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EP*

LIST OF SYMBOLS

Effective temperature defined in text

Ratio of the clothed body surface area to the nude
body surface area

Ratio of the effective body radiation area to the nude
body surface area

Convective heat transfer coefficient
Clothing insulation value, clo
Metabolic rate

Metabolic rate per unit nude body area
Water vapor partial pressure

Predicted mean vote

Radiation heat loss from clothed body surface per unit
of nude body area '

Mean outer surface temperature of clothing (absolute
degrees)

Mean outer surface temperature of clothing

Dry bulb temperature

Pink globe temperature

Mean radiant temperature (absolute degrees)

Mean radiant temperature

Adjusted dry bulb temperatures on the 72 F ET* line
Adjusted dry bulb temperatures on the 78 F ET* line

Uncertainty associated with the value of Ic]

Uncertainty associated with the value of M

Uncertainty associated with the value of Pa

iv



Uncertainty associated with the value of PMV

Uncertainty associated with the value of tdb

Uncertainty associated with the value of tmrt

Uncertainty associated with the value of V
Relative air velocity

Stefan - Boltzmann constant (0.1713 x 10'8 BTU/fchr°R4)

(4.96 x 10°8 Kkcal/m?hrok?)

Clothing emittance

Mechanical efficiency of the body



I. INTRODUCTION

There is a growing need for instrumentation to be developed to collect
environmental data and combine the data to evaluate the thermal quality of
an inhabited space. Advancing techniques in the areé of human thermal com-
fort have led to the development of sophisticated descriptions of the degree
of comfort for persons in an interior environment. Most of the work has
been accomplished in the last fifty years beginning with the investigations
by Houghton and Yaglou in 1923 [1].* Their effective temperature scale was
the first single index for thermal sensation in humans and is still in wide
use today. The most recent of the comfort criteria has involved predicting
the physiological responses to the environmental parameters of dry bulb tem-
perature, water vapor partial pressure, relative air velocity, and mean radiant
temperature and to the physical quantities of metabolic rate and clothing in-
sulation value. This work has been accomplished by Gagge, Stolwijk, and Nishi
[2] in their new effective temperature scale and by Fanger [3] with his pre-
dicted mean comfort vote.

The American Society of Heating, Refrigerating, and Air-Conditioning
Engineers also provides a potential basis for instrumentation to evaluate
thermal environments in their proposed standard [12]. ASHRAE has provided
the major impetus to human comfort investigations. They have provided both

project funding and comfort criteria standards for the industry. Although

*Numbers in brackets refer to references listed on page 28.



limited in the range of clothing insulation value and metabolic rate which
may be used, the proposed standard does provide a systematic technique for
combining the environmental variables to determine acceptable comfort. The

new standard consists of a quadrilateral plotted on a vapor pressure versus

t t
_"JLE_E_..@P_) graph. Points inside the plot

adjusted dry bulb temperature (
correspond to environments in which at least 80% of the occupants are com-
fortable. A summary of the standard appears in Figure 4.

Efforts have been made to develop instrumentation to collect envir-
onmental data, evaluate these data and display the results of the evalua-
tion as comfort vote, effective temperature, comfortable-uncomfortable, etc.
Lund Madsen [4] developed an instrument in 1972 which performed the above
functions based on Fanger's physiological model. The instrument consisted of
a sensing body and an evaluation network. The sensing body was controlled to
develop a surface temperature equal to the mean surface temperature of a
person in thermal comfort. The sensing body was shaped so that the radia-
tion area factors are nearly equal to those for persons and, in addition
accounted for the fact that its radiative and convective surface areas were
equal where a person's were not. The signal from the sensing body, indicating
dry heat loss, was sent to a resistance network where it was combined with
preset inputs of activity level, clothing insulation value, and vapor pres-
sure to yield the local predicated mean vote. A major disadvantage of the
instrument is its inability to provide individual parameter values. This is
desirable when the environment is deemed unsuitable and corrections on some
of the environmental variables must be made.

Another instrument, designed by the Bendix Corporation in 1972

for the National Institute for Occupational Safety and Health, scans



and records dry bulb temperature, wet bulb temperature, air velocity,
and black globe temperature. It provides both a linear analog output
of each variable and a digital output of the monitored variable.
Built as a work stress study unit, the device will presumably be in-
tegrated with the calculation of the NIOSH proposed standard, "Wet
Bulb Globe Temperature" (WBGT) [5].



II. AVAILABLE INSTRUMENTATION

This development of an instrument to evaluate the quality of a
thermal environment began with a search of available instrumentation
to measure environmental variables. Requests were sent to manufacturers
of environmental instrumentation for specification of units which were
available to measure ambient temperature, mean radiant temperature,
moisture content, and relative air velocity. The responses to the survey
are shown in Appendix A. The most accurate measurement of dry bulb
temperature in the comfort range was plus or minus 0.5 F. For the meas-
urement of moisture content, the majority of instruments sensed relative
humidity with the best absolute accuracy of plus or minus 2 1/2%. There
were a few psychrometer devices having plus or minus 0.5 F wet bulb accur-
acy while the dew point sensors had a best accuracy of plus or minus 1.5 F.
There were no instruments which specified a vapor pressure readout. Vel-
ocity measuring devices were mostly of the heated wire or heated thermo-
couple type, the most accurate quoting a plus or minus 2 fpm accuracy in
the 0 to 60 fpm range of use. No instruments were available for purchase

which measured globe temperature or mean radiant temperature.



ITI. PMV APPROACH TO INSTRUMENT

In 1967, P. 0. Fanger [6] presented his thermal comfort equation

for humans. In 1970, Fanger [3] published his book Thermal Comfort

containing, along with the derivation of his comfort equation, the develop-
ment of equations to calculate the Predicted Mean Vote, PMV, of average
persons exposed to thermal environments. Fanger [3] established the
approximate exponential relationship between the change in vote per unit
change in thermal load and activity level based on his data and on the
evidence presented by Nevins et. al [7] and McNall and his co-workers [8].
This enabled the PMY to be evaluated from environmental data of ambient
temperature, relative air velocity, vapor pressure, and mean radiant
temperature along with physical and physiological variables of clothing
insulation value, clothing temperature, and activity level. The equation
is shown at the bottom of Figure 1A.

Fanger's clothing temperature equation is associated with the vote
equation. The clothing temperature must be obtained iteratively, usually
by digital computer, before the vote equation can be solved. Tables and
graphs appearing in Fanger's book [3] are intended to be used in most
cases rather than calculation from the basic equations. However, this
process is frequently difficult and time consuming. The need exists for
modification of Fanger's equations to permit solution by hand or by use of
an analog circuit.

Three assumptions were made to modify the clothing temperature equation

and the vote equation (Figure 1A). They are as follows: (a) mechanical



Clothing Temperature Equation:

- -8
tc] = 35.7 - 0.032m (1-n) - 0.18 IC1[(3.4)(10 ) fc]

[t +213) - (v +2713)%7 + fqh, (t - ty)]

cl mrt

10.4 NV in forced convection
0.2
) 5

where hC

2.05 (tc] - tdb in natural convection

Predicted Mean Vote Equation:
v = [0.352¢70-042M 4 0 032(m(1-n) - 0.35
(43 - 0.061 m(1-n) - P_) - 0.42(m(1-n) - 50)
-0.0023m (44 - Pa) - 0.0014 m(34—tdb)
-3.0)(007%) £ (1, + 273)* - (¢
“Feahe(tey - tap)]

where PMV = Predicted mean vote (vote scale from -3 to +3)

4
et + 273)7)

Figure 1A: Fanger's Clothing Temperature
Equation and Predicted Mean Vote

Equation.



efficiency, n, for all considerations will be zero, (b) the radiation term
will be approximated by (13.6) (10‘8) fe Tmrts (tcl;tmrt)’ and (c) the
convective heat transfer coefficient, hc, will be equal to 10.4/V when the
relative air velocity is greater than 0.1 meter/sec (20 fpm) or hC will be
equal to 3.2888 kca]/hr—mzc when the relative air velocity is equal to or
less than 0.1 meter/sec.

The first assumption requires little discussion as its effect is only
to Timit application of the modified equations to situations where mechanical
efficiency is zero. The few practical applications excluded by this assump-
tion are some outdoor exercises and a few heavy industrial tasks. The
other two assumptions will be developed now.

The use of the Stefan-Boltzmann Law appears in the radiation heat
transfer terms of Fanger's clothing temperature equation and his predicted
mean vote equation (Figure 1A). This radiation term is expressed as heat

transfer per unit of nude body surface area and is:

r= o Fope foy [ty * 213) - (¢ .+ 273)*]. (1)

mrt
Fanger chooses average values for clothing emittance, ¢, and effective

area factor, feff’ of 0.97 and 0.71, respectively. The resulting radiation
term is:

4. (2)

3
il

-8 _ 4

Factoring gives:

4

-8 3 2
r=(3.4) (107°) fq (T =T ) (T7 + T4 T

mrt

2 3. | (3)

Tc] T

met * Tmrt

For most environmental applications, the mean radiant temperature is within
+5 C of air temperature. Also, in most comfortable environments, clothing

temperature will be within the same +5 C range as air temperature. For



practical purposes, clothing temperature should be within +10 C of the
mean radiant temperature. Therefore, the radiation term may be approximated

by:

-
1

= (3.4) (108 F (T -T ) (4T ) (4)

-8 3
or r = (13.6) (107") fc1 (t + 273) (tC1 -

mrt tmrt)°

An analysis was made of the error introduced into the radiation term
by using this approximation. Using the worst conditions, obtained from
Fanger [3], when the difference between mean radiant temperature and
clothing temperature is at a maximum of about 16 C, the deviation between
equation (2) and equation (4) is 7.95%. However, typical errors with a
10 C temperature difference will be less than 5% in the radiation term.

Finally, adjustments were made on the convective heat transfer
coefficient. The original methods of calculating the convective coefficient
are shown in Figure 1A. As seen in that figure, two coefficients were
calculated, one as a function of the square root of relative air velocity
developed by Winslow, Gagge, and Herrington [9], and the other as a function
of the fourth root of the temperature difference between the clothing and
ambient proposed by Nielsen and Pedersen [10]. The larger of the two co-
efficients calculated is used in the predicted mean vote equation and the
clothing temperature equation. Under most circumstances, the point of
transfer from the forced convection equation to the natural convection
equation is around the 0.1 meter/sec (20 fpm) relative velocity. Therefore,
to simplify calculation of the convective coefficient in the natural con-
vection regime, the convection coefficient is considered constant at 3.2888
kcal/hr m2 C, a value obtained by using the forced convection equation and

substituting 0.1 meter/sec for the velocity variable. For relative air



velocities greater than 0.1 meter/sec, the conventional coefficient equation
for forced convection is used. Thus,

h
c

10.4 YV for V > 0.1 meter/sec (20 fpmn) (kcal/hr me C)

and hc

3.2888 for V < 0.1 meter/sec (20 fpm) (kcal/hr m2 C)

An analysis of the error introduced by this approximation indicated
that in the range of ambient temperature from 20 C to 30 C (68 F to 86 F),
typical deviations in the convection coefficient using the modified technique
were less than 10% when below 0.1 meter/sec velocity.

Combining these two modifications into Fanger's clothing temperature
equation and vote equation yields two equations in the variables of the
environment, physical and physiological parameters. These equations appear
in Figure 1B. The resulting clothing temperature equation is directly
solved for clothing temperature, tc]’ thus eliminating the need for an
iterative solution. This allows the determination of PMV by hand calcula-
tion or by use of the outputs from an environmental data acquisition system
and dialed in values of activity level and clothing insulation value (clo).

A computer program was written to calculate convection coefficients,
clothing temperatures, and predicted mean votes for Fanger's equations and
for the modified equations outlined in this paper along with the deviation
and percentage deviation between the two methods.

The program listing is in Appendix B along with sample output. The
program was coded in FORTRAN for execution on the IBM 360 digital computer.
Over two thousand sets of input data were examined which included the
combinations of the ambient temperatures, velocities, mean radiant tem-
peratures, activity levels, clo values, vapor pressures, and mechanical

efficiencies shown in Figure 2.



Clothing Temperature Equation:

t

-8 3
) 35.7 - 0.032m + 0.18 Ic] fcl[hctdb + (13.6)(10 )(tmrt +273)° t

10

mr‘t:I

'[ -
c 140,18 1,f [(13.6)(1070) (¢, + 273)% + h_]
where h, = 10.4V when v > 0.1 m/s
= 3.2888 when v < 0.1 m/s

Predicted Mean Vote Equation:
pMv = [0.352¢70-042M 4+ 0.032]([5.95 + 0.453m + 0.0023m P,

+0.0014m ty, +0.35 P, - (13.6)(107%) 7 (¢, + 273)3

mrt
(tey = taet) - For e (tep - tap)]

‘where PMY = Predicted mean vote {vote scale from -3 to +3)

Figure 1B: Modifications to Fanger's
Clothing Temperature and Pre-

dicted Mean Vote Equations.
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Examination of the results obtained by the computer analysis revealed
good agreement between the modified equations and Fanger's equations
when used in the range of ambient temperatures of 20 C and above. A few
combinations of very low ambient temperatures, high activity levels, and
low clo values gave deviations in the predicted mean vote frequently ex-
ceeding 0.2 vote and occasionally reached as high as 0.5 vote. However,
when considering environments above 20 C, deviations in the calculated
votes in the +2.0 vote range (using voting scale from -3 to +3 with 0 as
neutral) were less than 0.1 vote where mean radiant temperatures were equal
to air temperatures, and less than 0.2 vote where mean radiant temperatures
fluctuated +10 C from ambient temperature. The median of the deviations in
votes of the modified equations from Fanger's equation for votes between -3
and +3 in the range of ambient temperatures 20 C to 32 C was 0.02 vote with
the largest deviation occuring, 0.194 vote. The program and a sample output
taken at a 70 kcal/hr m2 activity level appear in Appendix B.

An analog circuit which calculates PMV by the modified equations (see
Figure 1B) is shown in Figure 3A. Its complexity makes it unfeasible for use
in its discrete form. However, it does perform the intended function of an
environmental evaluating instrument by combining environmental parameters and
physical quantities to give the index, PMV. It serves as a model from which
integrated circuits could be constructed to accomplish the calculations more
economically. This analog circuit directly synthesizes the modified clothing

temperature and predicted mean vote equations from Figure 1B.
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Figure 3A: Analog Circuit to Calculate
PMV from Modified Equations

(SEE NEXT PAGE FIGURE 38 FOR EQUATIONS FOR A— G)
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IV. ANALYSIS OF UNCERTAINTIES

The choice of instrumentation used to measure the environmental
variables depends, in part, upon the sensitivity of the result, PMV,
to the measurement of specific variables. Madsen [4] provided an eval-
uation of the uncertainty in Fanger's PMV as it depends upon the uncer-
tainties of the individual measurements. Madsen notes that the uncer-

tainty in the value of PMV, denoted Uppy * is: (5)

PMV aPMY 2 aPMV aPMV aPMV 3PMV
=[Py )2 (2 +(—p—~.u) (g )+( )+(

where u, = Uncertainty in the measurement or establishment of

variable x.

and %§M3-= Partial derivative of PMV with respect to variable x at
constant values of the other variables.

Tables fqr giMV for each variable at various activity levels, clo

values, and air velocities are listed in [4]. Madsen established the mini-
mum values for Uy and Uiel as =10 w/m2 (8.6 kcal/mzhr) and +0.1 clo, re-
spectively. This means that even if the thermal variables could be measured
with no uncertainty, there would be a minimum uncertainty in PMV of +0.48.
The specifications set forth in the 1972 proposed ASHRAE comfort
standard [12] were substituted into the equation for PMV uncertainty.
Setting utdb = +0.25 F, utmrt = +0.,25 F, a selected Upg = +0.75 mm, and
Uy = +15 fpm, and assuming velocity less than 0.1 m/s, activity level at

60 w/mz, and a clo value of 0.5 with which to enter the partial derivation

tables, the uncertainty in PMV was determined as plus or minus 0.6 vote.

U

cl

)2
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The terms under the radical sign, appearing in the same order as the uncer-

tainty equation (5) were as follows:

I+

Uppy = 0.0008 + 0.0007 + 0.0008 + 0.130 + 0.194 + 0.040 (6)

=+ 0.61 vote

As may be seen from the above terms, most of the dncertainty con-
tribution from measured variables came from the velocity measurement.
The uncertainty equation was then solved for the measured variable uncer-
tainties setting value of 0.6 for Uppy and dividing the total uncertainty
equally among the measured variables. This approach is demonstrated by

OPMY u, in equation (5) and solving for a = +0.1777 PMV.

letting a = = M

The uncertainty requirement for each variable is then determined from

L o= A _ $0.1777PMy (7)
x ~ PV 2PV
aX aX

The results of the calculations indicate the following accuracy requirements

to maintain the + 0.6 vote accuracy obtained from the ASHRAE proposed

standards:

u, =+ 1.6 F

b

u, ==+1.7F

tart

Up = % 4.6 mm of Hg

a
and uv =+ 7.4 fpm

These specifications maintain the + 0.6 accuracy of the standards speci-
fications, but allow much more flexibility with most of the measured
variables. These uncertainties are available from presently manu-

factured instruments, but of course, with the exception of the unavaila-



bitity of tmrt' Most of the instruments Tisted in Appendix A meet or
exceed these requirements. The Bendix "ENVIREC" instrument also meets
these specifications with + 1 F temperature accuracies and + 2% for

velocity accuracy.

4F



V. PROPOSED ASHRAE STANDARDS APPROACH TO INSTRUMENY

In May, 1972, the ASHRAE Standards Committee issued the second
draft of a pfoposed revision to the ASHRAE comfort standards [12]. The
basic standard is shown by a graph of vapor pressure versus adjusted dry
bulb temperature (see Figure 4). (Adjusted dry bulb temperature is de-
fined as the average between dry bulb temperature and mean radiant tem-
perature.) Data obtained within the environmental space must fall with-
in the comfort enve]bpe described by the graph on Figure 4. In addition
to satisfaction of the comfort envelope, the local velocity must not
exceed 70 feet per minute. Occupant metabolic rates and clothing in-
sulation values should be planned at between 50 and 70 kcal/mzhr and
0.5 and 1.0 clo, reSpéctive1y for the standard to apply. Thus, to test
the local environment, an instrument or set of instruments should (1)
test the velocity criterion and (2) determine whether or not the state
point falls within the comfort envelope on Figure 4.

The left-hand and right-hand borders of the proposed standard chart
are taken to be lines corresponding to constant Effective Temperatures,
(ET*)+ of 72 F and 78 F, respectively. This new Effective Temperature
is deffned by Gagge, Stolwijk, and Nishi [2] as the dry bulb temperature

at the point of intersection of the loci of constant percentage body

" ET* s used to distinguish Gagge's new effective temperature from
Houghton and Yaglou's effective temperature, ET.

18
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wettedness due to regulatory sweating and the 50% relative humidity line

on the psychrometric chart. Woods and Rholes [11] developed a computer
program to calculate the value of Gagge's effective temperature given dry
bulb temperature and relative humidity at 1 met activity, 0.6 clo, still
air, and MRT equals dry bulb for 1, 2-and 3 hour exposures. Initial condition
assume man at thermal comfort. Woods also formulated a program which cal-
culated the slope of a constant wettedness line (APa/Atdb). This program
was used to calculate the slopes of the two border lines on the proposed
ASHRAE chart. The percent wettedness due to regulatory sweating as tabulated
by Woods for an effective temperature of 78 F was about 6.3 percent. The
program obtained seven pairs of dry bulb-vapor pressure data corresponding
to 0.063 wettedness fraction at 7 relative humidities (20%, 30%, 40%, 50%,
60%, 70%, 80%). The program and output is included in Appendix C. A
Tinear regression analysis of the output pairs yielded a slope of - 0.169
inches Hg/F (-4.30 mm Hg/F) with a correlation coefficient of 0.998. In
his psychrometric tables, Woods 1ists the output pairs from the program for
a wettedness of 0.0 which occurs at 72 F effective temperature. Similar
analysis of these temperature and vapor pressure values gave a slope of
-0.309 inches Hg/F (-7.84 mm Hg/F) and correlation coefficient 0.997 for
the 72 F line. As a coarse check, four points were read from the left
border line of the proposed standard chart. Regression analysis of these
points suggested a slope of -0.304 inches of Hg/F which agrees closely

with the rigidly calculated slope from the program output. The equations
of the lines may now be easily established from the definition of Gagge's
new effective temperature. By definition, the 72 F ET* line goes through

the point 72 F, 50% RH on the psychrometric chart and 78 F ET* intersects



the 78 F, 50% RH point which generates the following equations for the

left and right borders on the comfort envelope in the proposed standard:
t72 = -0.128 Pa + 74.9 (8)

where t72 = adjusted dry bulb temperature on the 72 F ET* line

and Pa = vapor pressure in mm of Hg.
and t78 = -0.233 Pa + 81.8 (9)

where t78 = adjusted dry bulb temperature on the 78 F ET* line

and Pa is as above.

It is now possible to test the thermal variables in a space with the
proposed standard by a series of comparing techniques. First, the velocity
at the point must be compared to the reference velocity of 70 fpm. Next,
the vapor pressure at the point must be tested in two directions, both
lower than 14 mm of Hg and higher than 5 mm of Hg. Finally, calculation
of the adjusted dry bulb is required for testing its position in relation
to the 72 F and 78 F ET* 1ines. A state in the environment whose parameters
pass the above tests satisfies the requirements for the proposed standard.
The instrumentation problem is simplified if the available components have
linear outputs available with the maximum magnitude on the output numeri-
cally larger than the corresponding measured maximum parameter level. This
allows the use of a divider to reduce the output level to the exact para-
meter value which may then be displayed by a single meter or used in calcu-
~ lations. Therefore, a typical component instrument would contain a sensor
and conditioning circuitry to provide the output voltages.

Even though a test sequence was established to determine the thermal

quality of a point in the environment consistent with the proposed ASHRAE
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standard, there were no off-the-shelf instruments available that provided
the specified accuracies for either dry bulb or mean rédiant temperature
measurement. Also, no instruments were calibrated for vapor pressure out-
put. However, most of the available instruments calibrated for dew point
indications provided sufficient accuracy, so the only requirement to in-
dicate vapor pressure is recalibration of the same device. An allowable
uncertainty of plus or minus 0.75 mm Hg in the vapor pressure corresponds
to only a plus or minus 4 F accuracy in dew point. Specifications for the
necessary instrument components will be discussed later.

Continuing with the plan for comparator circuits in the test in-
strument, the basic comparator element chosen was a type 741 operational
amplifier. Operation with a plus and minus 15 volt power supply allows
the maximum flexibility for component output levels. A schematic of the
instrument appears in Figure 5. This schematic is constructed with the
assumption that component output levels are of millivolt magnitudes,
however, a different scaling technique would easily accomodate levels in
the 0 to 15 volts range. Each signal from the appropriate component con-
ditioning circuit is scaled to give the actual value of the environmental
variable expressed in millivolts, and is directed to the comparator. Com-
parison is made to the reference voltage for the particular variable which
has been generated by scaling the 15 volt power supply for the comparators.
Note that t72, t78 and adjusted dry bulb must be calculated by the circuit.
Since the value of the vapor pressure is readily available, t72 and t78
may be obtained with four potentiometers and two operational ampliers by
the equations derived previously.

Adjusted dry bulb is more difficult to obtain. The proposed ASHRAE
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Schematic for Environmental

Testing Instrument
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standard [12] requires the calculation of mean radiant temperature from
a globe temperature. They define the globe temperature as the equili-
brium temperature at the center of a 6 inch diameter thin-walled sphere
having a surface coating of a specified pink color. The equation for
converting this globe temperature to mean radiant temperature is given

as

% (1 +0.157 V) (tg - tdb) +ty (10)

mrt

where v velocity in fpm.

The analog circuit to perform this calculation and the subsequent deter-
mination of adjusted dry bulb by averaging the mean radiant temperature

with dry bulb temperature ture appears in the lower portion of the schematic
of Figure 5. The adjusted dry bulb (as seen in the schematic) is then
compared to the calculated t72 and t78 and must 1ie between these two

values for the point to fall within the comfort envelope. Indicator lights
have been chosen as moniters of test successes in each of the five test
sequences (a velocity test, two vapor pressure tests, and two temperature
tests). Monsanto has recently marketed a bicolor LED lamp which emits

one color with positive triggering and the other color with a negative
signal. Red/green units are to be connected to the outputs of each of

the five comparators so that green indicates a successful comparison and
red, a failure. Thus, for a point in the environmental space to satisfy

the standard, all five lights must be green. If any light is red, it also
gives an indication of where on the chart the point really is. For instance,
if the t72 test light is ved and all other lights are green, it is known
that the point lies somewhere to the left of the 72 F ET* line and between

the 5 and 14 mm Hg vapor pressure lines. Whether to correct the problem
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by raising adjusted dry bulb temperature or by raising the vapor pressure,
or both, may be determined by monitoring the values of vapor pressure or
adjusted dry bulb temperature and optimizing from there. A proposed layout
of the final design is shown in Figure 6.

Specifications for component instruments are based on the proposed
ASHRAE standard and on the needs of the designed field instrument. The
dry bulb temperature sensor is required by the standard to be 0.125 inches
in diameter or smaller. Temperature measurements are to be made with an
accuracy of plus or minus 0.25 F. Although there is no specified accuracy
requirement in the proposed standard for vapor pressure measurement, it
was demonstrated earlier that plus or minus 0.75 mm of Hg would provide
consistency with the other standard specifications in terms of their
contribution to the uncertainty in evaluating PMV. Howéver, this corre-
sponds to a dew point uncertainty of at least plus or minus 4 F. It is
unclear from the proposed standard whether or not the 0.25 F requirement
for temperature accuracy is intended to apply to dew bulb point measure-
ment also. Required accuracy for velocity measurement is plus or minus
15 fpm. A nondirectiona] sensor is preferred. The constraint added to
the specifications because of the circuit design is for each component
system to provide a linear output voltage. The magnitude of the output
is to be at least as large as the numerical value of the variable being

measured.
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Figure 6:

Proposed Lavout for Enviroumental Testing Instrument.
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VI. SUMMARY

Two proposals have been discussed for the development of an in-
strument to evaluate the thermal quality of an environment. The first
of these was based on P.0. Fanger's Predicted Mean Yote Equation. His
vote equation and clothing temperature equation were modified so that PMV
could be determined directly from environmental data along with activity
level and clo value. An integrated circuit package could be designed to
calculate the vote from the modified eguations using inputs from a data
acquisition system.

The second proposed technique has as its foundation the proposed
ASHRAE standard [12]. The proposed testing instrument measures dry bulb
temperature, a globe temperature, vapor pressure, and air velocity, and
calculates mean radiant temperature, adjusted dry bulb temperature, tyz’
and t?8‘ Adjusted dry bulb is the average of the dry bulb and mean
radiant temperature. tas and toq are the adjusted dry bulb temperatures
corresponding to the measured vapor pressure on the 72 F and 78 F effective
temperature lines, respectively. The calculated adjusted dry bulb is
compared to both t72 and t?8, the vapor pressure measurement is compared
to upper and lower 1imit standards of 5 and 14 mm Hg, and velocity is
compared to the standard maximum of 70 fpm by the test circuit. Red/green
idiot lights indicate compliance or non-compliance with the standards and

individual variable monitoring is provided.
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APPENDIX B
Program and Sample Output for Calculation of Fanger's PMV and PMV

from Modified Equations.
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Input variables include:

and

Output data are:

and

TA
VEL
TMRT
ACT

CLO
FCL

PA
ETA

HCFOR
HC

HCSG

TCLF

TCLSG

TDEV
TDPCT
PMVF

PMVSG
VDEY
VOPCT

it

]

ambient temperature (C)
relative air velocity (m/s)
mean radiant temperature (C)

activity level = metabolic rate divided by
body area (Kca]/mzhr)

clothing insulation value (clo)

area factor {clothing area divided by nude
area) (dimensionless)

vapor pressure (m.m. of Hg)

mechanical efficiency (dimensionless)

10.4A4EL (Keal/hr me C)

convection coefficient found by using Fanger's
techniques (Kcal/hr me C)

convection coefficient found by using the
modified methods (Kcal/hr m C)

clothing temperature calculated by iteration
from Fanger's equation (C)

clothing temperature calculated by using the
modified equation (C)

TCLSG - TCLF (C)
(TDEV/TCLF) 100% (%)

predicted mean vote determined from Fanger's
equation (-3 to +3) (vote)

modified predicted mean vote (vote)
PMVSG - PMVF (vote)
(VDEV/PMVF) 100% (%)
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APPENDIX C
Program and Output for calculation of Slope for 72F ET and 78F ET
Lines, Corresponding to 0.0 percent and 6.3 percent Body Wetness due

to Regulatory Sweating.

47



48

1000 39vd

WILSAS JAISSVd ¥Dd SNOILVADI 3IDINVIVE Iv3H
g*1/10*2€-801)= v1
0°0 = 3WIL
N4gX¥S = 8358
€°9 = NIEANS
(YH~-"W*0S/T) KO3 0D078 NINS IYWHON = NIURS
8C"S = NIwA
[2=-"wW°0S/R} JONVLINANID NINS nlnlNlm
G°0 = MSaM
0*0= dlzul
4103+33c3 = A3
{OHdAsHY-0 %Y ) snuxe700°C = S343
H#°6ZsMuA = U-uA
o*s = dluy3
L*C = K34
(01240 HeEST1*0+C*T) /0T = 12d4
{0TIsHaSST"0+0*T) /2T = 124
woxdd = M
3*SE = 1)l
T*%c = »S1L
QSalAshe = MdA
{ulLileh = GSdA OF
0°T+1 = 1
Q*2/1+0*5L=00l
00T1*1=1 CO1l QU
’ t=0 = |\
T+4 = ¥
C* LIl /HH= HY
= H+
Qr*asice=r oH21 0d
(1*G)1sdilam

(9°0T4 XET 9" 012 XE1 2 G  XOT 90T 4 XL °CT 3 L) buncDd £
(9°0T4*XET*2°64*X0T*9°0T144x%L* 90T 2 Lvnys 2

(oINTLVINS o *X%Q/,A8DLYING3x OL 2024 x%T4 (2

o NZT ol OH NT) o *XZT%4(d0)a*X6/43d0TS SS3IMNCILL3IM AdNE 1530230 1
ALIQIWNKH 3AILYI3N 3¥NSS3nd vOdVA dm3Ll wlle AQe*X9'eTa)Llyhals 1

0°C = IMdA

0=

0*C= 14Ul

. 126*62 = »vH

. gH +Jm = H

2°%% = md

09*a= 312

€2'6 = &H

162 = IM

00 = 34

0 =N

9€9C°C = 1mSed

NIwa 17 3m

(L)3d0TSY (LIZHMSUA LLINHIIN* (LINTGAPILINTIL KOTsN 210

*034347V 38 LSNW ON3 3IHL LV SANIWILVLS 1531 3HL ¢ Q°*1 w0 C*C s MSzd w04
*0°*1 ONV O*0 N33M138 S3INTIVA MSxua w04 03SN 38 Ave nvu9Cayg SIHL

ALIQTIwNH ANV LV 0O SI dw3l LYHL dud MSEd 3HL LVHIL
HINS 3¢ CTINOHS X*XX 3IHL ¥U4 dw3l H4u 30O%A 3=1 *C/rax*xx = vli (2)
3NAVA 2321530 = MSad (1)
: 3d"vy 3ISIHL "G3INI3HI 39 LSNW MSHd JU SINIVA SNulxvA nCd mveddsd 3JHL
31N23x3 01 030338 Sudvd NAL *KROLLYSNIS Tva¥3Hl INVLISHOD 40 3INID ¥ ¥0
(9H NI/734 930) 3INIT MSud INVISNUYD ¥ 40 3d0TS 3Imd SILVILIITD Abvaulind SIHL

WL LUL OV

S¥00
%500
€200
Z¥Co

1%00

o090
[-33als}
eECO
LECD
9¢00
sel0
€00
£ECO
2090
TeCC
0eCn
62C0
geco
Lzco
9200
5200
%230
£200
2eeo
12C0
ccCo
6100
810
L1CD
9100

eICQ
41C0
€100
2100
11C0
cioo
63C0
ECCO0
LO0O
92C2
€300
%400
(3abD]
<000
1000

S%/00/10 eoler = d1vu NI T I 73A37 9 Al Ny®iu0dd



49

12638%°5Za {0SHASHE-NSLdA )2 DHaZ "2 = XVW3I

S50 1v3H

as
o°
Al10=1(0°00T«L"0) /0"

3AL1Y¥04VAS WARIXVH

14%S1)dA = MSLdA
2e+18°T=421) = J¥l4
ZE+I8°T=uS1) = 3uS1
ZaMSHI)4MSHM = MSHM

NYW 3D753AY dH34 SLINN® /2D 001 M1 ONILVIMS AwruivIN9SY SI MSuHM
{001 /41595 JaX 4aMSLIdsL "0=MSn]

ONT1Vv3IMS NOLIVIND3d wUbd SSSUT EVER

TreyMs0°092+ SnuTMan* o=

3SI2e4x3 9Nleilt
09s 0L 09

SwuvRs InuyM=C (0= »303%
€8S 0as*0LS (7*0Y-valdl

1534 enldng

INILYIMS AsCLP N9y 0 1HiN0T
(J1H1S+Q0° 1)/ (LvI1a#NdE%S) = cud§

MOTd OO0y NIAS MdN
Ingvra0*ss = IVIL3
S@I53=9*0 = J1lwls

NOILYITOOSYA ONY NOILDIWISNOIOSYA NY¥3A09 (WBYMIO®SL OGNV (0702)&°C Szullvd

DEs 04

0zs Ul

NOIAYIVIO=-131¥LISNOD=-0SVA ¥0d ST0HANOD

0°0 Jwsvh
DISe3- = JUIID
S€s L1 09

J1S8¥) = DravH

g0°n = 30302

09 ¢0*0"371"91s22141
G*9¢-nrll= SI592
TyNaIs 350D

"0 = Skavn
JISAS- = SG13D
425 0L U9

DITHE = SndVM

0°0 = suInd

D9 {(0°*0"5 19 l5%S) 4!
f1osE-ns 1) = SISAS
AENDTS HInS

¥od dwnNuls Snlnld3d
w3LSAS 03LNOD
WliQeud13+4u21 = d4U1
RI1lQaxSLCENSL = »uSL
wllde Inil = Wil
ANNT LN0DD

n/1*c = wiid

€08%205°%20S8 (T Ce-nlld=snidl

PAS1disey = N

¥J10 ¥0 ¥SLQ NI ¥3IONVHI 39¥v1 404 S431S 1IvwsS #3A0 NOLLVEO3 NI gSnruv Ot

¥NuH

L99910%0 = wWliU
IND ST Imli HU LINN

w121/7(0° 29240} = ©d3LQ
WSILALO0®ZxHS4H) = WS
WH/D*930 M1 IHCD ONV 1734S HInS M1 3SKVHD

J/dH=-A NI NvW 39vd3AV 404 T13IHS NINS

prexle®0) = wSIL
40 ALI2Vav¥d TVhdarl
€gL=Le"D = ¥IIL

J/dH=M N1 N¥a 399d3AV 40 3800 wud ALIIDVev] TvkedHl
HM-S3HI-{HIHS=EGT " THNTAN ) = {HSL -0 J-nn= ¥DEH
(S3I-ATI=(1DIe(VLl-wSL)sxH ) —TEINSXEFT *LaNEnNIal2S1-¥D24)= MNSUH

2000 39vd §¥/00/10 ¢0TeL = 3iva NITk

&

09s

g58%

0ss

133

Ces

0Es

20¢%
t0s

00%

L ]

2800

<800
%800
€goo
28co

1800
CaCO

6LC0
gLCO
LLee

SL0Q

cLL0
HLCO

€L0C
ZLCO
1LCo
Qioc
6500
6300

-~
el
L)
o

S

P N W0
LooLol W

LR U T B B B |
[ S I WS N B o

6sC0
B&CO
Lsdn
9500
setl
300
£SO

2500

T=00
cs00

6400
8400

L%Co
94CJ

13A37 9 ALl Nvrlnad



50

€000 39vd

ON3

401§

INNILNDD

(M) 3dDIS INIZHSH TRINH TR IWINIdA {WINTL (€°9)3 L1 uM
TININTL=(HINTIL) A IMINTIdA=tn NI aA Y =lR]3CUTS
T-wn=h

00st 0L 09

W) ZASHA  IWINHIIu* (W INTHATWINTIL 12890301 4R
00T 0L 09 (1*19%R)141

L%T=m 0CGT LU

INNTINDD

MSyd=()ZMSud

He={x)} K13y

gal={®INIL

maA= ()N dA

EIES FEH R

g0L=1ull

0t 1y 09

0®Z/1T16049801 =801

0611 0L 09 {9-352°0°L71° ({MSHg=-TKSao)}Suv) 4l
006 0L 09 (»-352°0°19°(MSBa=-TMSdd)14d1

C0% 04 09 (D°*E*11°2a11)31

(S¥H 0°€ 123739} 3wWlL 3uNS0¢X3 dNInuiL30
IWIL 8N5S04I ¥I14Y mNIgSITINOI-ISING ILVINDIFD

SONHIINGD
0*1 = 1dMa
0*1=KSud
¢°0 = 41C3
1yad = MSY3

X¥ym3+S53ud = A3

Xywd=MS¥3 = 41403

009 01 0Y {XVva3*31°MS33)41

4103 euSe3+53ud] = AJ

NOLAVEIdS3Yd ONIANTINI SSOT Lv3KW 3JA1LvaLavAZ Tvi0L
MS2d=-Xymizsira = 4103

XyH3x13IMd ST NINWS WDdd SSOY Lv3H 3AILvAUavAZ WICE J10N
(#Sy0a%s*2+430°0) = L4Md

SSIANUILLEIM AUdw TVLIOL IN4Du3d

Xy¢wi/rSdd = MSdd

ONILIVIMS AWDIVINO3Y DI 3N0 SS3NC3EL3® AJus 1IN1D83d

s»/00/10 . 201ed = 31va NIVH e

00s1

00gl

0021

gstt
0011
coé

op?

pzlo
&£110
8110
L1110
9110
ST10
%110
€110
2110
1110
110
6210
8510
LOTO
SCTo
5010
+010
£010
2010
1c10
coto
£600

B600
16C0
36C0
<600
%600
£600
ceQ0
1000
0600

td00
8800

L800

T3A37 9 AL Nvnlald



51

1000 39vd

S%/00/10

201€L = 31va

N¥O
CAx=01

(ZAELG096°E€)-TA =
t0"00T/11+L9%65%) 1000y =
(11229°6C9)} /0" 9S9S )t { La20BLETO0 D} 496€96E"FT) =

dA

{1laA NOILD

an3
13y
dA
€A
ZA
TA
NNd

L&

1000
9000
s000
5000
€000
€002
10co

T3A3T 9 AL NvdidHud



52

0HTL%1°0~
8155510~
106€91*0-
199€L 10~
EEEEBT*O-

‘6129510~

34078

109€90°0

s09g90"Q

#85€90°0

»65t90°C

EN3E32 0

L19E92°0

113900

ONI LvdnuS
A¥OLIYINY3: 0L 3N0
SSINGILLIM Az 1532434

Qo008
aocoL
00°09
00708
00"0%
0Cc*=0E
0c 02z

tz)
ALIQIRNH JATLVI3Y

L&BEEL"D
ESBESI*D
oB4&0Ls"0
£9L€8%"0
819E6E*D
6ZZ200e*0
2Zre02*0

T9H*NTY
FUNSS3dd ocUEVA

S0102%°9L
TT1%9679L
C00Q06°LL
£3052078L
908L¥5"EL
23555061
SZibv%5°6L

dn3t ol



APPENDIX D

Ramifications of Revisions to the May, 1972 ASHRAE Proposed Standard.
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The ASHRAE Standards Project Committee 55-66 R adopted a revised
standard 55-66 R, Thermal Environmental Conditions for Human Occupancy,
in January 1973. These revisions of the May 1972 draft of the proposed
ASHRAE Standard have explicity defined the four points in the corners of
the comfort envelope of Figure 4, page 19. The lines through these points
differ slightly from the lines developed earlier for the left and right
hand borders of the comfort envelope. Below are the equations introduced

earlier and the defined ASHRAE lines.

t72 = -0.]22'Pa + 73.2 new ASHRAE definition
t?2 = -0,128 Pa + 74.9 old derived line
t78 = ~0.233 Pa + 79.7 new ASHRAE definition
t78 = -0.233 Pa + 81.8 old derived line

The only effect on the newly defined lines is to alter the settings of the

potentiometers used to calculate t72 and t78‘
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ABSTRACT

There is a recognized need for instrumentation to collect environmental
data and evaluate it in a way to give a measure of the thermal quality of an
interior environment. Two alternative approaches were followed to develop a
mode]l for this instrumentation, one involving P.0. Fanger's clothing tempera-
ture and predicted mean vote (PMV) equations, and the other based on the May,
1972 proposed ASHRAE standard.

Data on available instrumentation to monitor environmental parameters
was tabulated giving measurement techniques, accuracies and costs. Instru-
ment outputs were also tabulated to aid in the development of an evaluating
circuit.

The first evaluating circuit had as its basis Fanger's clothing tempera-
ture and PMV equations. The fundamental equations were modified by three
assumptions: (1) the body mechanical efficiency is always zero, (2) the
radiation exchange is linear with respect to clothing temperature and (3)
the convective heat transfer coefficient is equal to 10.4vavwhen the relative
air velocity is greater than 0.1 meter/sec (20 fpm) or equal to 3.2888
kcal/hr m2 C when the relative air velocity is equal to or less than 0.1
meter/sec. The resulting clothing temperature equation is directly solved
for clothing temperature with no iteration required as was the case in
Fanger's original equations. Analysis by digital computer of the error
incurred in using the modified equations to obtain PMV showed an average
deviation of only 0.02 vote for ambient temperatures of 20 C to 32 C over

a wide range of other conditions. An analog circuit was developed which



synthesizes the modified equations of clothing temperature and PMV from
inputs of ambient data, activity level, and clothing data.

The other environmental evaluating circuit incorporated the May, 1972
ASHRAE comfort standard. The standard proposes a quadrilateral comfort
envelope on a graph of vapor pressure versus adjusted dry bulb tempera-
ture. The evaluating instrument developed tests the position of the state
of the Tocal environment on the ASHRAE chart; i.e., whether the state of
the Tocal environment lies inside or outside the comfort envelope. Com-
pliance with the proposed standard also dictates a maximum velocity of 70 fpm,
therefore the test of ambient air velocity was included in the evaluating

circuit.



