by the total 

metabolic heat production rate. The rate of heat exchange 

from the body is measured by respiration, convection, 

radiation, and evaporation. The heat storage rate is 
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therefore calculated by the following equation: 

QS = RM-ERES-RPC-ESK 

For more information on any of the parameters 

mentioned in this appendix, consult Azer or Hsu (5,9). 
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C***************************************************** 
SUBROUTINE B0DRG2 (Tl »T2»T3»TA» THR ? TOP » RM A » CI. » HC » 
1HR» RH» DT1DT» DT2DT? XKS ? SW»WSW» SHM»ERES » RPC » EMAX» 
2EDIF »ESK » WET » DRIP » QS » DELTA » LP > 

C##*##*****>|c**#**#*#****#**f ************************** 
C GIVENÎTEMP. OF SKIN» CORE» AIR»& MEAN RADIANT? 
C RELATIVE HUMIDITY» AMOUNT OF CLOTHES» CONVECTIVE 
C COEFFICIENT» METABOLIC RATE? BQDRG2 FINDS VALUES 
C FOR HEAT FLOWS» REGULATORY FUNCTIONS» TEMPERATURE 
C DERIVATIVES» TIME INCREMENTS. 
c UNITS: WATTS/M*M»DEGREES C» HOURS» CLO UNITS 

DIMENSION D(11)»WS(30)»WT(30> 
C***************************************************** 
C STEAM TABLES EQUATION 

SVP<T)«10.0**(20.9536-4.084*AL0G10<T+273.15> 
l-2825.4/(T+273.15>) 

C***************************************************** 
FPCL=1.0/(1.0+0.143*HC*CL) 
FACL-l.0+0.15*CL 
ALPHA-O.10 
RDE-O.181/HC 
PAS-SVP(TA) 
PS-SVP(T2) 
IT=0 
WTT=0♦0 
WST-0.0 
K-l 

C * ***5ff * * *** * :|c ** * >K * * ** * * * * * * * * * * * * 5ft $ * * * * * * * $ ** * * * * * * *** 
C BEGIN ITERATION FOR CLOTHES * OPERATIVE TEMP» 
C RADIATIVE COEFFICIENT » S FCL 
C***************************************************** 

T3I=T2 
10 T3=T3I 

HR-4.08E-8* < < T3+273.15) **2+ < TMR+273.15 ) **2 > * ( T3+ 
1TMR+546.3) 
TOP-<HR*TMR+HC*TA)/(HR+HC) 
FCL-1.0/(1.0+0.155*(HR+HC)*CL) 
T3I=T0P+FCL*(T2-T0P> 
IF(ABS(T3I-T3).GT.0.01) GO TO 10 

C***************************************************** 
C D(1~9) USED FOR SWEAT» SHIVER» BLOOD FLOW F(X) 
C***************************************************** 

D(1)-Tl-36♦98 
D(2)=T1~35.15 
D(3)~T2-33.80 
D(4)~32 »10-T2 

D(5)-T1~36.90 
D(6)~33.37~T2 
D(7)-32♦50-T2 
D(S)~36.90-T1 
D(9)~T2-33.30 
IF(D(5)«GT « 1 * 39)D(5)-l.39 
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IF(D(9).GT.2.30)D<9>=2.30 
DO 15 1=1 * 9 
D(I)«(D(I)+ABS(D(I>)>*0.5 

15 CONTINUE 
XKS=5.3+<6,75+42,45*D(l>+8,15*(D<2)**0,3>*ü<3 

2 ) ) / ( 1 ♦0+0♦4*D( 4 ) ) 
IF(XKS.GT.75.0)XKS=75.0 
RPC= ( HR+HC ) *FACL*FCL* ( T2-T0P ) 
EDIF=0.408*(PS-RH*PAS> 
EMAX=2♦2*HC*FPCL* < PS-RH*PAS) 

C***************************************************** 
C FIND PSI?SWrWSW»RSrWETrESK? ASSUME IN 1ST RUN 
C THAT WET<=0.4 (PS1=1.0) 
C***************************************************** 

WSW=1.0 
SW=((260.0*D(5)+26.0*D<9>)*EXP(D(9>/8.5>>/<l.0+ 

10♦05*(D(6)**2.4)) 
SHM=20 ♦ 0*D (8 > *B(7)+5♦0*D ( 7 ) 
IF(T1.GT.37.1) SHM=0,0 
XNMET=< RMA+SHM)/58.0 
XKS0=12.05*EXP(0,2266*(XNMET-l.0)) 
AA=ABS((XKSO-XKS)/XKSO > 
IF(AA.GT.O.1)GOTO 16 
SW=SW*10,0*AA 
SHM=SHM*10♦0*AA 

16 IF(SW,LT.0.001.OR.SHM.LT.0.001>GOTO 18 
17 IF (XKS.LT.XKSQ)SW~-0.0 

IF ( XKS. GT ♦ XKSO ) SHM==0.0 
IS RM=RMA+SMM 

ERES-=0.0023*RM* ( 44.0-RH*PAS ) +0.0014*RM* < 34 ♦ 0- TA ) 
SWA=SW 
IF(AES(EMAX)♦GT.1.OE-6) GO TO 20 
IF(ABS(SW).GT.l.OE-6) GO TO 25 
WSW=0,0 
GO TO 25 

20 IF(EMAX.LT.O.O) GO TO 25 
WSW1=WSW 
RS=SW/EMAX 
IF(RS.LT♦1«0)W3W=RS 

25 ESK--SW+EDIF*( 1,0-WSW) 
IF(SW.GT.EMAX) ESK=EMAX 
WET=ESK/EMAX 
IF(IT.EQ.1)GOTO 26 
IF(UET.LE.0.4) GO TO 30 
IT=1 
GOTO 27 

26 IF(ABS(WSW1~WSW>.LE.0,001)GOTO 30 
27 WS(K)=WSW 

WT(K)=WET 
IF(K *EQ.30) GO TO 28 
PSI=0.5+0.5*EXP(-5.6*(WET-0.4)> 
IF(WET.LE.0.4) PSI-1.0 
SW=PSI*SWA 
K*K+1 
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GO TO 20 
C##################################################### 
C FOR 30 OR MORE ITERATIONS » AVERAGE WET» WSW 
C##################################################### 
28 DO 29 KK*21»30 

WST=WST+WS < KK) 
WTT "“WTT1WT ( KK ) 

29 CONTINUE 
DIV^IO « 0 
wsw=wsT/mv 
WET-WTT/DIV 

30 DRIP=SW~EMAX/0.669 
QS==RM~ERES“RPC"ESK 
DTinT*=0 ♦ 0265# (RM-ERES--XKS# <T1-T2 > ) / ( .1.0-ALPHA ) 
DT2DT=0.0265#(XKS#(T1-T2)-RPC-ESK)/ALPHA 

C########################################*############ 
C CHECK FOR ZERO» SMALL VALUES OF DT1/DT» DT2/DT 
C###################################################*# 

IF< ABS(DT1DT>.LT.1 ♦ OE-6« AND. ABS( DT2DT> . LT.1. OE-6 
3)GOTO 34 
IF(ABS(DTIDT)*LT« 1♦OE-6)GOTO 36 
IF(ABS<HT2DT> *LT.1. OE-6)GOTO 38 
GOTO 39 

34 DELTA-l*0/60.0 
GOTO 40 

36 DELTA--AMÏN1 ( 1 *0/60.0?ABS<0. 1/DT2DT) ) 
GOTO 40 

38 DELTA=AMIN1(1.0/60.0»ABS<0.1/DTIDT> > 
GOTO 40 

39 DELTA~AMIN1(1.0/60♦0 » ABS(0.1/DTIDT)» ABS (.0.1 
4/DT2DT)) 

40 CONTINUE 
50 FORMAT(12F10.4) 
60 RETURN 

END 
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Appendix B C0MFY2 

The purpose of C0MFY2 is to calculate the 

appropriate thermal sensation that would be experienced by a 

human being once steady state conditions have been reached 

between the person and his/her surroundings. Specific 

parameters are used by C0MFY2 to characterize the human 

being and the surrounding indoor environment. These eight 

parameters are as follows: 

RMA: metabolic rate of the person 

CL: amount of clothing person has on 

HC: convective heat transfer coefficient 

TA: dry-bulb air temperature 

TMR: mean radiant temperature 

RH: relative humidity 

QST: heat storage rate limit 

TXP: exposure time limit 

The first six parameters are transferred directly 

to B0DRG2, one of the subprograms connected with C0MFY2 (See 

Appendix A). Moreover, an option exists in COMFY2 for 

calculating two of these values, the convective heat 

transfer coefficient and the mean radiant temperature, from 

two additional subprograms-TMRSUB and VELSUB (See Appendices 

D and E). Each of the other parameters are inputed into the 

program. 

Two values required by B0DRG2 are not included as 
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inputs to C0MFY2-the body core temperature (Tl) and the mean 

skin temperature (T2). The reason for this is that neither 

of these values are known or easily obtainable by the user. 

Since these temperatures are unknown at the beginning of 

these calculations, they are given initial values. The 

initial value for Tl is 37.0° C and the initial value for T2 

is 34.0° C. BODRG2 is then used to calculate the 

incremental changes in the core and the skin temperature 

over an incremental length of time. The elapsed time needed 

to increment Tl and T2 is also calculated by B0DRG2. These 

temperature increments (positive or negative) are added to 

their respective initial temperature values and the new 

temperatures are used for inputs to BODRG2 for another 

iteration. 

After each new core and skin temperature increment 

is determined, the time increment is added to the previous 

time increments to give the total elapsed time. This 

incremental process ends when either the elapsed time 

reaches TXP or the heat transfer storage rate reaches QST. 

After the incremental process ends and the final values have 

been determined for each term described above and for each 

term calculated in BODRG2, three additional terms are 

computed-the predicted mean vote, the predicted percentage 

of dissatisfied, and the effective temperature. The 

predicted mean vote is a nine-point numerical representation 

of the sensation that a human subject would experience under 
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the given climate and metabolic conditions and the given 

exposure time. Thermal neutrality (a perception of neither 

hot nor cold) is given a value of 0. A hot thermal 

sensation is given a value between 0 and 4, while a cold 

thermal sensation is given a value between 0 and -4. The 

complete scale is as follows (See reference 9.): 

-4: very cold 

-3: cold 

-2: cool 

-1: slightly cool 

0: neutral 

+1: slightly warm 

+2: warm 

+ 3 : hot 

+4: very hot 

The formulas used to determine the thermal 

sensation are not derived from any equations in heat and 

mass transfer. Instead, these empirical formulas were 

develpoed by a detailed study of the relationship between a 

person's thermal sensation and the condition of their 

thermoregulatory system. Several empirical equations have 

been developed to model the correlation between the 

thermoregulatory system and a person's thermal sensation. 

These formulas are summarized by Fanger (4) and Hsu (9). 

The sources of information used to develop these formulas 

comes from actual experiments in which human beings are 
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subjected to various environmental and metabolic conditions 

and are asked to report their thermal sensations. The 

references to many of these experiments and the formulas 

used in this research are listed in more detail by Azer (5) 

and Hsu (9). 

The formulas for thermal sensation require that the 

total metabolic rate be expressed in terms of mets. For 

more information about any of these thermal sensation 

equations, consult reference 9. The relationship is as 

follows (RM is the total metabolic heat production rate per 

unit body surface, and W is the external mechanical work.): 

NMET = no. of mets = (RM-W)/58.0 

Positive thermal sensation (for heat) is calculated by: 

TSP = [5.0 - 6.56*(RH-0.5)]*EWSW 

EWSW, a wettedness factor, is defined by: 

EWSW = (WSW - WSWO)/(1.0 - WSWO) 

WSWO, the skin wettedness at thermal neutrality, is defined by 

WSWO = 0.02 + 0.4*{1.0 - exp[-0.6*(NMET - 1.0)]} 

Negative thermal sensation (for cold) is calculated by: 

TSN = -1.46*EVC + 3.75*EVC**2.0 - 6.19*EVC**3.0 

EVC, a vasoconstriction factor, is defined by: 

EVC = (KSO - KS)/(KSO - KSN4) 

KSO, the skin conductance at thermal neutrality, is defined by 

KSO = 12.05*exp[0.23*(NMET-1.0)] 

KSN4, the skin conductance at PMV = -4.0 is defined by: 

KSN4 = 5.3 + 0.261*(KSO - 5.3) 
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To determine whether the positive or negative 

thermal sensation is to be used for the predicted mean vote, 

the va_ues of KS and KSO are compared. If KS is less than 

KSO, the skin conductance is below thermal neutrality and so 

the negative thermal sensation should be used for the PMV. 

If KS is greater than or equal to KSO, the positive thermal 

sensation should be used for the PMV. 

The predicted percentage of dissatisfied (PPD) is a 

statistical value that indicates, for a large test 

population, the percentage of people who are likely to be 

unhappy with the given environmental and metabolic 

conditions. The PPD was developed by Fanger (4), who 

developed an empirical and statistical relationship between 

the predicted mean vote and the percentage of a sample 

population that would indicate thermal discomfort when 

subjected to the given environmental and metabolic 

conditions. This index of discomfort may vary from a 

minimum of 5% to a maximum of 100% (The entire population is 

unhappy with the conditions.). Table B1 shows the 

statistical relationship between the predicted mean vote and 

the predicted percentage of dissatisfied (See Table Bl.). A 

linear interpolation is used to obtain the appropriate value 

for the predicted percentage of dissatisfied when the 

predicted mean vote falls between two of the values shown in 

the table. 



98 

Table Bl-Relationship Between PMV and PPD (1) 

Predicted Mean Predicted Percentage of Dissatisfied 
Vote (PMV) Cold Warm Total 

-2.0 76.4 0.0 76.4 
-1.5 52.0 0.0 52.0 
-1.0 26.8 0.0 26.8 
-0.9 22.5 0.0 22.5 
-0.8 18.7 0.1 13.8 
-0.7 15.3 0.2 15.5 
-0.6 12.4 0.3 12.7 
-0.5 9.9 0.4 10.3 
-0.4 7.7 0.6 8.3 
-0.3 6.0 0.9 6.9 
-0.2 4.5 1.3 5.8 
-0.1 3.4 1.8 5.2 
0.0 2.5 2.5 5.0 
0.1 1.8 3.4 5.2 
0.2 1.3 4.5 5.8 
0.3 0.9 5.9 6.8 
0.4 0.6 7.7 8.3 
0.5 0.4 9.8 10.2 
0.6 0.3 12.2 12.5 
0.7 0.2 15.2 15.4 
0.8 0.1 18.5 18.6 
0.9 0.0 22.2 22.2 
1.0 0.0 26.4 26.4 
1.5 0.0 51.4 51.4 
2.0 0.0 75.7 75.7 

(1) Source of information is Reference 4. 
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An additional parameter has been calculated each 

time one of the input parameters has been changed-the 

effective temperature (ET*). The effective temperature is 

defined (11) as the dry bulb temperature for a black 

enclosure at 50% relative humidity (sea level), in which an 

occupant would exchange the same heat by evaporation, 

convection, and radiation as in the existing non-uniform 

environment. Other input parameters for the uniform 

enclosure are as follows: amount of clothing = 0.5 clo, air 

speed = 0.2 m/sec (still air), exposure time = 1.0 hour, and 

the selected activity level of the person is sedentary 

(metabolism = 58.2 W/m^ ). The effective temperature is not 

to be confused with the effective temperature scale that was 

mentioned earlier in the paper and was devised by Houghten 

and Yagloglou (1,2). 

At this point, all significant values are outputed 

by the program. The user then has the option of changing 

one or more of the input parameters and running the program 

again, or of ending the program. 
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C * * $ 5fc 111 :* 115ft :* t % t * 11111 * t % $ * % * # # t Xc !jc * * * * # # 1* * # t # # * * * # $ # 
PROGRAM C0MFY2 

C C0MFY2 GIVENIEXPOSURE TIME(MODE 1> OR STORAGE 
C RATE(MODE 2> » TEMP OF CQRE»SKIN»AIR» % MEAN 
C RADIANT? RELATIVE HUMIDITY» AMOUNT OF CLOTHES» 
C CONVECTIVE COEFFICIENT» %. METABOLIC RATE? FINDS 
C REGULATORY FUNCTIONS» TEMPS » & HEAT FLOWS. 
C UNITS♦WATTS/M^M» DEGREES C»HÜURS» CLO UNITS 
C#>K * 11 % # % 11 % 111 * 111 * t # :* Jfc t * )ft % * t * t % % % % % % % % % % % # $$ % * ;{t $ t * 

DIMENSION Y(9)? W(27)» X(27 > 
DATA W/l00.0»76.4?52.0»26.8»22.5» 18«8»15«5»12.7 
1»10.3»3.3»6.9»5.S»5.2»5.0»5.2»5.8»6.8»8.3»10.2 
2»12.5»15.4»18.6»22.2»26.4»51.4» 75 .7»100♦0/ 
DATA X/-2.5»-2.0» ~1♦5»-l.0 »-0♦9»-0.8 » -0♦7»-0. 4 

3 » ”0 ♦ 5 » ~0 ♦ 4 » -O » 3 » -0.2 » -0.1 » 0 ♦ 0 » 0 ♦ 3. » 0 ♦ 2 » 0.3 » 0.4 
4»0.5»0.6»0.7»0.3»0.9?1.0»1.5»2.0»2.5/ 

C sfc # % % # >tc Jjf 5ft sfc t # % }{C 5ft 5ft # >K J(c Jfc 5|C !fc 5{c # 5fc # t * # >fc % 5R * Jft >K % # t 5fc & 5{c t >ft t- $ % 11 $ t X 
C STEAM TABLES EQUATION 

SVP(T)»10.0#5ft(20»9586-4,034*AL0G10(T+273. 3.5) 
5-2825♦4/(T+273.15)) 

KNT:=0 
1 WRITE(7»3) 
3 FORMAT(IX»'HOW SHALL BODY REGULATION BE CONTRO 

6LLED? 1 BY TIME» 2 BY HEAT STORAGE') 
READ(5»6)M 
WRITE(7»4> 

4 FORMATdX»'HOW SHALL THE CONVECTIVE HEAT TRANS 
7FER COEFFICIENT BE FOUND?'»/»IX»'1 BY INPUT» 2 
8 BY CALCULATION') 
READ(5»6)IHC 
IF(IHC.EQ » 1) GO TO 5 
CALL VELSUB(HC ? KNT) 
Y(3)«HC 

5 WRITE(7»7) 
6 FORMAT ( 15 » F10 ♦ 2 ) 
7 FORMATdX»'HOW SHALL THE MEAN RADIANT TEMP. BE 

9 FOUND? 1 BY INPUT» 2 BY CALCULATION') 
READ(5»6)IMR 
IF(IMR.EQ.1) GO TO 8 
CALL TMRSUB(TMRT » KNT » NPO) 
Y(5)«TMRT 

8 IF(IMR.EQ.2.AND.IHC.EQ.2) GO TO 10 
IF(IMR.EQ.2.AND.IHC.EQ.l) GO TO 12 
IF(IMR.EQ.1.AND.IHC♦EQ♦2) GO TO 14 
WRITE(7»9) 

9 FORMATdX»'WHAT ARE VALUES FOR ♦ RMA » CL » HC » TA » TMR » 
1RH»TIM£XP»QST(SI UNITS)') 
READ(5»15) (Y(I)» 1=1»8) 
GO TO 30 

10 WRITE(7»11> 
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11 FORMAT(IXWHAT ARE VALUES FOR * RMA y CL y TA y RM 
2,TIM£XPyQST(SI UNITS) ' ) 
READ(5y15)Y(1)?Y(2),Y(4)y(Y(I)y 1=6,0) 
GO TO 30 

12 WRITE(7,13) 
13 FORMATdXy 'WHAT ARE VALUES FOR ♦ RMA y CL y HC « TA y RH y 

3TIMEXPyQST(SI UNITS)' ) 
READ(5,IS) (Y(I)y 1 = 1 y4)y(Y(I)y I*A y 8) 
GOTO 30 

14 WRITE(7y16) 
15 FORMAT(8F10.2) 
16 FORMAT( IXy'WlIAT ARE VALUES FOR i RMA y CL y TA y TMR y RH y 

4TIMEXPyQST(SI UNITS)') 
READ(5y15)Y(l)yY(2)y( Y( I )yI~4 ?3) 
GOTO 30 

25 READ (5,6)I,Y(I) 
IF(I.NE.9) GO TO 25 
IF(IHC.EQ*1)GOTO 27 
WRITE(7,26) 

26 FORMAT(IXy'SHALL WE CHANGE THE HC CALCULATION 
5 (Y=lyN=0)?') 

READ(5,6)ITT 
IF(ITT.NE.1)GOT0 27 
CALL VELSUB(HC,KNT) 
Y(3)~HC 

27 IF(IMR « EQ» 1)GOTO 30 
WRITE(7,2S) 

28 FORMAT( IX,'SHALL. WE CHANGE THE ROOM OR PERSON 
6 (Y—1,N^O)?') 
READ(5,6)ITT 
IF(ITT * NE♦1)GOTO 30 
CALL TMRSUB(TMRT y KNT y NPO) 
Y(5)-TMRT 

30 KNT-1 
RMA=Y(1) 
CL ~Y(2) 
HC -Y(3) 
TA ~Y ( 4 ) 
TMR~Y(5) 
RH =Y(6) 
TXP«Y(7) 
0ST™Y(8) 
TIME-0♦0 

C INITIAL VALUES FOR TEMP. OF CORE(Tl), SKIN(T2) 

Tl=37.0 
T2-34>0 
DTIDT-O.0 
DT2DT=0.0 
DELTA^O.O 
KOUNT-O 

C # $ % 1* >K # % * # # >K îft * :{t # Jfc # >K t % 11 * * % * sfc * * t $ * t % sK * # % 11 * t * îK 
C USE B0DRG2 UNTIL TIME? HEAT LIMITS ARE REACHED 
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C * $ * * * --ft * ** * * * $ * $ * * * * * ** * 5ft ** $ ** * * * * * * ** ** * * ** * * * * * * Jfc * 
33 CALL B0DRG2(TlyT2yT3yTAyTMRyT0PyRMAyCLyHCyHRy 

1RH y DT1DT y DT2DT » XKS » SW y WSW y SHM » ERES y RPC y EMAX y 
2EDIFyESK'y WET yDRIPyQSyDELTAyK) 

IF(TIME«GT ♦0*3)DELTA=0-i02 
IF (DT1DT »LT»0410» AND *1112111 *LT .0*2)DELTA=0.05 
IF(DT1DT*LT«0*05«AND♦DT2DT.LT♦0«i)DELTA»0♦1 
TIME-TIMEfDELTA 
T1=T1+DT1DT*DELTA 
T2=T2+DT2DT*DELTA 
KQUNT~KOUNTf1 
IF(M*EQ*1) GO TO 36 
IF(ADS(OS)*LE.ABS(QST)) 00 TO 3? 
GO TO 33 

36 IF(TIME.GE.TXP) GO TO 3? 
GO TO 33 

C*************************************************** 
C FIND THE PREDICTED MEAN VOTE 
C*************************************************** 
39 XNMET-(RMA+SHM)/58♦0 

WSW0=0♦02 f 0 . 4* (1.O-EXP (--0 ♦ 6* (XNMET-1 *0 > ) > 
EWSW=(WSW-W3W0)/(1♦O-WSWO) 
XKS0=12♦05*EXP(0 » 2266*(XNMET-1,0)) 
XKSN4-5.3+0.26074074*(XKSO-5» 3> 
EVC~< XKSO-XKS)/(XKS0-XKSN4) 
IF(ABS(EVC)»LE«0*002) EVC*0*0 
IF(EVC*GE« .1*0) EVC=1 «0 
IF<EVC»LE*~1»0) EVC=-1.0 
IF(EWSW«GE*1*0) EWSW-1.0 
IF(EWSW.LE.-l.0) EWSW--1«0 
TSP-(5.0-6.56*(RH-0. 50 > >*EWSW 
TSN--1*46153*EVC+3♦74721*EVC*EVC~6♦18856*EUC 

1*EVC*EUC 
C*************************************************** 
C IF(KSO-KSX- 10% OF KSOy COMBINE TSN S TSP 
C*************************************************** 

BB-(XKSO-XKS)/XKSÛ 
IF(ABS(BB)»GT«0«1)GOTO 42 
A-0*5+5«0*BB 
B=0.5-5*0*68 
PMV-(A*TSN)+(B*TSP) 
GOTO 45 

42 IF(XKS*GE*XKSO) PMV-TSP 
IF(XKS * LT♦XKSO) PMV«TSN 

C*************************************************** 
C FIND PREDICTED PERCENTAGE OF DISSATISFIED 
C*************************************************** 
45 IF(ABS(PMV).GT.2.5) GO TO 54 

DO 48 J=1y27 
IF(PMV.LE«X(J)) GO TO 51 

48 CONTINUE 
51 PPD-< W(J-1>) + (<PMV-X(J-1)>*<W(J)-W(J-l))>/(X 

2(J)-X(J-l)> 
GO TO 57 
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54 PPD®100.O 
C * ** * sfc * * * * * He * * >{f *** * * *** îfc * ** * * * * * *** >tc * * >ft ** *** * * * * >K * * 
C FIND ASHRAE EFFECTIVE TEMPERATURE 
C*************************************************** 
57 HCS-2.70 

CLS-0* 6 
FACLS-1 ♦ 0+0 ♦ 15*CLS 
FPCLS«1«0/(1,0+0 *143*HCS*CLS) 
FCLS=1.0/(1♦0+0.155*( HCS+HR> *CLS) 
O^KfAssRPP+FQK- 

TACT-T2-QSKA/<FACLS*FCLS*(HCS+HR)) 
SET-TACT 

60 Q23S-(HR+HCS)#FACLS*FCLS*(T2-SET) 
V23S»WET*FACLS*FPCLS#HCS*2.26*(SVP (T2)~ *5*<SVP 

3(SET))) 
QSKS*Q23S+V23S 
IF(QSKA-QSKS)65,70 » 66 

65 SET-SET+0 « 1 
GO TO 60 

66 SET-SET-0 * 05 
Q23S=(HR+HCS)*FACLS*FCLS*(T2-SET) 
V23S»WET*FACLS#FPCLS*HCS*2» 26*(SVP(T2)-♦5* <SVP 

4(SET))) 
QSKS-Q23S+V23S 
IF(QSKA-QSKS)69 y70 y66 

6? SET-SET+0*025 
Q23S-(HR+HCS)*FACLS*FCLS*(T2-SET) 
V23S«WET#FACLS*FPCLS*HCS#2* 26*(SVP(T2)- * 5*(SVP 

5(SET))) 
QSKS-Q23S+V23S 
IF(QSKA-QSKS)69y70y70 

C*************************************************** 
C OUTPUT SECTION 
C*************************************************** 
70 WRITE(7y75) 

WRITE(6»75) 
75 FORMAT(/ylXy' MR CLO HC TA 

1 TMR RH QST TXP ITR 
2 SET') 

WRITE(6 y 78)RMAy CL y HC y TA y TMR y RH y QST y TXP y KOUNT 
3 y SET 

WRITE(7 y 78)RMA y CL y HC y TA y TMR y RH y QST y TXP y KOUNT 
4 y SET 

78 FORMAT(lXy8F8*2yI8yF8*2y/) 
WRITE(6y81) 
WRITE(7»81) 

31 FORMAT(lXy' TIME TOP MSW SHJV 
5 SKBF EMAX PWET TSK TCR 
6 ERES ESK QSTR PP»') 

WRITE(6 y 87)TIME y TOP y SW y SHMy XKS y EMAX y WETy T2 y Tl 
7 y ERES y ESK y QS y PPD 

WRITE(7y87)TIMEyTOPySWySHMyXKSyEMAXyWET yT2*Tl 
8 y ERES yESKyQSyPPD 



WRITE(6y84) 
WRITE(7y34) 

84 FORMAT(IX»' TCLO HR WSW RFC 
9 ED.IF WSWO EWSW KSO KS-4 
1 EVC TSP TSN PMV') 
WRITE < 7 y 87)T3 y HR y WSW yRPC ? EDIF yWSWOyEWSW y XKSO 

2 y XKSN4 y EVC y TSP » TSN y PMV 
WRITE < 6 y 87 ) T3 s- HR » WSW t RFC » EDIF » WSWO » EWSW r XKSO 

2 » XKSN4 J- EVC » TSP y TSN r PMV 
87 FORMAT(lXy13F8»2y/) 

C EXIT OR CONTINUE? 

WRITE(7*90) 
90 FORMAT( lXy 'TYPE 0 TO STOP y TO CONTINUE WITH 

3 CHANGED DATA TYPE 1') 
READ ( 5 y 6 ) L 
IF (L.EO.O) GO TO 100 
WRITE(7y99) 

99 FORMAT(IX?'ALTER DATA BY TYPINGÎ DATA NO » yNEW 
4 DATAy(CARRIAGE RETURN)'y/y IXy'ENTER 9 WHEN 
5 FINISHED,') 
GO TO 25 

100 STOP 
END 



105 

Appendix C TRANS2 

The purpose of TRANS2 is to calculate and output, 

at given time intervals, the appropriate thermal sensation 

that a human being would experience as his body attempts to 

adjust to changes in metabolic or environmental conditions. 

Changes are made in any of these conditions after 

equilibrium has been reached between initial conditions 

describing the person and their surroundings. The eight 

input parameters are as follows; 

RMA: metabolic rate of the person 

CL: amount of clothing person has on 

HC: convective heat transfer coefficient 

TA: dry-bulb air temperature 

TMR: mean radiant temperature 

RH: relative humidity 

TXP: exposure time limit 

PNT: time interval between successive outputs of data 

Whenever the elapsed time for the model reaches a 

designated time interval, current values of several heat 

transfer and metabolic parameters are outputed-until the 

exposure time limit is reached. For example, if the 

exposure time limit is 60 minutes and the time interval is 

15 minutes, output would be printed at intervals of 0, 15, 

30, 45, and 60 minutes. 

There are several similarities and several 
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differences to observe when comparing TRANS2 with COMFY2 

(See Appendix B.). Both COMFY2 and TRANS2 require eight 

inputs to operate and seven of these inputs are identical. 

COMFY2 has the option, however, of limiting time of exposure 

by a heat storage rate parameter, whereas TRANS2 does not 

have this option. TRANS2 will output the results of the 

program at any desired time interval, whereas COMFY2 only 

prints the values once the exposure time has been reached. 

Both of these programs use BODRG2 as a subroutine (See 

Appendix A); both programs compute the predicted mean vote, 

the predicted percentage of dissatisfied, and the effective 

temperature. In each case the user has the option, once the 

exposure time has been reached, of changing one or more of 

the input parameters and running the program again, or of 

ending the program. 

An option exists in COMFY2 to allow for the 

determination of the mean radiant temperature or the 

convective heat transfer coefficient by using either TMRSUB 

or VELSUB (See Appendices D or E.). This option does not 

currently exist in TRANS2, although it is possible to change 

TRANS2 so that these subroutines could be included. The 

reason that these subroutines are not included in TRANS2 is 

that the metabolic rate is the only parameter manipulated in 

the use of TRANS2 in the third application. The use of 

TMRSUB and VELSUB is found in the first and second studies, 

where COMFY2, not TRANS2, is the main program. 
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For further comparison of COMFY2 and TRANS2, see 

Appendix B or compare studies 1 and 2 with study 3. 
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C***********#*##*****#***#*###**#.******##**;$c#****#!f:*** 
PROGRAM TRANS2 

C TRANS2 GIVEN*INITIAL STATE OF ENVIRONMENT AND 
C ACTIVITY?PROGRAM CALCULATES “EQUILIBRIUM* 
C CONDITIONS AFTER 1 HR EXPOSURE♦ THEN? AFTER A 
C NEW STATE IS SPECIFIED* CALCULATES AND PRINTS 
C REGULATORY FUNCTIONS? HEAT FLOWS? ETC» ? AT 
C SPECIFIED TIME INTERVALS UP TO A GIVEN EXPOSURE 
C TIME» STATE MAY THEN BE CHANGED AGAIN AND 
C PROCESS REPEATED* USES B0DRG2 SUBROUTINE* 
C t ** # * t * * * t $ * t * * * * îfc * * * * * * # * % * tt * tt* * 111 Mt # * # #* 1* * * t sff 

DIMENSION Y ( 9 )?W(27)? X(27 > 
DATA W/100* 0? 76* 4 ? 52* 0 ? 26.8 ?22*5? 18« 8? .1.5*5? 1.2* 7 
1?10»3?3.3?6.9?5.8?5.2?5.0?5*2?5*8?6*8?8>3*10»2 
2?12*5?15«4?18*6?22*2?26*4?51»4?75.7?100*0/ 
DATA X/~2 ♦ 5 ?-2 « 0 ? -1 * 5 ? -1 » 0 ? ~0 * ? ?-0.8 ? - 0 » 7 ? ••••0 * 6 

3 ?”0 « 5 ?“0♦4 ? —0♦3?”0 « 2 ? —O *1?0*0?0*1?0*2?0*3?0*4 
4?0.5?0*6?0«7?0.8?0*9?1*0?1*5?2»0?2. 5/ 

C*#*#*###**##**************#*****##******************# 
C STEAM TABLES EQUATION 

SVP(T>*10 » 0**(20 * 9586-4,084*ALOG10(T+273*15) 
1-2825♦4/(Tf273*15)) 

C***************************************************** 
WRITE(7?100) 

100 FORMATQX? 'ENTER INITIAL STATE.* MET RATE?CLO?HC 
2?TA?TMR?RH-SI UNITS') 
READ(5?110) < Y(I)? I = 1 ? 6 ) 

110 FORMAT(6F10.2) 
RMA-Y(1) 
CL-Y(2) 
HC-Y(3) 
TA=Y(4) 
TMR-Y<5) 
RH-Y(6 > 

C INITIAL VALUES FOR TEMP. OF CORE(Tl)? SKIN(T2> 
C***************************************************** 

TIME-0.0 
L.P=0 
Tl-37 * 0 
T2~34*0 
DT1DT-0 » 0 
DT2DT-0.0 
DELTA-0.0 

C#*************«***«**^*5K****r******r***********>ic**>f! 
C USE B0DRG2 UNTIL TIME OR HEAT LIMITS ARE REACHED 

10 CALL B0DRG2(Tl ? T2 ? T3? TA ? TMR? TOP ? RMA ? CL ? HC ? HR ? RH 
3 ? DT1DT ? DT2DT ? XKS? SW ? WSW ? SHM? ERES ? RPC ? EMAX ? EDIF 

4 ? ESK ? WET ? DRIP ? QS ? DELTA ? LP) 
IF(TIME* GT » 0* 3)DELTA~0 » 02 
IF(DTIDT *LT< 0*10 *AND * DT2DT * ! T.0♦2)BELTA-0* 05 
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IF(DTIDT.LT.O♦05.AND . DT2DT.LT.O.i>DELTA*0.1 
TIME=TIME+DELTA 
IF(TIME.GE.5.0) GO TO 11 
T1« Tl+BT1DT# DELTA 
T 2 ™ T 2+D T 2 D T # D E L T A 
GO TO 10 

c #### # SK####### # ###### # # ################### # ########## # 

C FIND THE PREDICTED MEAN VOTE 
C###***#**####**##*#*####*#*#####**###*####**#*##*#### 
11 XNMET-(RMA+SHM)/58.0 

WSW0=0♦02+0.4#(1.0-EXP(-0.6#(XNMET-1, 0 > > > 
EWSW=(WSW-WSWO)/(1♦Q-WSWO) 
XKSO-12.05#EXP(0.2266#(XNMET-1 « 0 ) > 
XKSN4-5.3+0.26074074#(XKSO-5.3 ) 
EVC=(XKSO-XKS)/< XKS0-XKSN4) 
IFCABSŒVC) .LE.0.002) EVC=0.0 
IF(EVC.GE.l.O) EVC=1.0 
IF(EVC.LE.~i ,0) EVO-l.O 
IF(EWSW.GE.1.0) EWSW-1♦0 
IF(EWSW.LE.~1 «0) EWSW--1.0 
TSP=(5♦0-6.56# < RH-0.50))#EWSW 
TSN=-1.46153#EVC+3♦74721#EVC#EVC~6.18856#EVC 

5#EVC#EVC 
C##################################################### 
C IF(KSG-KSX™ 10% OF KGO ? COMBINE TSN % TSP 
C##################################################### 

IF(ABS(<XKSO-XKS)/XKSO).GT,0.1)GOTO 21 
A=0.5+5.0#((XKSO-XKS)/XKSO) 
B=0♦5-5. 0# < (XKSO-XKS)/XKSO) 
PMV~-<A#TSN)+<B#TSP) 
GOTO 23 

21 IF(XKS.GE.XKSQ) PMV^TSP 
IF(XKS♦LT♦XKSO) PMV-TSN 

C##################################################### 
C FIND PREDICTED PERCENTAGE OF DISSATISFIED 
C##################################################### 
23 IFCABS(PMV).GT.2.5) GO TO 16 

DO 12 J=l>27 
IF(PMV♦LE.X(J)) GO TO 14 

12 CONTINUE 
14 PPD=(W(J-1) )+(<PMV~X(J~l) >*(W(J)-W(J-1) ) >/(X(..n 

4-X(J-l)) 
GO TO IS 

16 PPD-100.0 
C##################################################### 
C FIND ASHRAE EFFECTIVE TEMPERATURE 
C##################################################### 
18 HCS-2.70 

CLS-0♦6 
FACLS-l» 0+0♦15#CLS 
FPCLS®1.0/(1.0+0.143#HCS#CLS) 
FCLS-l.0/(1.0+0.155#(HCS+HR)#CLS) 
QSKA-RPC+ESK 
TACT=;T2-0SKA/(FACLS#FCLS#(HCS+HR ) ) 
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SET=TACT 
55 G23S* ( HR+HCS ) *FACL85*FCLS* ( T2--SET > 

V23S=WET*FACLS*FPCLS*HCS*2♦26*< SVP < T2 > • * 5*(SVP 
5(SET) ) > 
QSKS«Q23S+V23S 
IF(Q3KA-QSKS>63»50»70 

65 SET*SET+0*1 
GO TO 55 

70 SET=SET~0«05 
0233=(HR+HCS)*FACLS*FCLS*( T2--SET> 
V23S«WET*FACLS*FPCt.S*HCS*2 » 26* ( SVP < T2 > •••• ♦ 5* ( SVP 

6(SET))) 
QSKS-G23S+V23S 
IF(QSKA-QSKS)80 »50 » 70 

80 SET=SET+0 « 025 
0233=(HR+HCS)*FACLS*FCLS*(T2-SET) 
V23S*WET*FACLS#FPCLS#HCS*2 ♦ 26* < SVP < T2 ) - ♦ 5* ( SVP 

7(SET))) 
QSKS«Q23S+V23S 
IF(QSKA-QSKS> 80 » 50 » 50 

C***************************************************** 
C OUTPUT SECTION 
C * * * * ** * * * * * * *** * * * * $ ** * t ** * * * * * * * * * * $ * * * * * * * * * * * * * ** * 
50 IF(LP*EQ*1) GO TO 26 

IF(LP*EQ»2) GO TO 28 
WRITE(7»120) 

120 FORMAT(IX»'EQUILIBRIUM REACHED* ALTER DATA BY 
7 TYPING DATA NQ*»NEW DATA'»/»IX»'(CARRIAGE 
8 RETURN)? ENTER ? TO RESTART') 

20 READ(5»130) I»Y(I> 
130 FORMAT(I5»F10*2) 

IF(I.NE*9> GO TO 20 
140 FORMAT(IX»"ENTER EXPOSURE TIME % TIME INTERVALS- 

9 IN MINUTES') 
150 FORMAT(2F10*2> 

WRITE(6» 160) 
WRITE<7»160> 

160 FORMAT(///» IX» 'INITIAL. STATE* ' ) 
WRITE(6r165) 
WRITE<7»165) 

165 FORMAT <IX»' MR CLO I IC TA 
1 TMR RH') 
WRITE(6 » 170) RMA»CL » HC » TA » TMR » RH 
WRITE(7 » 170) RMA » CL » I IC » TA » TMR » RH 

170 FORMAT(1X»6F8*2) 
22 LP=1 

L=0 
WRITE(7»140) 
READ(5»150) TEXPMyPNT 
WRITE(6»180) 
WRITE(7»180) 

180 FORMAT(//»1X»'NEXT STATE*') 
WRITE(6»165) 
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WRITE*7*165) 
RMA=Y(1) 
CL~Y(2) 
HOY (3) 
TA=Y(4) 
TMR~Y(5) 
RH*Y(<S) 
TIME-0♦0 

SET MSW 
TSK TOR 
PMU PPD') 

WRITE(6 y 200 ) TIMEM y TOP * SET » SW y SHM » XKS » EMAX y WET 
4 yT2 y Tl yERES y RPC y ESKy OS y PMUy PPD 

200 FORMAT(IX y 16F8♦2) 

C USE B0DRG2 UNTIL TIME OR HEAT LIMITS ARE REACHED 
C###***##**###**###*:****#**#*#*****###***##****#**:*#** 
25 CALL B0DRG2(Tl y T2 y T3 y TA y TMR y TOP y RMA rCL y HC y HR y RH 

5 y DT1DT y DT2DTy XKS y SW y WSMy SHM y ERES y RPC y EMAX y EDIF 
6 y ESK y WET y DRIP y OS y DELTA y LP) 
IF(TIME» NE♦ 0 ♦ ) GO TO 27 
IF(LP.EQ.l) GO TO 11 

26 WRITE(6y200) TIMEMy TOPy SETySW ySHMyXKSyEMAXyWET 
7 y T2 y Tl y ERES y RPC y ESK y OS y PMUy PPD 
LP-2 

27 IF(TIME.GT.0 »3)DELTA~0 »02 
IF < DTIDT * LT♦0.10.AND » DT2DT.LT.0♦2)DELTA*0♦05 
IF(DT1DT 4 LT.0,05♦AND « DT2DT.LT,0*1)DELTA-0.1 
TIME-TIME+DELTA 
TIMEM=TIME#60.0 
Tl-TlfDTlDTîKDELTA 
T2~T2+DT2DT>KDELTA 
KQUNT-KOUNT+1 
IF (TIMEM . GE ♦ TEXPM ) L.=*l 
IF(TIMEM»LT»TPRTM> GO TO 25 
IF(LP»E0»2) GO TO 11 

28 WRITE(6y200> TIMEM y TOP y SET y SW y SHM y XKS y EMAX .* WET 
8 y T2 y Tl y ERES y RPC y ESK y OS y PMUy PPD 
IF(L*EO*1> GO TO 30 
TPRTM-TPRTM+PNT 
GO TO 25 

C##**#**##*###***************#*#*******#******#**£:ff*lc* 
C EXIT OR CONTINUE? 
C*#***#######*#**#*###*#:*#***#***#*******##*#***##**** 
30 WRITE < 7y 210) 
210 FORMAT (//y lXy 'TYPE 0 TO STOPyl TO CHANGE STATE'' ) 

READ(5y220) K 
220 FORMAT(Il) 

190 

TPRTM-O.O+PNT 
DELTA-0»0 
TIMEM=TIME*60.0 
WRITE(6 y 170) RMA y CL y HC y TA y TMRy RH 
WRITE(7 y 170) RMAy CL y HC y TA y TMR y RH 
WRITE(6y190) 
FORMAT(//ylXy' TIME TOP 

î SHIU SKBF EMAX PWET 
ERES RPC ESK QSTR 
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IF(K.EQ.O) GO TO 45 
WRITE(7»230) 

230 FORMAT<IX»'ALTER STATE BY TYPINGÎDATA NO.» NEW 
9 DATA(CARRIAGE RETURN)CENTER 9 TO RESTART7) 

40 READ(5»130) IrY(I) 
IFd.NE. 9) GO TO 40 
GO TO 22 

45 STOP 
END 
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Appendix D TMRSUB & FSR 

The purpose of the subroutine TMRSUB is to 

calculate the mean radiant temperature for a human being 

sitting inside a room with four walls, a floor and a 

ceiling. The human being is modeled as a sphere and the 

room sides are assumed to be three pairs of parallel 

surfaces. Inputs to the subprogram include the room 

dimensions, the coordinates of the person in the room, and 

the temperatures of the six surfaces. 

According to Fanger (4), the mean radiant 

temperature (TMR) is defined as the temperature of a black, 

enclosure which would bring about the same radiation heat 

exchange from a given subject as exists with the current 

enclosure. In order to calculate TMR, some assumptions and 

designations must be made. Each of the n surfaces of the 

enclosure is assumed to be isothermal and has a temperature 

designated as Ti (i=l to n). The shape factors between the 

person and each surface shall be designated as Fp-i. To 

simplify the calculation, the approximation will be made 

that all of the surfaces are black-the emittances approach 

unity and the reflectances approach zero. 

The simplified equation for TMR is as follows: 

TMR^ = Ti^ * Fp-i (i=l to n) 

The coordinates of the person in the room are 

measured from an origin reference point located at the 



114 

intersection of the floor, wall 2, and wall 3 (See Figure 

2.). To determine the shape factor between the person and 

each surface, it is helpful to divide each surface into four 

parts, as shown in figure Dl. A line can now be drawn that 

goes through the center of the sphere and is normal to one 

corner of each of the four areas. According to Howell (41), 

the shape factor for such a configuration is as follows: 

dl =d/Ll; d2 = d/L2; PI = 3.1415927 

Fl-2 = l/(4*PI)*tan_1 (l/(dl2 + d22 +(dl * d2)2 J)*1/2* ; 

The only restriction is that the surface of the 

sphere must not touch the surface in question. The above 

equation and special case equations for use when the sphere 

touches one or more surfaces are found in the function 

subprogram FSR. 

An option exists in TMRSUB to include panels on any 

or all of the room surfaces-presumably at a temperature 

different than the adjoining surface. It is possible to 

alter TMR for the system by adding one or more of these 

panels to a designated surface. One or more panels can be 

added to any of the surfaces-yet the subprogram is currently 

designed to allow a maximum of six panels. Once TMR has 

been calculated, it is possible to change any of the 

parameters in the subprogram until the desired value of TMR 

is obtained. Any temperature can be changed, the room 

dimensions and person coordinates can be altered, or the 

number of panels can be increased or decreased before 



Figure DI Shape Factor for 

Sphere to Rectangle 

Fl-2 = 1 * tan'1^ 1 )}/Z 

(4 * PI) (Dl2+ D22+ Dl2* D22) 

DI = D/Ll; D2 » D/L2; PI = 3.1415927 

(1) Sarrce of information is reference 41 
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returning to the main program. 

It must be pointed out that TMRSU3 and FSR are only 

designed to model a human being in a SITTING position. If 

the person is standing up or lying down, they can be modeled 

as a cylinder. Other models can be used to approximate a 

person in other positions. To obtain accurate shape factors 

for other body positions, TMRSUB and FSR should be modified 

to account for a different model. The shape factors for a 

sitting person may be approximately equal to the shape 

factors for a person in another position, yet this should 

not be assumed to always be the case. 

The basis for TMRSUB and FSR, except for the option 

of including panels, found in Appendix A of a paper wri ;ten 

by Jan Preston Smith (10). For further information on the 

mean radiant temperature and radiative heat exchange, 

consult Chapman or Fanger (3,4). 
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C t # * % % ;fc %f t% iff 111* tt * t W % * 11 % t % * t ■¥ % t * 11 * t # # & # t * & % 11 »? t % sc * 
SUBROUTINE TMRSUB(TMRT? KNT» NPO> 

C THIS PROGRAM CALCULATES THE MEAN RADIANT TEMPER- 
C ATURE FOR A PERSON (MODELED AS A SPHERE) IN A 6- 
C SIDED ENCLOSURE» WITH THE OPTION OF AS MANY AS 
C 12 RADIANT PANELS ALONG ANY OF THE SURFACES, 
C REQUIRED INFO: ROOM DIMENSIONS» SURFACE TEMPER- 
C ATURES» AND LOCATION OF PERSON 

C EXPLANATION OF TERMS 
C TMRT » TW: MEAN RADIANT » SURFACE TEMPS IN CELSIUS 
c HH»WW»DD: ROOM DIMENSIONS IN METERS 

C XP»H»W»St PERSON COORDINATES WRT ROOM 
c XM»YM»ZM: PERSON COORDINATES WRT PANEL 

C H3»W3»D3* ROOM DIMENSIONS - PERSON COORDINATES 
C XL» XRÎ X COORDINATES OF PANEL 
C 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

YT » YB: 

cx» CY: 
xx» YY: 
F(i-is): 
FS : 

NPO tNPN: 
IFL: 

IP: 

KNT: 

IPNL: 

ITP: 

NSR: 

NN»KK: 

NP: 

MPR: 

NOT: 

Y COORDINATES OF PANEL 
COEFFICIENTS FOR SHAPE FACTOR FORMULA 
PARAMETERS FOR SHAPE FACTOR FORMULA 
SHAPE FACTOR FOR SURFACE TO MAN 
SHAPE FACTOR FOR 1/4 OF SURFACE TO MAN 
ORIGINAL» CURRENT NUMBER OF PANELS 
=1 IF NPN LESS THAN NPO 
NUMBER OF THE SURFACE THAT PANEL IS ON 
*1 AFTER 1ST RUN-USED TO PRINT RESULTS 
==1 IF ANY PANELS ARE IN THE ENCLOSURE 
*1 FOR NO CHANGES BESIDES TEMPERATURE 
SURFACE NO, AT THAT POINT IN PROGRAM 
PANEL NO, AT THAT POINT IN THE PROGRAM 
COORDINATE PANEL DIMENSION 
«1 IF PERSON IS MOVED 
CURRENT NUMBER OF SURFACES 

C # ## t )fc % t * JfoK *>K * * # t * 11 * t % % ■¥ * t * % % # # 5}t # 111 * * t * t * t # * t if. % * 5k % t * 
DIMENSION XX(4)» YY(4)» CX < 4> » CY < 4 > 
DIMENSION XL(12)»XR(12)»YT(12)»YB(12) 
DIMENSION XP(4)» FS(4)? TW(1?)»F(19) 

c 12ft * t $ # # 11X # 111 He t * * t * t % 111 * % % Sfc ;ft >fC .* t * Of. % tt 111 * * * % % t jft * % 
C PRINT OUT CURRENT CONDITIONS AFTER 1ST RUN 
C # % ? 111 # Ht* ** He He * He He* * * * '{c ****** * ****** * * * * * * * * * * * * * * * * * t 

IF(KNT,EQ,0)G0T0 1 
WRITE(7 » 187)HH » WW » DD 
WRITE(7»l?l)HrW»S 
WRITE(7»195)TMRT 
WRITE(7»192)(TW(LL)»LL=1»6) 
WRITE(7»194)(F(LL)»LL~1»6) 
IF(IPNL,EQ,0)GOTO 12 
WRITE(7»193)(TW(LL)»LL~7 » 12) 
WRITE(7»194)(F(LL)»LL=7»12) 
IF(NPN,LT,7)GOTO 12 
WRITE(7»193)(TW(LL)»LL=13»18) 
WRITE(7 » 194)(F(LL)» LL*13 » 18) 
GOTO 12 
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C * >K t # >K t :* 5(c 5K ;jc $ t % :fc >K % >fc 3ft 5ft 5|r t >fc %% >K t # % % 'K >K # $ t % %% * #*>}: * $t .* 
C INITIALIZE FLAGS y PARAMETERS 

1 IP~1? 
KK~0 
NN™0 
LF“0 
NPO-O 
NPN-0 
MPR-l 
IFL::=0 
ITP-2 
A;-273 *15 
DO 2 M~7 ? 13 
TW(M)^0,0 

2 F(M)-0 * 0 
C $ t # 5K $ sfc % $ t # t # # sfc t % $ % # $ t $ 11 % % t % * # # # 111 % % % t & * t % * * # 11 * 
C INPUT ROOM X PERSON COORDINATES AND TEMPERATURES 
C * He >K t % # # >K % % t # >5c >K # Jft# * 5ft jjt t >K ## *>f( $ # It * # # >K Xt Xc ;{c # jftjjc t $ xc ;ft xc t $ t * $ t * t ;R 
3 WRITE( 7 y 100) 

READ(5»101> HHrUUrDD 
100 FORMAT ( 1X * ' ENTER HE IGHT(w)y WIDTH ( a ) » X DEPTH < z ) 

1 OF ROOM IN METERS') 
101 FORMAT(3F10»3) 
104 FORMAT(6F8*2) 

WRITE(71-107> 
107 FORMAT(IX*'ENTER YyXyZ COORDINATES OF PERSON IN 

2 METERS') 
READ(5y 101)XP( 1 ) yXP(2) yXP(3) 
WRITE(7>111) 

111 FORMAT(IX»'THE ROOM SURFACES ARE CLASSIFIED AS 
3 FOLLOWS?'y//y5Xy'1=BACK WALL (DEPTH MEASURE)'y 
4/y SXy'2-LEFT WALL (WIDTH MEASURE)'y/ySXy'3-FRO 
SNT'y/y SX y'4~R IGHT'y/y SX r'5~CEILING'y/y SX y'6~FL 
<60QR' y/y SX y '7-18--PANELS (OPTIONAL) ' ) 
WRITE(7y114) 

114 FORMATdXy'ENTER THE 6 SURFACE TEMPS IN CELSIUS 
7y ENTER PANEL TEMPS LATER') 
READ(5y104)(TW(LL)yLL-1>&) 
WRITE(7y117) 

117 FORMAT(IXy'DO YOU WANT ANY OF THE SURFACES TO 
S HAVE A PANEL ON IT-AT ANOTHER TEMPERATURE? 
? l-YESyO-NQ') 
READ(5y199)IPNL 
IF(IPNL * EQ•1 )GOTO 22 
DO 10 M“7y 18 

10 TW(M)“O♦0 
C*****#***#*#***#**#********#***##*#****#*##********** 
C BRANCH FOR NO PANELS 
C* # Ht 111 # 1X? >fc $ JfcX:X< t Xc X<Xc>k?{e ^ % t #% # ^Ÿ^ Jfc ^ >{c;fc >!>' jjt :Jf $ *3fc $ % $ $ # ^ Ÿ t * % # 4; 

GOTO 41 
C % ?K % %■ t * % 1111-sf? 5K ? 5f( 5f( .ÿ % %t % t Hole îfoff t * * % t % $ t* t * t * %% * * * tt.? 11 % 
C SECTION FOR DATA CHANGES 
C $ # He 5jOfC $ 5ft t % $ t $ 111 >K Ÿ ^ t 5{f * 14' 5K He '4! * 4't * 11 'M # 5k * Mf t XOfr % 5(t * ♦ Y 
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12 TMRT=-~0.O 
NPN-0 
IFL-0 
KK*0 
NN«0 
WRITE (7» 12.1.) 

121 FORMAT( IX» 'CHANGE ROOM SIZE? THIS CHANGES EVERY 
1THINGCl"Yr0~N0)') 
READ(5?199)1 
IFd.EG? DGOTO 1 
WRITE(7?117) 
READ<5?199)1PNL 
IF(IPNL?EG?0)60TO 13 
WRITE<7?154) 
READ (5 ? 199 > NPN 
IF(NPN*LT?NPO) IFL-l 
NPO=NPN 

13 WRITE(7»111) 
WRITE < 7 j-12-4) 

124 FORMATd X ? 'CHANGE TEMPERATURE BY TYPING SURFACE 
2 NO.» TEMP?CR'?/?1X»'ENTER 1? WHEN FINISHED OR 
3 FOR NO TEMP CHANGES') 

14 READ(5»141)J?TW(J) 
IF(J ? NE♦1?)GOTO 14 
N0T~7iNPN 
DO 15 M-NOT? 18 
F(M)==0*0 

15 TW<M)-O?0 
IF(IFL.EG* 0)GOTO 16 
WRITEC7?127) 

127 FORMAT(IX»'SINCE THE NUMBER OF PANELS HAS BEEN 
4 REDUCED? WE'?/?IX?'MUST CONTINUE THROUGH THE 
5 LOOP?') 
ITP-l 
GOTO 17 

16 WRITE < 7 ? 131) 
131 FORMATdX? 'ARE THERE MORE CHANGES IN PANELS? 

6PE0PLE (1=YES? 0=N0)?') 
READ <5?199)ITP 
IF(ITP * EG? 0)GOTO 41 

17 WRITE(7?134) 
134 FORMAT(IX?'SHALL WE MOVE THE PERSON d=YES ? 

7 0-NO)?') 
READ(5 ? 199)MPR 
IF(MPR « EG♦0)GOTO 144 
WRITE(7?135) 

135 FORMATdX?'SINCE THE PERSON IS MOVED? ALL 
7 PANELS WILL BE CHECKED?'?/) 
WRITE(7?137) 

137 FORMAT(IX»'MOVE PERSON BY TYPING LOCATION NO? 
8(Y~1?X-2?Z~3)?DIMENSION?CR'?/?IX?'ENTER 4 WHEN 
9 FINISHED OR FOR NO CHANGES') 

18 READI5?141)K?XP(K) 
141 FORMAT(I5?F10?2) 
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IF(K«NE*4)G0T0 13 
IF(IPNL»EQ40)G0T0 41 
KK"1 

144 IF(HPR « EQ.1)GOTO 19 
IF(IPNL* EQ * 0)GOTO 41 
WRITE(7y147) 

147 FORMATdXy'WHAT PANEL SHALL BE SET OR CHANGED 
1<1-12»13 WHEN FINISHED)?'> 
READ(5r199)NP 
NSR-NP+6 
IF(NP*EQJ13)GOTO 45 
WRITE(7y111) 
WRITE(7y164JNP 
READ(5y 199)IP 
F ( IP ) ~F < IP ) + F ( NSR ) 
GOTO 26 

19 NSR-6+KK 
NP"NSR~6 
IF(IFL*EQ*1)GOTO 20 
WRITE(7 y 151)KK 

151 FORMATdXy 'SHALL WE SET OR CHANGE SIZE OR 
2 POSITION OF PANEL NO*'*12»' d=YrO=N>?') 
READ(5y199)1 

20 WRITE(7y111) 
WRITE(7y164)KK 
READ(5y199)IP 
IF<I♦ER« 0)GOTO 21 
GOTO 26 

2.t WRITE (7y 167) 
WRITE(7y171) 
GOTO 28 

C * t * # # 1## >fc $ # :fc # * 1115K >K Xotc % t $ t % % % % * * $ & # % % % t $ * # $ t $ t t # * t % 
C INPUT INFO ABOUT PANELS 

WRITE(7»154) 
FORMATdXy'HOW MANY PANELS DO YOU WANT?(ENTER 

3 1-12)') 
READ(5 y 199)NPN 
WRITE(7y157) 
FORMATdXy'ENTER THE TEMPS IN CELSIUS FOR PANELS 
4 1-6') 
READ(5yl04)(TW(LL)yLL=7y12) 
IF(NPN♦LT » 7)GOTO 23 
WRITE(7y161) 
FORMATdXy'ENTER THE TEMPS IN CELSIUS FOR PANELS 

5 7-12') 
READ(5y104)(TW(LL)yLL~13y18) 
N0T=7+NPN 
DO 24 M”NOT y 19 
TW(M)=0*0 
NN~1 
NSR--6+NN 
NP-NSR-6 
WRITE(7y111) 

no 
AM AW 

154 

157 

161 

23 

24 
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WRITE(7 ? 164)NN 
164 FORMAT(IX»'WHAT SURFACE IS PANEL NO*'r12r' ON? 

6(ENTER 1-6)') 
READ(5? 199)IP 

26 WRITE(7f167) 
WRITE(7f171) 

167 FORMAT(ÎX?'LOOK AT A PROJECTION OF TME PERSON 
7 ON THE SURFACE WITH THE PANEL ON IT. LET THE') 

171 FORMATUXK'LOWER LEFT CORNER OF THE SURFACE BE 
8 THE ORIGIN TO MEASURE FROM. USING THIS'•/.IX» 
9'REFERENCE POINT?') 

WRITE(7*174) 
174 FORMATdXf'WHAT ARE THE X COORDINATES OF THE 

1 LEFT S RIGHT SIDE OF THE PANEL?') 
READ(5 tl04)XL(NP)>XR(NP) 
WRITE(7.177) 

177 FORMAT(IX!-'WHAT ARE THE Y COORDINATES OF THE 
2 TOP & BOTTOM OF THE PANEL?') 

READ(5»104)YT(NP)yYB(NP) 
28 WRITE(7 » 181) 
181 FORMATdXr 'WHAT ARE THE X % Y COORDINATES OF 

3 THE PERSON?') 
READ(5,104)XM ? YM 
WRITE(7.184) 

184 FORMATdXr'WHAT IS THE DISTANCE(Z) FROM PERSON 
4 TO SURFACE?') 

READ( 5,104)ZM 

C FIND COEFFICIENTSr PARAMETERS FOR FSR SUBROUTINE 

XXd)-XM-XL(NP) 
YY d ) ~ YM--YT ( NP ) 
XX(2)-XM-XR(NP) 
YY(2)«YY(1) 
XX(3)«XX(2) 
YY(3)«YM-YBCNP) 
XX(4)*XX(1> 
YY(4)=YY(3) 
IF(XXd ).GE♦ 0.0)GOTO 31 
CX(1>«~1.0 
CX(4)=~1<0 
GOTO 32 

31 CX<1)= 1.0 
CX ( 4 )« 1.0 

32 IF(XX(2).GE.0.0)GOTO 33 
CX(2)=-l.0 
CX(3> —1.0 
GOTO 34 

33 CX(2)= 1,0 
CX(3)= 1.0 

34 IF(YY(1).GE.0.0)GOTO 35 
CY(2)«~1.0 
CYd ) « 1.0 
GOTO 36 
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35 CY ( 1 )»-l» 0 
CY<2>-~ 1*0 

36 IF<YY<3).GE.0.0)0GT0 37 
CY<4)=-1*0 
CY(3>~ 1*0 
GOTO 33 

37 CY(3)~--l «0 
CY<4)~‘ 1.0 

38 F(NSR>“0 . 0 

C CALCULATE SHAPE FACTOR FOR PANEL SURFACE TO MAN 

DO 40 L~1 )>4 
XX ( L ) ;=ABS (XX(L)) 
YY < L > =ABS(YY(L > > 
FS(L)"CX(L>#CY(L>*FSR(ZMrXX(L> rYY(L) > 
F(NSR)=F< NSR)-f FS(L) 

40 CONTINUE 

C FIND SHAPE FACTORS FOR ENCLOSURE SURFACES TO MAN 
C**###*##*#*#####*#*#**#**###***##**:*#**#*##***#****#* 
41 H~XP(1) 

W=XP(2) 
S=XP<3> 
H3-HH-H 
W3~WW-U 
D3=DD-S 
IF(IPNL.EQ.O)GQTO 42 
IF(NPN .GE > 2.AND » KK.GE.2)GOTO 43 
IF(NPN«GE.2.AND.NN » GE.2)GOTO 43 
IF<ITP.EG.0)G0T0 45 
IF <MPR.EG♦0 > GOTO 43 

42 F(l)*FSR<M3»HfS)+FSR(W3rHrD3)+FSR<W3»H3»S>+ 
lFSR(W3rH3rD3) 
F C 2 ) “FSR < S r H » W ) f FSR < S r H * W3 ) +FSR (Sx H3 » W ) -f 

2FSR(SrH3»W3) 
F(3)=FSR(WfHrS)+FSR(W»H»D3)+FSR(W»H3»S>+ 
3FSR(W>H3rD3) 
F ( 4 ) -FSR (D3»HrW) +FSR ( D3 s- H » W3 > f FSR ( D3 r 113 » U ) + 

4FSR(D3 » H3 » W3) 
F(5)«FSR(H3 * W * S )+FSR < H3 » W » D3)fFSR(H3 » W3 ? S > + 

5FSR < H3 y W3 » D3) 
F < 6 ) - FSR ( H » W » S ) +FSR < H » W s» D3 ) +FSR ( H r W31> S > + 
6FSR<HrW3yD3> 

43 F(IP)~F(IP)~F(NSR) 
IF(IPNL»EQ.0)00T0 45 
IF(LF.EG.0)G0T0 44 
IF<KK.EG.NPN)GOTO 45 
KK*KK+1 
GOTO 144 

44 IF<NN.EG.NPN)GOTO 45 
NN-NN+l 
GOTO 25 

C îR t % # $ # ;{c :ÿ t $ I#* & >fc * # # % # # '¥■ # % >K * # % 5K % * % # ft# # t # * >fc t $ * t % Y # & 
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C CALCULATE TMRT 
C # t % * $ # >fc % % ## # 5{t )fc * >jf % t # f t % * t # 1115(c $ HoK # 11 % # >K >!< sR % % % 'R * % % iff % % % # # 
•45 DO 50 M*lfl8 

TMRT»TMRT+(F<M)*((TW<M)+A>**4)) 
50 CONTINUE 

TMRT-SQRT(TMRT) 
TMRT-SQRT(TMRT)-A 

C # )f! & 5fc % >R 5(t >}c ## >K >K $ :{c5ft ?{c jft sjc * % %% '.ft $ t % :f $ ■$ >K # # # $ $ * 1c # # & t % ** >fc$ 11 >fc ;R * >K t 
C OUTPUT SECTION 
C#;R>K>RHc>R#5k#**>R5R:R$:R;R>R5fc5K.*)K#>R;R##)R>R>R)R**>R>R:R>lc#*lc>fc>KHc5ic:$:>{c;fc;{c)R$>R*>R 

WRITE < 7 » 187)HH yWW * DD 
187 FORMATC/riXf"THE ROOM DIMENSIONS ARE(YyX*Z)ï 7 

ir3F10*3> 
WRITE<7f191)H>WFS 

191 FORMAT(IX»'THE PERSON'S LOCATION IS(Y»XyZ)J7 

2*3F10.3) 
WRITE<7» 192)<TW(LL> »LL*1 y 6 ) 
WRITE < 7 y 194>(F < LL)rLL*1y 6) 

192 FORMAT</yIXy “'SURFACE TEMPERATURES ARE♦ 7y/»2X 
3y6F10*3) 

193 FORMAT</y IXy'PANEL TEMPERATURES ARE * 7y/y2X 
4 *6F10♦3) 

194 FORMAT < IXy7FSJ 'y6F10,6> 
IF<IPNL♦EG*0)GQT0 60 
WRITE(7y 193) (TW(LL) ,*LL-7y 12) 
WRITE(7f194)<F<LL)»LL«7»12) 
IF(NPN*LT« 7>GOTO 60 
WRITE(7f 193HTWCLL) »LL«13»18> 
WRITE(7yl94)(F(LL),LL*13y13) 

60 WRITE(7y195)TMRT 
195 FORMAT(/ylXy "TMRT™ 7,F10.5) 

LF-1 
C >K $ * * # >fc f # * # % # * t ÜC t * % * >K t % t tt % 1#111 $ % * t % 111 * * 1111111 % $ * # * 
C STOP OR CHANGE DATA ? 
C 5ft 11 $ $ t # Hf ?fnK 1111 # t t M * 111111-1 $ 5}t îfoft 111 $ $ 5f{ * # K t tt * 11 % îfc ■$ % $ t 

WRITE<7f197) 
197 FORMAT(IX»'TYPE 0 TO CONTINUEy TO CHANGE TMRT 

3 TYPE 17> 
READ«5»199)I 

199 FORMAT(13) 
IF(I»EQ»1)G0T0 12 
WRITE(6 ? 18 7)HH y WW y DD 
WRITE(6 y191)HyWyS 
WRITE(6y192)(TWCLL)yLL=l*6) 
WRITE(6y 194)(F(LL)yLL=ly6) 
IF(IPNL♦EQ.0)GOTO 70 
WRITE(6 y 193)(TW(LL)y LL~7* 12) 
WRITE(6y 194) (F(LL) yLL«=7»12) 
IF(NPN * LT♦7)GOTO 70 
WRITE(6yl93)(TW(LL)»LL*13»18> 
WRITE(6 y 194)(F(LL)yLL~13y!8) 

70 WRITE<6y 195)TMRT 
RETURN 
END 



FUNCTION FSRtZfYfX) 
IF<Z* EQ * 0 <• 0)GOTO 99? 
IF(X.EG.0,0 * OR.Y.EG* 0,0)GOTO 998 
RX-Z/X 
RYS:;Z/Y 
FSR«0♦07957747*(ATAN<<< RX*RX> + (RY*RY) + 
1(RX*RX*RY*RY)>*#(-045))) 
RETURN 

998 FSR-0♦0 
RETURN 

999 IF(X»EQ40.0.AND«Y*E0«040)G0T0 997 
IFtX.EQ.O^O.OR.Y.EQ^O.O) GOTO 996 
FSR~0«125 
RETURN 

997 FSR=0*0416666 
RETURN 

996 FSRr-:0*0625 
RETURN 
END 
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Appendix E VELSUB 

The purpose of the subroutine VELSUB is to 

calculate the convective heat transfer coefficient (HC) in 

air that may be stagnant or in notion, for a human being in 

different positions. HC is defined (3) to be a quantity 

that relates the heat transfer per unit area (Q/A) to the 

difference in temperature between the surface of the body 

and the surrounding fluid (Ts - Tf). The relationship is 

expressed by Newton's law of cooling: 

Q/A = HC*(TS-TF) 

HC depends on the geometry of the body, on the 

fluid composition, and on the description of fluid motion 

that surrounds the fluid. Although HC represents the 

combined effects of several factors and is therefore a 

complicated function, it is possible in some instances to 

treat HC as a constant, as is the case in some of the 

example situations in VELSUB. 

Heat transfer by convection can be divided into two 

categories: free convection and forced convection. Free 

convection occurs when no external forces are present to 

propel the surrounding fluid past the surface of the body. 

The fluid motion results from the difference in density of 

fluid particles caused by heating of the fluid particles 

immediately adjacent to the body surface. Forced convection 

is caused by the presence of external forces to transfer the 
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fluid past the surface; in most cases free convection will 

occur with the forced convection. Equations have been 

developed to describe free convection, forced convection, 

and also a combination of the two. To approximate the 

calculation of HC for combined effects however, the 

following simplification is made: HC is calculated for free 

and forced convection, and the larger value is used. 

In cases of forced convection, another general 

equation is used in the literature that includes HC. The 

equation is as follows (See reference 43.): 

NU = C*(RE**n)*(PR**m); NU = HC*L/K; RE = V*L/v 

C, n, and m are constants that vary according to 

the situation to be modeled by this equation. NU, the 

Nusselt number, is defined (42) as the ratio of the surface 

temperature gradient to the fluid boundary layer temperature 

gradient. RE, the Reynolds number, is defined (42) as the 

ratio of the fluid momentum forces to the fluid friction 

forces. PR, the Prandtl number, is defined (42) for the 

fluid as the ratio of the molecular diffusivity of momentum 

to the molecular diffusivity of heat. L, included in the 

Nusselt and Reynolds numbers, is the length of the body in 

question. K and v, which are the thermal conductivity of 

the body and the thermal diffusivity of the fluid, 

respectively, are temperature dependent properties. To 

simplify the calculation of HC with this equation, the 

values for K and v from 40 to 100 degrees Celsius, published 
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by Chapman (3), are averaged. When these averaged values 

are used in the above equation, along with the values of C, 

m, PR, and L, the equation is expressed in the general form: 

HC » A*V**n , where A =(C*K*PR**m/L)*(L/v)**n 

This general equation form is used in many of the 

forced convection examples in VELSUB. 

Table El lists values for the convective heat 

transfer coefficient for different body positions, and 

equations to calculate this coefficient when the velocity of 

the air causes forced convection (See Table El.). Sources 

of coefficients and equations listed in this table and used 

in this subroutine come from Nishi, Hardy, Hsu, and Parker 

(42,43,9,6). For further discussion of the principles of 

convective heat transfer or applications to thermal comfort, 

consult Chapman or Fanger (3,4). 
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Table El HC Equations as a Function of Air Velocity 

CONDITION HC, W/m*m*° C CONDITION HC, C 

********** STILL AIR ********** 

1. Seated 2.9 2. Seated on Stool 3.1 

3. Standing 4.5 4. Seated on Bicycle 4.0 

5. Reclining (25C) 3.4 6. Reclining (40-450 5.2 

7. Pedaling Bicycle Ergometer (50 rpm) 5.4 

8. Pedaling Bicycle Ergometer (60 rpm) 6.0 

9. Treadmill (Vtr = speed(m/s)) 6.51*Vtr**0.391 

10. Free Walking (Vfw = speed(m/s)) 8.60*Vfw**0.531 

********** J40VING AIR ********** 

11. Wind + Walking (V = Wind(m/s)) (Eq 10)+1.96*V**0.860 

12. Seated, Nude (V * Wind(m/s)) 1.95+6.4*V**0.67 

13. Seated (V = Wind(m/s)) 8.336*V**0.6 

14. Lying Down, Horizontal Crosswind, V < 5 m/s 7.136*V**0.5 

15. Lying Down, Horizontal Crosswind, V > 5 m/s 7.496*V**0.8 

16. Standing, Same Wind, V < .186 m/s 

17. Same as 16., .186 < V < 1.86 m/s 

18. Same as 16., 1.86 < V < 18.6 m/s 

19. Standing, Vertical Wind, V < 0.9 m/s 

20. Same as 19., V > 0.9 m/s 

5.08*V**0.466 

6.545*V**0.618 

5.805*V**0.805 

3.039*V**0.5 

5.328*V**0.8 
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C********'***********M*************************t****** 
C VELSUB CALCULATES THE CONNECTIVE HEAT TRANSFER 
C COEFFICIENT FOR VARIOUS CONDITIONS AND FOR 
C VARIOUS POSITIONS OF THE HUMAN BODY. 
C POSSIBLE INPUTSt AIR VELOCITY AND/OR SPEED OF 
C PERSON 
C 5}c île 5jc JjüjOfc 1t % t tt t Z # % tt1ttttt * $ * * $ tttt $ * * 1t $ * $* $$ 

SUBROUTINE VELSUB<HC» KNT) 
IF(KNT«EQJOGOTO 5 
WRITE(7» 170)HC 

5 WRITE<7» 30 > 
WRITE<7y31) 
WRÏTE<7»32> 
WRITE(7»33) 
WRITE(7»34) 
WRITE(7»35) 
WRITE(7»36) 
WRITE(7»37) 

C DISPLAY TABLE OF EQUATIONS 
C111 # :ff $ # * * 1* * Y t* 1111*1 Ht * t * % ** *11 * $ t $ *11 •* $ îfc 11* % * 11 * ** * 
30 F0RMAT(2(5X» ''CONDITION" »10X» 7HC» W/m*m*'C7 ) */ 

1»21X»10<7*7)»7 STILL AIR 7»10(7*7)»/»5X»71. SEA 
2TED7 »16X» 724 97 ?8X» 72. SEATED ON STOOL 7 » 7X »7 3. .1 7 > 

31 FORMAT(SX*"3. STANDING7»14X»7 4.57»SX?'4♦ SEATED 
3 ON BICYCLE 4,07 »/»5X» 75, RECLINING (25'C) 7 

4 » 6X y 7 3 » 47 y SX ? 7 6♦ RECLINING <40~45'C) 5,27> 
32 FORMAT(SX? 77» PEDALING BICYCLE ERGOMETER <50 rp 

5m)7 »23X» 7 5.47 »/» 5X »78» PEDALING BICYCLE ER60MET 
6ER (60 rpm)7»23X»76*07) 

33 FORMAT(5X? 79. TREADMILL <Vtr*SPEED<m/s> )7 »20X* 
776451#Vir#*043917»/»4X»710. FREE WALKING (Vfw= 
8SPEED(m/s) )7,17X» 78.60*Vfw**0«5317 »/»21X» J 0<7*7 

9) » 7 MOVING AIR 7»10(7*7)) 
34 FORMAT(4X»'ll. WINDiWALKING <V«WIND<m/s>>7»14X» 

17 (EQ 10) + 1 « 96#V*'#0♦ S607 »/» 4X» 7 12 i SEATED » NUDE 
2 ( V=WIND(m/s) ) 7 y 19Xy71.95+6 « 4#V##0. 677 */?4X?713» 
3 SEATED (V=WIND (m/s) ) 7»29X» 78< 336*V**04<<7 > 

35 F0RMAT<4X?'144 LYING DOWN » HORIZONTAL CROSSWIND» 
4V< 5m/s7»9X» 774 l36*V**0457 »/»4X»715. LYING DOWN * 
5 HORIZONTAL CROSSWIND»V> 5m/s7 »9X» 77.496*V**0.87> 

36 FORMATdX» 716* STANDING» SAME WIND»V< .186m/s7»l 
68X?75408*V#*044667»/»4X»717. SAME AS 16.» *186<V 
7<1486 m/s7 »19X» 764545#V>ft#0 *618' y/*4Xr ' 18* SAME 
8 AS 164 » 1.36<V<18.6 m/s7 »19X»75,S05*V**0.3057) 

37 FORMAT(4X»'19. STANDING» VERTICAL WIND»V< 0.9m/s 
97»16X» 73.039*V**0.5'f/»4X» 720» SAME AS 19.» V> 
1 0.9m/s7 »27X» 'S.SSBYV^O.O7 ) 

C INPUT REQUIRED PARAMETERS 

WRITE(7.-40) 
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40 FORMAT ( IX ? 'INPUT NO, OF THE EQUATION TO USE * 
2 THEN FOR 1, TO 3.ÎINPUT HC?'y/ylXy'FOR ?, TO 20 
3,ÎINPUT V (OR Vfw IN NO, U>)') 
READ(5y 44) 1y HC 

44 FORMAT(I3yF10«5) 
45 FORMAT(2F10,5) 
46 FORMAT(IXy'INPUT VALUE OF WIND SPEED'yF10*5> 

IF(I«LT,9)G0T0 43 
V=HC 
K=I~8 

C # ## 15jt >ft ■$ 111Ÿ ft ftft ft ft ft ft ft ft* * ft ft ft $ $ ft ftft ft ft ft ft ft ft * ft ftft ft * ft ft $ ft ft ft ft ft ft ftft 
C SELECT PROPER EQUATION 
C ft 5K>K ft if ftftft ft ft ft ft ft ft ft >Kft 5ft ft ft ft ftftft ft ft ft ft ft ftft ft * ft ft * ft ft ft ft ft ft ft ftftftftftft ft ftft ft 

GO TO (9 y 10 y 11 y 12 y 13 y 14 y 15 y 16 * 17 y 1S y 19 y 20)y K 
9 HC=6.51ftVftftO,391 

GOTO 50 
10 HC-8, 6ftVftftO, 531 

GOTO 50 
11 WRITE(7y46) 

READ(5 y 45)V2 
HC- ( 3.6ftVftftO, 531 ) + ( 1,96ftV2ftft0, 86 ) 
WRITE(7 y 175)V y V2y HC 

175 FORMAT(/y IXy'V- 'yF10.5y' V2- 'yFlO.Sy' MC* . ' 
lyFlO.5) 
GOTO 60 

12 HC=1.95+6.4ftV**0.67 
GOTO 50 

13 !U>3,336ftVftftO>6 
GOTO 50 

14 MC*7.13A*V##0.5 
GOTO 50 

15 HC-7 ♦ 496ftVftftO,8 
GOTO 50 

16 HC=5,08ftVftftO,466 
GOTO 50 

17 HC-6 ♦ 545ftVftftO ,618 
GOTO 50 

IS HC-5,805ftVftft0,805 
GOTO 50 

19 HC*3.039*VftftO.5 
GOTO 50 

20 HC==5,328ft VftftO, 8 
GOTO 50 

43 WRITE(7y170)HC 
170 FORMAT </y1X y'HC* 'y F10♦5) 

GOTO 60 
50 WRITE(7 ? 173 > V ? HC 
173 FORMAT (/yIXy ' V~ 'yF10,5y' HC- 'yFT0.5> 
60 WRITE(7y130) 
130 FORMATdXy'TYPE 0 TO CONTINUE y TO CHANGE HC 

1 TYPE 1') 
READ(5y44)L 
IF(L,EQ.1)OQTQ 5 
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IF(I.NE»11)GOTO 63 
WRITE<6»17S)VrV2»HC 
GOTO 70 

63 IF(I «LT*9>G0T0 67 
WRITER 173>VfHC 
GOTO 70 

67 WRITE(6 y 170 > HC 
70 RETURN 

END 
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Appendix F Graphical Results 

Study 1: Radiant Cooling Panels 

The graphs in this study are divided into four 

sections; the panel compensation temperature graphs for (1) 

the ceiling panel configuration and (2) the wall panel 

configuration, and the overcompensation run graphs for (3) 

the ceiling panel configuration and (4) the wall panel 

configuration. Each section has four graphs and each graph 

represents a different value of the initial operative 

temperature. Although each graph represents a different set 

of numerical data, the format for each of the sixteen graphs 

in this study is the same. 

The x-axis for each graph represents the value of 

the radiant panel temperature in degrees Celsius. The y- 

axis for each graph represents the predicted level of 

comfort or discomfort as measured by the predicted 

percentage of dissatisfied. Each graph has six lines 

plotted on it that are labeled 1, 2, 3, 4, 5, or 6. These 

lines correspond to the location of the test position where 

the data calculation was performed. A maximum of three 

vertical dotted lines may appear on any of these graphs. 

These lines represent suggested maximum or minimum panel 

temperatures. For more information about these graphs, 

consult the discussion for the first study in the 

applications section of this research. 
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Study 2: Ceiling Fans 

Since the evaluated performance of ceiling fans is 

not a function of the location of the test position where 

the data calculation is performed, it is possible to present 

all of the data from this study on a single graph. The x- 

axis for this graph represents the value of the air velocity 

in meters/sec. The y-axis for this graph represents the 

predicted level of comfort or discomfort as measured by the 

predicted percentage of dissatisfied. This graph has four 

plotted on it that are labeled To(i)=27, To(i)=28, To(i)=29, 

or To<i)=30. These lines correspond to the value of the 

initial operative temperature when the data calculation was 

performed. Two vertical dotted lines which appear on this 

graph represent a suggested maximum and a suggested minimum 

air velocity. For more information about this graph, 

consult the discussion for the second study in the 

applications section of this research. 
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Study 3; Change of Metabolism 

The graphs in this study are divided into four 

sections, and each section has two graphs. Each of the 

graphs in a particular section represents a different value 

of the initial operative temperature. Each of the sections 

represents a different combination of time intervals 

involving a change in the person’s metabolism. The four 

sections represent the following time interval combinations: 

(1) a time interval of ten minutes at the beginning of the 

exposure time, (2) a time interval of twenty minutes at the 

beginning of the exposure time, (3) a time interval of ten 

minutes at the beginning of the exposure time and a time 

interval of ten minutes at the beginning of the second hour 

of the exposure time, and (4) a time interval of twenty 

minutes at the beginning of the second hour of the exposure 

time. Although each graph represents a different set of 

numerical data, the format for each of the eight graphs in 

this study is the same. 

The x-axis for each graph represents the exposure 

time in minutes that the model of the human body is exposed 

to the given environmental and metabolic conditions. The y- 

axis for each graph represents the predicted level of 

comfort or discomfort as measured by the predicted 

percentage of dissatisfied. Each graph has six lines 

plotted on it that are labeled 60, 70, 80, 90, 100, or 110. 

These lines correspond to the value of the metabolic rate 
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that the model is exposed to for a portion of the exposure 

time. For more information about these graphs, consult the 

discussion for the third study in the applications section 

of this research. 
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