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CHAPTER I
INTRODUCTION

Since man's first days on Earth, he has probébly recognized the influence
which temperature, moisture, wind, and sunlight had on the way he felt and his
ability to do work. As man became industrialized he was subject to increasingly
severe thermal environments, and became aware that his héﬁlth and lifespan were
being influenced by the detrimental effects of this "thermal stress" imposed
on him.

Early in the twentieth century, scientists, engineers, and physiologists
bégan extensive investigations into the nature of thermal stresses and the
resulting "thermal strain" exhibited by the human body. These studies lead
to the development of many indices to evaluate thermal stress which were
helpful in predicting conditions which would result in undue strain on the
body. With today's ever increasing level of technology, workers are called
on to perform more demanding tasks, and accurate evaluation of the working
environment is becoming increasingly important to insure the safety and well-
being of the worker, and to optimize worker output.

In 1970, the U.S. Congress passed the Occupatioﬁal Safety and Health Act
and created the National Institute for Occupational Safety and Health (NIOSH),
under the Department of Health, Education, and Welfare as a research organiza-
tion to provide information upon which standards are developed to protect the
worker from potential hazards on the job. NIOSH developed the criteria for
a recommended standard for exposure to hot environments in 1972 [29], naming
the Wet Bulb Globe Temperature index (WBGT) as the index with which to evaluate

the thermal environment.



The Wet Bulb Globe Temperature index was developed by C. P. Yaglou and
D. Minard (39], and was originally used by them to limit the number of heat
casualties in Marine Corps Training Centers. Minard [27] reported that, even
with basic application of the WBGT index, heat casualties were significantly
reduced in these centers. The WBGT index reflects the influence of the four
thermal environment factors: dry bulb temperature, relative humidity, air
movement, and radiant energy from surrounding surfaces. Two different rela-
tions are given for the WBGT index, one for application of the index for out-
. door conditions, where the influence of sunlight must be considered, and one

for indoor use.

Objectives of this Study o

Since enforcement of the NIOSH standard for exposure to hot enviromments
would require continuous compliance in all work situations with the stated 3
guidelines, the need was felt for an interpfetation of the WBGT index in terms
of the variables which are controllable through the use of basic air conditioning
equipment. The objective of this study was to provide the relationship between
Wet Bulb Globe Temperature and the "controllable properties;" dry bulb temper-
ature, relative humidity, and air velocity, so that air conditioning systems
can be designed with the WBGT index as the governing criterion. Included in
this goal was the development of a concise form of presenting this informatiom
in such a way as to provide a tool which will allow the designer to
determine an acceptable set of design conditions with reasonable accuracy

and relative ease.



Basis and Scope of the Research
The derivation of the relationshlp between the environmental conditions
and the WBGT index is based on the analysis of the heat transfer for a & inch
dianeter hollow copper sphere (painted black), and through the analysis of
the heat and mass transfer for a 0.25 inch diameter natural (non-aspirated)
wet bulb thermometer.
This investigation was concerned only with the interpretation of the
Wet Bulb Globe Temperature index in terms of design parameters. No attempt
was made to demonstrate the value of the index as a heat stress indicator.
Also, only the indoor application of the index was considered, as this is the
situation under which the index would most commonly be applied.
The analysis of the index encompasses values from WBGT = 70 °F to WBGT =
90 °F, a range which represents conditions from mild to severe heat stress.
These values are the result of combinations of the following environmental
factors in the ranges shown:
Air Velocity from 50 fpm te 200 fpm
Mean radiant temperature from 70 °F to 150 °F
Dry bulb temperature (td) and dew point temperature (tdew)
combinations within the region of the psycrometric chart

described by:

td=70 “F " tdew=25 °F
= 70 °F 5 tdew = 70 °F
td==85 o tdew=85 °F
ty = 105 °F tdew = 80 °F
ﬁd = 105 °F , Lo = 25 °F



The values of environmental factors which lie within the above
specified ranges are those which are commonly found in many industrial

situations.



1.

2,

3.

4,

6.

7.

Definition of Terms

Air Velocity:

The velocity (speed) of the air in the space or at the location
under consideration.

Dry Bulb Temperature:

The temperature indicated by a dry bulb thermometer in equilibrium
with the environment.

Environmental Factors (or Climatic Factors):

Those properties which describe the thermal environmentl— dry bulb
temperature, dew point temperature (or other reference state, such
as wet bulb temperature, humidity ratio, relative humidity, etc.),
air velocity, and mean radiant temperature.

Globe Temperature:

The temperature of a 6-inch diameter copper globe, painted flat
black, at thermal equilibrium with the environment.

Mean Radiant Temperature:

The uniform temperature of the surrounding surfaces which will
yield the same exchange of radiant energy with a black body as do
the actual surroundings.

Naturally Aspirated Wet Bulb Temperature (or Natural Wet Bulb Temperature):
The temperature indicated by a wet bulb thermometer, at thermal
equilibrium, which is influenced by the normal movement of the
surrounding air.

Wet Bulb Temperature:

The temperature indicated by a wet bulb thermometer, at thermal
equilibrium, which is fully aspirated (velocity of air over

thermometer > 900 fpm) by the surrounding air.



Le
Nu

Re

db
dew

dew

Nomenclature

Significance
Surface area of globe thermometer
Surface area of natural wet bulb thermometer
Specific heat of air
Diffusion coefficient
Diameter of Globe thermometer
Diameter of natural wet bulb thermometer
Enthalpy of evaporation of water

Convection heat transfer coefficient, globe
thermometer

Convection heat transfer coefficient,

natural wet bulb thermometer

Mass transfer coefficient

Thermal conductivity of air
Lewis number = ka/pacp'an
Nusselt number = h d/ka
Reynolds number = T d/ua

Mean radiant temperature

Partial pressure of water vapor contained
in air

Saturation pressure of water vapor at the
natural wet bulb temperature

Dry bulb temperature
Dew point temperature
Dew point temperature (abs.)

Globe temperature

Units

BTU/lbm

BTU/hr—£t2-°F

BTU/hr—ft2-°F

lbmH20

hr-ftz-lb H.0/1b air
m2 m

BTU/hr-ft-°F
dimensionless
dimensionless

dimensionless

°R
PSIA

PSIA
°F
°F
°R

°F



Nomenclature {(Continued)

Symbol Significance Units
'I‘g Globe temperature (abs.) °R
e Natural wet bulb temperature °F
T Natural wet bulb temperature (abs.) °R
I:w Fully aspirated wet bulb temperature °F
' v, Air veloeity ft/hr.
Wa Humidity ratio of air lbmHzollbmgir
Ws’n Humidity ratio at saturation at the natural
wet bulb temperature lbmﬂzollbmair
GREEK SYMBOLS =
eg Emissivity of globe thermometer surface dimensionless
€, Emissivity of natural wet bulb thermometer
surface dimensionless
M, Dynamic viscosity of air 1bm/hr-ft
Pa Density of air 1bm/ft3
o Stefan - Boltzman constant = 0.1714 x 10-8 -BTU/hr-ft2—°R4



CHAPTER II
REVIEW OF THE LITERATURE

Early Studies on Heat Stress

Modern studies of the effects of heat on workers began at the turn of
the century with studies of Cornish miners exposed to the severe environments
of tin mines. With the exception of the work done by Bedford and Warnmer [2]
on the influence of heat on the performance of coal miners, little progress
was made in the field for more than thirty fears.

In the mid 1930's, renewed interest in heat stress led to the identification
of chronic disorders caused by heat exposure. Many investigators, including
J. H. Talbot [32], C. P. Yaglou [37], and D. B. Dill [9], realized the need
to set forth standards to prevent exposure of workers to dangerous environments.
The first of these standards was presented by the Committee on Atmospheric
Comfort in 1947 [36]. The guidelines stated by this publication were found to
be confusing, and the permissible limits were too vague for satisfactory appli-
cétion. In 1950, Yaglou [38] outlined more suitable limits for heat exposure.

These limits are still considered applicable for use in industry today.

Studies to Derive a Heat Stress Index
During the past twenty-five years, much effort has been directed towards
determining methods of predicting the physiological response of man to heat
exposureﬂthtough the measurement of environmental conditions. Primarily,
these investigations centered around the industrial situation. The aim of
these studies has been to model man's bodily response to the imposed environ-
ment. Very few epidemiological studies have been done during this period.

Data from earlier studies on morbidity and ﬁortality by Britten and Thomson [8]



in 1926 and by Yaglou [35] in 1937 is too sparse to be accurately applied to
today's industrial situations.

In order to determine an index which would provide a reliable and accurate
indication of the effects of heat, NIOSH [29] established some basic objectives

for a heat stress index:

a) The index should incorporate all four of the basic climatic factors -
dry bulb temperature, relative humidity, air véiocity, and radiant
heat

b) Consideration should be given to age, gender, fitness, body build,
posture and the degree of acclimatization to heat.

c) The index should lend itself to the establishment of reliable
limits to heat exposure, and should provide a predictable margin
of safety.

In addition to these criteria, additional considerations should be made for an
index designed for industrial use:

d) The index should have proven applicability in aﬁ industrial situation.

e) Any measurements and calculations required for proper use of the
index should be simple.

£) The factors included in the index should be weighed to properly
reflect their relation to the physiological strain of the industrial

worker.

Applicable Indices
Past research has produced a large number of indices to relate imposed
heat stress to resulting physiological strain, with many having characteristicé
making them favorable for use in industry. - For the purposes of this study, only

the most common of these indices will be discussed, these being:



10

1) The predicted 4-hour sweat rate

2) Heat Stress Index of Belding and Hatch

3) Effective Temperature (with modifications)

4) The Wet Bulb Globe Temperature Index
Information on other indices such as Givoni's Index of Thermal Stress, Operative
Temperature, the Heat Strain Predictive System, and the Index of Physiological
Effect is referenced in such sources as Fanger [12], the-ASHRAE Handbook of
Fundamentals [1], and Hardy, Gagge and Stolwijk [14].

The Relative Strain Index [20] is the only index that gives significant
consideration to age, gender, fitness, acclimatization and other heat tolerance
féctors. These criteria, though, is oriented to fallout shelter environments,
and is too specific to qualify as a suitable index for general industrial
application. It is superior to the four indices reviewed here only in the
sense that it does account for these factors.

The Predicted 4-Hour Sweat Rate (P4SR) was developed by McArdle, et al.
[24] on behalf of the Royal Navy in 1947. TIts basis of development was experi-
mental data observed on the four hour naval watch. In addition to considering
the four basic climatic factors, the P4SR also accounts for the rate of work
output and two clothing ensembles (stripped to the w;ist in shorts, and
overalls worn over shorts). Since the Wet Bulb Globe Temperature Index
accounts for neither one of these factors, the P4SR has a distinct advantage
over the WBGT Index, particularly when a task requires unique skills or
involves unusual environmental situations.

The P4SR index number indicates the total sweat loss (in liters) during a.
four hour period. The index is intentionally overestimated for severe heat

conditions (P4SR greater than 5 liters) to provide a built-in factor of safety.
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Some modifications have been recommended by Leithead and Lind [22] to improve
the P4SR's indication of physiological strain.

Many difficultiés arise in the use of the P4SR. One of its primary short-
comings is the very complicated calculations required to utilize the index,
where determination of several intermediate values is required for most appli-
cations. In addition, a nomogram mﬁst be employed, where interpolation is
difficult and may not be justifiable due to its empirical nature. Although
the most complicated of the indices considered here, the P4SR may well be the
most precise. Investigations into its accuracy are referenced by Kerslake [19].

The P4SR loses sensitivity in severe thermal conditions, and even the
overestimation in the upper values may not provide an accurate relationship to
strain to make it completely adequate. Minard, et al. [28] observed that the
correlation between the observed sweat rate and P4SR was not good, particularly
for the upper and lower extremes of heat exposure. .

The Wet Bulb Globe Temperature Index exibits its superiority over the P4SR
not only in its greatly simplified calculation requirements, but also in the fact
that no measurement of air velocity is required to determine the WBGT. NIOSH
studies [11] have revealed that difficulties in establishing correct values for
velocity over extended lengths of time posed a considerable problem in establishing
stress index values to describe the environment over a full 8-hour work shift.
The failure to properly evaluate the conditions over the entire work period may
lead to misapplication of allowable heat stress limits.

In 1955, H.S. Belding and T. F. Hatch developed the Heat Stress Index (HSI)
[5]. This index stemmed from the analysis of the heat exchange between man and

his environment. The value given by the HSI is the percentage ratio of
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evaporation required for thermal balance to the maximum evaporation attainable
in the given environment. An HSI value of 100 or less indicates thermal balance
can be maintained bylthe body.

The heat exchange analysis is based on two assumptions: (1) A "standard
man" (5'8", 154 1b. young man) is used, and (2) a constant skin temperature of
95 °F is assumed. Studies by Hutchinson and Baker [17] indicate that 95% of
the population agrees with the "standard man" in terms of radiant heat exchange
shape factor. No specific information was found on relationships for con-
vective or evaporative heat exchange, but Belding and Hatch [5] indicate that
the assumed constant 95 °F skin temperature provides an overestimation of stress
in severe conditions. Modifications by Haines and Hatch [13] for industrial
situations and by Hertig and Belding [15] for normally clothed workers gives
improved applicability for the HSI, originally derived for nude subjects.

Like the P4SR, the Heat Stress Index accounts for the work rate.-— a factor
definitely favored in stress indices. The HSI also has a unique characteristic
associated with it. By using the index to indicate heat loss of the body,
minimum recovery time can be estimated. Also, as pointed out by Belding
[4], when the HSI value exceeds 100, the difference may be used to
predict tolerance time.

In order to determine the Heat Stress Index, the use of five separate
charts is required. Although nomographs developed by McKarns and Brief [25]
are available to determine HSI, they do not significantly simplify the procedure.
Difficulty in evaluating HSI values, coupled with the need to directly measure
air velocity, give favor toc the WBGT index over the HSI. Even though the WBGT

Index is superior to the HSI for general use in industry, the versatility of

the HSI may make it a favorable companion of the WBGT index. Brief and Confer

[7] have developed a direct correlation between the HSI and the WBGT index to
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ald in the interchanging of the indices (although NIOSH recognizes only the
WBGT index in evaluating heat stress).

One of the oldest and probably the best known and most applied thermal
index is the Effective Temperature scale (ET). Developed by F. G. Houghten and
C. P. Yaglou [16] in 1923, E.T. is based on the concept of equal comfort, although
not only the same sensory effect is experienced on initial exposure to equivalent
environments, but also the same physiological strains result after longer expo-
sures. In its original form, Effective Temperature does not account for radia-
~tion. For industrial application, a modification of ET must be used which does
consider radiationm.

Bedford and Warner [3] established the Corrected Effective Temperature (CET)
scale based on the work of Vernon and Warner in 1932. ~Employin§§the Vernon
Globe Thermometer, CET is determined by entering the ET scale with globe tempera-
ture instead of dry bulb temperature. In 1950, Yaglou [37] refuted the CET,
proposing a modificapion of Bedford's procedure which he called Effective
Temperature Including Radiation (ETR). Determination of'the ETR is more
difficult than finding CET, requiring adjustment of the wet bulb temperature
to the actual vapor pressure. Investigations reported by Kérslake [19] and
Minard [26] indicate that values for CET and ETR do not differ significantly in
most applications to justify the added difficulty in determining ETR. |

Other modifications of Effective Temperature scales include the basic scale
(for subjects stripped to the waist) and the normal scale (for normally clothed
subjects), plus the development of New-Effective Temperature (ET*), which
relates lines of constant physiological strain with the 50% relative humidity
line, a situation found more commonly in actual environments than the 100Z RH
condition upon which ET is based., A good overview of ET* is given in the

ASHRAE Handbook. of Fundamentals [1].
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Although still requiring a nomogram to deterwine the index value, ET is
considerably easier to evaluate than P4SR or HSI. The major shortcoming of
ET which makes it inférior to the WBGT index for Industrial use is the fact
that a separate measurement of air velocity must be made. Other criticisms
of ET include its underestimation of the effects of humidity -in the zone of
evaporative regulation, falling short of the relfability exibited by P4SR or
HSI in this region, and the over emphasis of humidity in the zone of vaso-
motor regulation. Minard [26] reports that investigations by Berber, Kerslake,
and Waddell indicate that physiological Tesponses are non-linear with res-
pect to ET, but statistical analysis by Smith shows that the differences in
predicting physiological responses by ET are not significant when compared
to linear scales such as P4SR. Unlike P4SR and HSI, Effective Temperature
does not account for work rate. The nature of its derivation restricts its
use to sedentary conditions, although ET is not limited to the zone of
evaporative thermoregulation, giving it the added versitility of application
in all situations normally encountered in the home, office, and industrial
environment.

In order to overcome the problem of incorporating radiant heat into
Effective Temperature, Yaglou and Minard [39] developed the Wet Bulb Globe
Temperature Index (WBGT). Their development procedures allowed them to
eliminate the need to obtain a separate velocity measurement, an important
factor as described earlier, and to reduce the technique of determining WBGT
*down to one very simple formula. In addition, the equipment upon which WBGT
was based is simple to use and durable. These factors carried significant
weight in NIOSH's decision to select the WBGT index as the recognized

indicator of heat stress.
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Many relationships have been proposed for determining the WBGT
index. Yaglou and Minard [39] proposed the original formula for finding
WBGT, where

WBGT = 0.7 tw + 0.3 tg (1)

On further consideration, Minard [26] suggested that in addition to the
above relationship, two others could be used:

WBGT = 0.7 t_ + 0.3 top (2)

where tOD is the temperature of a copper sphere covered with olive drab
" cloth to account for the effects of radiation for military fatigue

uniforms, and

db b (3)

WBGT = 0.7 t_ + 0.2t +0.1¢
n g
for use in sunlit conditions. Lee [21] concurred with the use of Eqn.
(1), but recommended the use of

WBCT = 0.7 t_ + 0.2 tg + 0.1t %)

for circumstances where sunlight was a factor. Finally, Botsford [6]
reports that a personal communication between C. P. Yaglou and R. S.
Brief resulted in the introduction of

WBGT = 0.7 t + 0.3 tg (5)

as the relation for indoor use. The NIOSH recommended standard [29] is
based on the use of Eqn. (5) (indoor use) and Eqn. (3) (for sunlit
conditions). The distinguishing feature in Eqns. (3) and (5) is the use
of the natural wet bulb temperature (tn). Use of t reflects the effect
of air motion on evaporative cooling even in the absence of radiation, a
characteristic which Ramanathan and Belding [31] believe makes the WBGT

a sufficient indicator of heat stress in the industrial environment.
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Since the WBGT index is a derivative of Effective Temperature, its
characteristics are similar to those of ET. Its greatest shortcoming is
the underestimation of the effects of high humidity. lInvestigations by
Ramanathan and Belding [31] have shown that young men worked successfully
in moderately severe conditions described by the same WBGT index, except
when those conditions were the result of high humidities, at which point
the men were unable to accomplish their tasks. As a result of these studies,
it was recommended that a two condition WBGT index (one for wet and one for

dry environments) be established to achieve valid weighting of the index
value to the total physiological strain. |

In spite of its shortcomings, the WBGT index has been found to be the
best indicator of heat stress in the industrial situation. The ‘inexpensive
and reliable instrumentation needed and simple calculations required for
use of the index not only provide for quick and accurate evaluation of the
environment, but may also prompt use of the index in situations where a
more complicated one would go unused.

At this time, maximum exposure limits have been proposed by NIOSH,
setting WBGT = 86 °F as the maximum allowable value for a céntinuous, 8-
hour work period. Maximum values for shorter work periods are also given
by the NIOSH proposed standard [29]. A more extensive study has been done
by Dukes-Dobos and Henschel [10], establishing limits for both continuous
and intermittent work periods, with consideration for work load. The
maximum value given is WBGT = 90 °F for light work load with 25% work, 75%

rest each hour.
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CHAPTER III
THEORETICAL DEVELOPMENT

In order to utilize the Wet Bulb Globe Temperature Index as a basis for
design, the index must be related to the individual environmental constituents.
This was accomplished through a heat and mass transfer balance for the natural
wet bulb thermometer and a heat transfer balance on the globe thermometer.

The equations were derived through the use of empirical relationships for

. heat and mass transfer.

Naturally Aspirated Wet Bulb Thermometer
Figure 1 gives the schematic representation of heat and mass transfer for

the natural wet bulb thermometer.

3—— THERMOMETER

Q(.':0['\V

Qevap (bymass transfer)
—_—

Figure 1

Heat and Mass Transfer: Naturally Aspirated Wet Bulb Thermometer



The steady state heat transfer may be expressed as follows:

Heat Gain:

Heat Transfer by convection = hc,nAn(tdb - tn)

oA e ORTY - T
nn n

Heat Transfer by radiation

Heat Loss:

Heat Transfer by evaporation hDAn(ws,n - Wa)hfg
Equating the heat gains and heat loss, where the area An cancels:

4

4y
h - £)) +oe ORI - T)) = by - W )he

c,n(tdb

Globe Thermometer

Figure 2 shows the heat transfer of the globe thermometer.

T—THERMOMETER

Figure 2

Heat Transfer: Globe Thermometer

18

(6)

7

(8)

(9)
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For the globe thermometer, the steady state heat transfer is given by:

Heat Gain:

&
g) (10)

Heat transfer by radiation cAgag(MRT4 - T

Heat Loss:

Heat Transfer by convection = h A (tg - tdb) (11)

C,g &

Setting heat loss = heat gain, where the area of the globe is equal on both
sides of the equation:

by _ .
P =y (- tg) (12)

oe (MRT4 - T
g C,g

Evaluation of Terms
Natural Wet Bulb Thermometer
To determine the convective heat transfer coefficient in Egn. (6), an
empirical relation developed for heat transfer from a cylinder was uéed.
McAdams [23] recommends the following relation for the flow of air normal to

single wires and cylinders:

d
No = 520 - 0.615 (Re) 0" 466

a

40 < Re < 4000 (13)

Solving for hc n and expanding the Reynolds number, Eqn. (13) becomes
]

Vapadn 0.466 ka
b o - 0-cus[ 0] [f
c,n L dn

(14)
Evaluating the properties of moist air, P Wy» and ka’ over the range of
» film temperatures from 50 °F to 110 °F, and taking the diameter of the natural

wet bulb thermometer to be 0.25 inch, the mean value of the convection heat

transfer coefficient was found to be:
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h = 0.09106 V

0.466
c‘n a 3 (15)

with a standard deviation from the mean of 0.54% in the temperature range
specified. (Data for this calculation may be found in Appendix A).
The emissivity of the natural wet bulb thermometer wick was taken as:
e = 0.95
n
The mass transfer coefficient in Eqn. (8) was evaluated through the Lewis

number relation:

h
hD = C : nLe : (16)
P2

The work of Arnold, as reported by Threlkeld [33], gives values for the Lewis

number for evaporation of water from a wet bulb thermometer wick. From these

data:
Le = 0.9
(This value is accurate to +2.2% for velocities from 10 to 1000 fpm,

according to Arnold's data). Taking Cp 5 0.24 over the entire range, and
]

using the value for hc 5 from Eqn. (15), the mass transfer coefficient was
] .

found to be:

~ 0.466
hy = 0.42157 V, (17)

The value for the enthalpy of evaporation, hfg’ was taken at 75 °F, where:

h._ = 1051.5 BTU/lbm

fg
Substituting the values for hc,n’ hD’ hfg’ €. and the Stefan-Boltzman constant,

g, into Eqn. (9) yields:

4

0.466 -t ) +1.7882 x 10"9(MRT4 - T

0.09106 V_""""(t )

db

) 0.466 -
= 433.28 V"0, - W) (18)
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Globe Thermometer
The convection heat transfer coefficient in Eqn. (11) was evaluated
through the use of the relation recommended by McAdams [23] for heat transfer

from spheres to a flowing gas:
Nu =228 = 0.37Re)?*® 17 < Re < 70,000 (19)

Solving for the coefficient hc 5! Eqn. (16) becomes:
3

Ve dy0.6 rk
hc,g = 0.37{~7§:iq &ij (20)

Evaluation of the properties of moist air over the range of film temperatures
from 60 °F to 200 °F, and using the prescribed diameter of 6 inches for the
globe, the convection heat transfer coefficient was found to be:

h = 0.009413 v°-©8
Csg a

(21)

with a standard deviation from the mean of 3,56%Z in the temperature range
specified. (The data for this calculation may also be found in Appendix A).
Taking the value for the emissivity of the black globe to be

€g = 0:95 ,

and substituing for the Stefan-Boltzman constant, U,'Eqn. (12) becomes:

1.6283 x 10”2 omr” - Tg) = 0.009413 Vg'ﬁ(tg _t (22)

db)

Solution of the Governing Equations
Equations (18) and (22) are the equations which describe the heat and
mass transfer in terms of the properties of the environment for the WBGT index.
Extracting those environmental properties which give a particular WBGT index
requires the solution of the two equations by a trial and adjustment tech-

nique, described below.
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Beginning with the relationship for the WBGT Index:

WBGT = 0.7 t +0.3 ¢t , _ (5)

The globe temperature may be found by assuming a value for WBGT and tn'

tg = 3.3333 WBGT - 2.3333 t (23)

Solving Eqn. (22) for dry bulb temperature gives

7 4 0.6

(MRT 5

tgp = £y - 1.7298 x 107 - Tg)/v (24)

db
By choosing values for the mean radiant temperature (MRT) and velocity, and
_substituting the value of tg found from Eqn. (23), the corresponding dry
bulb temperature can be found.

Solving Eqn. (18) for dry bulb temperature yields

tin =t + 4758.18(Ws,n - Wa)

db

4 0.466

- 1.7882 x 10" (MRT o

4
- Tn)/v (25)

The solution of Eqn. (25) requires the evalﬁation of the humidity ratio at
the natural wet bulb.temperature and at the dew point temperature of the air.
Since the natural wet bulb temperature has alréady been assumed for the
solution of Eqn. (23), the humidity ratio at this temperature can be calculated
directly.

First, the vapor pressure at tn is found by the following relationship

given by Keenan and Keyes [18]:
3

T 1+ d'x

[1 _ 1165.07](3' + b'x + c'x
n
Pn = 218.167(Pbar)10 (26)

where
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3.243781

3.260144 x 107>

=
"

2.006581 x 107>

(e]
-
i

1.215470 x 1073

[~9
-
]

"
[

1165.07 - T
n

and the barometric pressure P can be assumed to be 14.696 psia for the

bar
general case. The humidity ratio at the natural wet bulb temperature is then

given by

P

W  =0.62198 —>——
8,1 2 Pbar - Pn 21

The dew point temperature may now be found by trial and error. By
assuming values of tiew and inserting them in Eqn. (26) (where fLe value of
Tdew is used in the place of Tn’ and the resulting vapor pressure is now Pa),
and solving for the humidity ratio of the air by Eqn. (27) (?n is replaced by
Pa’ the equation yields Wé), Eqn. (25) can be solved for tip® The process of
assuming Ly is continued until Eqn. (25) yields the same value of dry bulb
temperature as found in Eqn. (24) (within reasonable limits). Appendix B
contains a computer program which performs this operation for values of the
WBGT index from 70 °F to 90 °F in 1 °F increments, for MRT values from 60 °F to
200 °F, and for a selected air velocity. (This program solves for a dry bulb

temperature from Eqn. (25) which is within +0.002 °F of the value of t, found

from Eqn. (24)).

Results of the Evaluation of the Governing Equations
From values obtained through use of the computer program in Appendix B,
lines of constant Wet Bulb Globe Temperature Index were found to be straight

lines (for any given value of velocity and MRT) when plotted on a psychrometric
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chart, with slopes of greater (negative) value than the slopes of lines of
constant enthalpy. This is in agreement with the results reported by Kerslake
(19]. From this, determination of the locus of values of dry bulb temperatures
and dew point temperatures for a given WBGT index is greatly simplified.
Finding values of dry bulb and wet bulb temperature (at some selected velocity
and mean radiant temperature) which satisfy Eqns. (24) and (25) at two

extremes of the psychrometric chart and drawing a straight line through them
will yield the entire set of combinations of dry bulb and wet bulb temperatures
_for the desired WBGT index. This plot is wvalid only for. the chosen air velocity
and MRT. If either of these properties is changed, a new set of dry bulb and
wet bulb temperatures must be obtained. This subject is pursued further in

et

Chapter V, "Application of Results,"
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CHAPTER IV
EXPERIMENTAL INVESTIGATION

In order to verify that the empirical relations used to interpret the
WBGT index were properly sensitive to the four basic environmental factors,
the theoretical correlations were checked against measured values obtained
by placing the WBGT apparatus in a chamber where the environmental factors
could be controlled and measured. A description of the equipment and pro-
cedures for this investigation, as well as the results of the experiment,

is presented in the following text.

Apparatus

A schematic representation of the test apparatus is given in Figure 3.
The fan contained in the plenum was a Dayton 15-inch centrifugal fan driven
at 700 rpm by a 1-1/2 horsepower electric motor. The air was carried
through an 18-1/2 inch by 15-3/4 inch duct, with a two-way transition having
an 18° vertical and 15° horizontal divergence angle connecting the duct
with the chamber. A single thickness of burlap backed by a piece of 1/2
inch by 1/4 inch rolled expanded metal was used to provide uniform flow.
The flow was adjusted to a uniformity of +10Z at 200 fpm, this being suffi-
cient, considering the insensitivity of the equatioms to velocity. Thg air
was returned through a 35 inch by x 35 inch duct which turned 90° into a
35 inch by 12 inch throat. In the upper section of the throat, a 35 inch
.by 12 inch damper was installed to control air velocity. Below the damper,
two 12 inch by 10 inch evaporator coils were placed on either side of the

throat for cooling, with an 11 inch by 12 inch adjustable bypass damper

between them. Refrigeration was supplied by a conventional 3/4 ton Freon
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unit. Evaporator coil temperature was controlled by manually adjustable
expansion values on each coil. The air was then returned to the plenum
through a 35 inch by‘25 inch section. A 1/2" steam pipe entered at the top
of this section for humidification, and two 660-watt electric cone heaters
were installed at the center of the rear of the section. Humidification
was controlled by a valving arrangeﬁent, and air heating was controlled by
adjusting the voltage to the two cone heaters with variacs. A dehumidifier
was connected across the upper and lower sections of the return duct, but
was never needed, since the ambient air was at a very low humidity ratio.
The inside walls of the test chamber were constructed from 1/32 inch
stainless steel sheet painted flat black. On the back of each panel, 1/4
inch copper tubing on 2-3/4 inch centers as was placed in a counter-flow
arrangement shown in Figure 3. The tubes were coated with high thermal con-
ductivity paste to provide good thermal contact between the tubes ané the
panels. Hot water was pumped through the tubes at approximately 5 gpm to
provide panel heating., The water was supplied from a 16 gallon reservoir,
heated by two 2000-watt immersible electric heaters controlled by variacs.
Steam was used to obtain high panel temperatures. Copper-constantan thermo-—
couples were welded to the back surfaces of the panels — six on the top and
bottom and four on each side panel -- to measure panel temperatures. The
back of each panel was covered with 5/8 inch foam insulation and 1/4 inch
composition board. The entire chamber was assembled with nylon bolts to

.reduce heat transfer.

. Instrumentation
Conditions of the air within the chamber were evaluated by measuring

" the dry bulb and wet bulb temperatures. Dry bulb temperature was measured



LEGEND for FIGURE 3

Test Chamber

Copper Tubing (for wall heating)
Air Control Damper

Evaporator Coils (2)

Steam Inlet (for humidification)
Cone Heaters (2)

Return Duct

Fan Plenum

Supply Duct
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by a 400 series thermistor in a shielded tube. This, and other instruments,
is shown in Figure 4. Wet bulb temperature was measured with a psychrometer,
mounted on the outside of the return duct, using a thermistor to measure
temperature. Air was brought to the psycrometer from the chamber through a
3/4 inch tube. Air velocity was measured with an Anemotherﬁ'Model 60 Air
Meter. The anemometer probe was mounted on a wood dowel, and could traverse
the width of the chamber immediately in front of the globe thermometer.

The globe thermometer and natural wet bulb thermometer were mounted
as shown. With the return duct in place, the globe was located in the
center of the chamber. Both temperatures were measured with 400 series
thermistors.

Output of the panel thermocouples was measured and recorded with a Beckman
digital voltmeter-scanner-recorder. Temperatures of the thermistor probes
were indicated by a Digitec digital temperature indicator. A more détailed
description of the instruments, along with their accuracies, is given in

the first part of Appendix E.

Procedures
Figure 5 shows the bounds of the area of interest in this study, plotted
on a psychrometric chart. Tests were run near the extremes and center of
this area at approximately the same air velocity and mean radiant temper-
ature, to insure that the theoretical relationships were properly responsive
over the desired range of dry bulb and dew point temperatures. Further runs

were made near the center of the region, first with different velocities,

then with different mean radiant temperatures, to test the sensitivity of
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the relations to these factors. On each run, data not recorded by an automatic
printing device was registered on a data sheet such as the one shown in
Figure 6.

Although the test chamber responded rapidly to changes in test conditious,
approximately 3 hours were allowed on each run for the systems and instruments
to come to steady state after the desired conditions weré selected. The only
exception to this was in the operation of the psychrometer. With the excep-
tion of the first two runs, this instrument remained off until approximately
15 minutes prior to the taking of data. This was to minimize any effects of

heating of the thermistor sensor by the motor used to aspirate the psychrometer.

Analysis of Data
Mean radiant temperatures were found by the equation given by Fanger [12]:
22

MRT = |
i=1

1/4

. .
£,(T)) (28)

T1 through T20 are the temperatures of each panel section as measured by the

thermocouples. T21 and T22 are the temperatures of the air inlet and outlet,
and are assumed equal to the measured dry bulb temperature. The shape factors

f. were found through the method described by Tripp, Hwang, and Crank [34].

i
Globe temperature and natural wet bulb temperature were calculated by

trial and error from Eqns. (24), (25), (26), and (27), using measured dry bulb

temperature, air velocity, and mean radiant temperature, and with the dew point
temperature found from the psycrometric chart using values of the measured dry

bulb and wet bulb temperatures. The computer program used to perform this

operation is shown in Appendix C. Comparison of the calculated values of

globe and natural wet bulb temperatures with their respective measured values

is presented in the following section.



Test Number

Date Time

Location

Ambient Temperature

Barometric Pressure

Chamber Conditions:

Dry Bulb Temperature

Wet Bulb Temperature

Dew Point Temperature

Globe Temperature

Natural Wet Bulb Temp.

Air Velocity

Air Conditioning:

Compressor

High Side

Suction Side

Air Heaters

Heater #1

Heater #2

Humidifier

Dehumidifier

Water Panels:

Pump

Heater #1

Heater #2

Comments:

°F

inches of mercury .

°F
°F
°F
“F
°F
ffm

psi
psi

(100 full
(140 full

(280 full
(280 full

scale)

scale)

scale)

scale)

Figure 6

Sample Data Sheet
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Experimental Results

The measured values of globe temperature and naturai wet bulb temperature
are plotted against their respective calculated values in Figures 7 and 8.
Applying the Wet Bulb Globe Temperature index relation (Eqn. (5)), WBGT index
values were found from both the measured and calculated values of Globe and
Natural Wet Bulb Temperature. The measured and calculated values of the
index are compared in Figure 9. Original data from whicﬁ Figures 7-9 were
constructed may be found in Appendix D.

As Figures 7-9 show, correlation of the values calculated from the
governing heat and mass transfer equations with the experimentally determined
vélues is quite good. The accuracy of the calculated and measured values,
subject to assumed normally distributed instrumentation errors, is evaluated

in Appendix E.

Discussion of Experimental Results

The data presented in Figure 7 shows a mean value of the natural wet
bulb temperature differences (measured value-calculated value) of -+0.37°F.
The maximum difference was 2.7 °F. The largest deviations were the result
of values obtained from the first two experimental runs. The major source
of error causing these discrepancies was probably due to the fact that the
water in the reservoir of the psychrometer was allowed to reach the ambient
dry bulb temperature (typically about 88°F). Since no controllable mech-
anism for maintaining reservoir temperature was available (such as a
constant temperature bath), no attempt was made to reduce the water temper-
ature, due to the possibility of introducing an error by subcooling the
liquid. Another possible point of -error was heating of the wick and ther-

mistor probe by the psychrometer motor. 'After the first two tests, the
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psychrometer motor was kept off until the final 15 minutes of the test to
help eliminate this source of error. Measured values of natural wet bulb
temperature showed good agreement with the calculated values on subsequent
runs. The uncertainty due to instrument error in the measured and calculated
values of natural wet bulb temperature is evaluated in Appendix E.

The mean value of the globe temperature differences-was -0.11 °F, with
the maximum difference being 0.93 °F. 1In general, the measured and calculated
globe temperatures, shown in Figure 8, were in good agreement. Uncertainty

due to instrument error for both the measured and calculated values of globe
temperature is determined in Appendix E.

The mean difference of Wet Bulb Globe Temperature Index values, plotted in
Figure 9, was 0.21 °F, with the greatest difference being 1.69 °F. Discrepancies
in the measured and calculated values of the natural wet bulb and globe
temperatures give rise to the differences in WBGT Index values, although the
index does not reflegt the full difference in each constituent due to its
sensitivity to the individual errors. Evaluation of the uncertainty in the
WBGT Index due to errors in the natural wet bulb and globe temperatures is
found in Appendix E. .

In conclusion, the experimental data shows that the relations derived
for the Wet Bulb Globe Temperature Index provide a good prediction of the
environmental conditions which combine to give a particular index value.

Since many of the environmental conditions found in industrial situations
fall within the ranges of the vaéiableé considered, the theoretical relations
presented here would be suitable for use in most cases. Use of values beyond
the range of those tested may be appropriate, since the theory showed good
consistency over the range of conditions considered., It should be recalled

here that the convection heat transfer coefficients were evaluated over a
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limited range of film temperatures, and deviating from this range may result
in erroneous values. The variable allowing the greatest freedom is the air

velocity, but even here large deviations from the range of values tested

should be avoided.
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CHAPTER V
APPLICATION OF RESULTS

In order to make use of the Wet Bulb Globe Temperature Index as a design
parameter, a quick and accurate method of determining the set of environmental
conditions which yield the desired WBGT Index value is needed. A computer
program similar to the one shown in Appendix B could be used to generate a
complete set of tabulated values. This method, however, is undesirable from
the standpoint that it restricts the usage of the index to those who have
access to large computing machines, or those willing to pay for a large set
of published tables. Even a program which produces a restricted number of
values would not be desirable, since this still requires some familiarity with,
and access to, computers.

The method of evaluation presented here was developed to eliminate the
need fpr sophisticated methods of calculation. Although the assumption of one
value is required, a little experience with the technique'will enable a person
to quickly and accurately evaluate the relations. The only tools required for
the calculation are a psychrometric chart and a table of logarithms (although
a slide rule or hand-held calculator would be highly'desirable).

Since Eqns. (24) and (25) are both equal to ty,» the right hand sides can

be equated.
; -7 4 4, ,.0.6
t -1.7298 x 10 "(MRT - T )/V
g x ( g)/ a

8 0.466

4 4
(MRT "~ - Tn)/Va

=t - 1.7882 x 10 + 4758.18(1-18 n " Wﬁ) (29)

Solving the above equation for humidity ratio of the air yields:
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W =W  +2.10164 x 10 %t -t ) + 3.6354 x 10'11(mz:r‘l = T4)1V0°6
a s,n n g g a
- 3,7581 x 10'12(MRT4 - Ti)/vg°466 (30)

Substituting the relationship for globe temperature in terms of WBGT and natural

wet bulb temperature,

tg = 3.3333 WBGT - 2.3333 t s (31)

and writing Tn and Va as

T = (460 + t) (32)
and va = (60 U) s
W =W - 7.0055x 10 *(WBGT - t )
a s,n n

+ 3.6354 x 10—11[1\1]{'1'4 - (3.3333 WBGT - 2.3333 t + 460)4]/(60 U)0'6

4 0.466

- 3.7581 x 10'12[MRI - (tn + 460)4]/(60 1)) (33)

For a given case, the design WBGT indéﬁ value wouLd be known, and the
mean radiant tempera&ure could be estimated. The design velocity would also
be chosen. Since this value is the velocity of the air in the work space, it
may well be only an estimate, however the insensitivity of the relation to
velocity allows for some deviation in the true value without appreciable effect
on the final design conditions.

By assuming a value for tn’ and reading ws,n from the psychrometric chart,
Eqn. (33) can be solved for Wa. Then, using the assumed value of tn and the
desired value of the WBGT index, Eqn. (31) can be solved for tg' Substituting
this value and the estimated values of MRT and velocity, the dry bulb temperature

may be found by Eqn. (24) (modified for conventional units of tg in F degrees and

Va in ft/min).
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4

typ = €, = 1.7298 x 107 pre? - (e, + 460)*1/ (60 1)%+° (34)

db
Using this value of dry bulb temperature and the humidity ratio found from
Eqn. (33), the first point can be located on the psychrometric chart. The
process is then repeated, using a different value of t - Since lines of
constant Wet Bulb Globe Temperature Index are straight lines when plofted on
a psychrometric chart, the line passing through these two points will be the
locus of dry bulb and wet bulb temperatures which yield the design WBGT index.

For greatest accuracy, tn should be chosen to yield points at the extremes
" of the psychrometric chart. If Eqn. (33) yields a negative humidity ratio, the
assumed value of the natural wet bult temperature should be increased. If the
point located by Wa and tdb lies to the left of the saturation line, the value
of tn should be decreased. If the dry bulb temperature found from Eqn. (34) is
above the maximum dry bulb temperature on the chart, the value of t should be
decreased.

Once this line has been established, the most desirable dry bulb and wet
bulb temperature can be selected as a basis for design. Then, equipment can
be sized by an acceptable method. Since all the possible pairs of dry and wet
bulb temperature are available, several choices could be made, from which the
optimum design could be selected. Changes in velocity may also be considered.
Although not very semsitive to this variable, the properties may be changed
enough to enable the designer to choose smaller capacity equipment, or provide
a margin of safety in "borderline" cases.

To illustrate the process of determining the sets of dry bulb and wet bulb
temperatures, at a selected air velocity and MRT, for a particular value of
WBGT, an example problem is shown in Appendix F. In addition to the solution

at the specified design conditions, solutions for conditions which vary from



those chosen are given to illustrate the effect of altering the values

of air velocity and mean radiant temperature.

42



43
CHAPTER VI
SUMMARY

Summary of this Study

By the application of empirical relations for heat and mass transfer,
the Wet Bulb Globe Temperature Index was described in terms of the four basic
properties of the thermal environment. Checking these rélations against
experimentally determined values showed that the theoretical derivation pro-
vided a good prediction of the actual environment. The range of variables
considered encompassed those conditions most commonly found in the industrial
eﬁvironment. The consistency of prediction over the range gives promise to
the equation’s ability to predict values beyond the range considered.

Rearrangement of the governing equations allowed for the application of
a simple trial and error technique to determine the environmental conditions
which‘give a particular WBGT index. Through this technique, the index can be
easily used as a design parameter, allowing determination of the environmental

properties which relate to selection and sizing of equipment.

Suggestions for Future Study
Investigation into actual conditions experienced in industry is necessary
to determine if situations arise where the values of the environmental condi-
tions lie far beyond the ranges of those studied here. If so, experimental
confirmation of the reliability of the equations over an extended range is
necessary. Also, the assumption of mean radiant temperature may prove
to be a weakness. If so, establishment of standardized values of MRT

through evaluation of existing industrial conditions may be needed.
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Other questions arise regarding the response of the instruments
which measure Wet Bulb Globe Temperature, and the correlation between
the instrument's response and the response of the hum;n body. In a
personal communication between Dr. R. L. Gorton and Dr. F. N. Dukes-
Dobos, it was revealed that, above 200 fpm, increased velocities had
little effect on the value of natural wet bulb temperature. This is
spspected to be contradictory to the response of the human body, which
apparently continues to show increased cooling with increased velocities
in this range. Investigation of this phenomenon is included in one
phase of the research specified in a "Request for Proposal“l from NIOSH.
If a discrepancy is shown to exist at these high velocities, re-evaluation
of the governing equations, or possible restructuring of the WBGT index
may be warranted.

Problems arising from asymmetric radiation of the Wet Bulb Globe
Temperature measurement are discussed in a work presented by F. J.

Patoile [30]. This point may also require examination.

1. NIOSH, Request for Proposal No. CDC-99-0SH-62(5). '"Cooling Efficiency
of Different Air Velocities in Hot Environments," Feb. 14, 1975.
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APPENDIX A
Convection Heat Transfer Coefficients

Natural Wet Bulb Thermometer

h = o.t’,ls[---‘?-—"'i—11
c,n My

——

d
n

p V. d 10.466 (k
-

where d = 2.083 x 102 ft

TABLE 1

Properties of Moist Air and the Solution for the Convection Heat
Transfer Coefficient of the Natural Wet Bulb Thermometer

Film Temp pa ]-la k& . ‘hc’n (Eqn. (1—A))
°F lbm/ft3 1bm//hr—fb BTU/hr-ft-°F BTU/hr-°F-fph
60 0.0761 - 0.0431 0.0143 0.09058 vo- 46
70 0.0746  0.0438 0.0146 0.09090 v0-468
80 0.0731  0.0445 0.0148 0.09065 v+ 4%
90 0.0712  0.0450 0.0151 0.09090 v 456
100 0.0704  0.0455 0.0154 6.09176 vo- 466
110 0.0690  0.0460 0.0156 0.09157 V460
Mean value of h
. C,n
h = 0.09106 v0:466
C,n a

Standard deviation from mean:

g = + 0,54%
c,n =l T

?



Globe Thermometer

p Vd 0.6 rk
h = 0.37{Jijijq qu
Cy Wy dg

where dg = 0.5 ft

TABLE 2

Properties of Moist Air and the Solution for the Convection Heat
Transfer Coefficient of the Globe Thermometer

Film Temp P, My ka hc,g (Eqn. (2-A))
°F 1b /£t 1b /hr-ft BIU/hr-£6-°F  BTU/hr-°F-fph
60 0.0761  0.0431 0.0143 0.009819 vO*°
70 0.0746  0.0438 0.0146 0.009812 vo-®
80 0.0731  0.0445 0.0148 0.009732 v2-°
90 0.0712  0.0450 0.0151 0009709 vo-®

100 0.0704  0.0455 0.0154 0.009770 vo-°
110 0.0690  0.0460 0.0156 0.009714 v2°°
120 0.0661  0.0465 0.0158 0.009526 vo-°
130 0.0642  0.0469 0.0160 0.009431 vo-®
140 0.0622  0.0474 0.0162 0.009310 v2°
150 0.0603  0.0482 0.0164 0.009159 v+ ®
160 0.0599  0.0488 0.0167 0.009220 vo-°
170 0.0579  0.0496 0.0170 0.009109 vO+°
180 0.0557  0.0501 0.0172 0.008949 V28
190 0.0553  0.0504 0.0175 0.009033 Vg.s
200 10,0531 0.0510 0.0178 0.008903 v°+©

a



Mean Value of h 3
<8

h = 0.009413 V:'

Cs8

Standard deviation from the mean:

g = +3,56%
Ce8 -

6

50



APPENDIX B

31



aNeRe laNaNel

aEale]

OO0 O0

300

52

INTEGER P4Q4R

REAL MRT,NRTF

REAC(£,30C) PBAR,VFFN

FCRMAT(2F10.2)

VAIR=VFPM%§Q,

N=1

CYCLE=1

WRITE(6,400)

WBGT=¢€,

S B o o b ook o ok R o 30 e X ok o ok oK ool o o ok kol ok o ok ke ook Bl ok kb ok ok ok
SELECTICN OF WEBGT INLCEX VALUE

st e o o b o st o ot o S o o o o o o e ook R R o o ok ok ok e o e ok ok ot o ok o 3 ok o ok R ek ok
CC 10 I=1,21

WBGT=WBGTH1.

MRT=5C9.67

o e e 3 ok o ok ok o oo ok o o o ok ok 3k b 3 o o o ol o o o o e ool o o o o e o ok ol o o sk o R ok oK

SELECTION OF THE MEAM RADIANT TEMPERATURE

2 o0 ok ot b ok o 3k o ok ol ot ok o o s ook o o o o o ool o o o o o oo ook e ol o ok o o o el sk ook o okt e e ok
CO 20 J=1,15

MRT=MRT+1Q0.

TNW=49

e ol o i o o o ap ke ofe o ot e oot o o o o o ool e o o o ok oo oK 3 o o ol s ok ok ok o ok e ok ok gl ek K
SELECTION OF THE NATLRAL WET BULB TEMPERATURE

et o e e i g o ot e v e o o o o ok o ok oo o ok ol o e oo o o o o o e o e 3 o ok o o ok ok o ok o ok
DC 30 K=1,61

TNW=TNW+1

TNWR=TNW+45G .67

3 ok st o o ko ok o s b Pl ok o e ok ook oh kg o ol o ok okl ok ol ok ok e R ok R ok
CLORE TEMPERATURE EVALUATION BY THE WBGT INDEX RELATICN
o o ol ot e e o ol o o o ofe e o o o o o o ok ok oot o 3ok ok b o o ol o ol o o oo o 3 ok ol ok o b ek e
T6=3,233333%WBGT=2.3232333%xTNW

IFITG.LT.59,) GC TL 20

TGR=TG+45G,67
ok e 3 ook o o ook ok ok o oo ok ok ok ook ol o ok oo ot ok ek ok bk o ok e ok ok ok e dkeok ok

SCLVING FCR DRY BULR TEMPERATURE

ok o o o o o o e o oK ok e 3o o 3o o s ol e ok ke e e ol ol S o o o e ot o ol o o o B ok o o e o ot oo ok ok ok
TOA=TG-1.72984E~T# (MRT*%4=TGR**4) /VAIR¥% 0.6
IF{(TCA.GT.110) GC 10O 30

TOAR=TLCA+45G.67
e ke o ok ok o o 3k ot e ok e o ok o e 30 3 o o ok ot o o o 3 e e o o o o i o ok ke ok ok ok ok ook ok kK

SATURATICN PRESSURE CF WATER VAPOR IN AIR {PSATR),AND
THF SATURATION PRESSLRE CF WATER VAPCR AT THE NATURAL
WET BULB TEMPERATURE (PSNWB),BY USE CF THE FCRMULA GIVEN
BY SMITH,KEYES,AND GERRY

e 3 a ve e ok o v % o S 3 oo o o o o ol o ok B o o o ol ok ol 3 ot e e o ol ol e ol e o o o e oje ok ok ol e e ol e e e e e o ok e
PSATR=218.16T#FBAR#10%%{ (1.-1165.07/TCAR)*(3,2413718

X+3,26C144F-3%(1165.07-T0DAR)+2,CC€581E-9
X¥{1165.CT-TCAR)#%3)/{1.41.215470E=3*(11£5.07-TNAE)))

PSMWB=218.167#PBAR%]10*%((1.-1165.,07/TNWR)*(3,243718
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X+3,200144E-3%(1165,07-TNWR)+2,006581E-9
X¥{11€5.07-TANWR) **3)/(1.+1.215470E-3*(1165.07-TNWR)))
20 oo 3 3K ook e ok o ol ok b o o 3 3 oo o 0% R 3 R KK e o o X R e

RUMIDITY RATIO AT SATURATICN,NATURAL WET BULB THCRMCMETER
o 3 o 3k e oo ko o o3k e e ok b e o o o ok o e % wealk e sl ¥ ik ol ak e v s e o e e s e ol o e afe o ok ok ok e Ak e %
WSNWB=,62198%( PSNWB)/(PBAR-PSNWB)

TWRA=30

o3 e e vk 3 ok gk o o 3 e e ek ol ol o i o e e s oo o e ol ode o e e ol e o x> kool e e o ok 3 o o e ok e ke afe ke ok
TRIAL AND ERRCR SCLUTICN FCR CRY BULB TEMPERATURE BY
SUCCESSIVE REFINEMENT CF THE WET BULR TEMPERATURE
ESTIMATICN

a2 ade g s 2 o ol Xe el o ol e ot vl s o o o oo ofe o ek afe ke ok ofe ol e ol ol o ok ol ol o ok ok ok o o o ol ade o ol o ok o o o o e o
DO 40 L=1,18

TWRA=THBA+10

TWBAR=TWEA+459,£&7

e 2 o 2 ok % ok o a3 e ¥ %o 3k 2 %k 2 2k o 3 o o ok 2 ok ok ik e o ok 3% 9 e K ok Xk a2 ale o o e ok o o i ok ok K ok ki e ke e
SATURATION PRESSURE CF WATER VAPQR IN AIR AT THE WET
BULB TEMPERATURE

% 3¢ 3 ¥k 3 o ok b 3 2ok ok o o 2l o e ol e e e e ode o e o ade ol ok e o e e e 3 ol ik o e e ol e ok e vk e o e e e e ok e
PSAIRW=218,167*PRAR*10%*(({1.-1165.,07/TWBAR)*{2,243781
X+3,260144F-3%{1165.,C7T-TWBAR)+2.006581E-9
X#¥({1165.,07-TWBARI%*%3) /(1.41.215470E-3%(11€65,07-TWB3AR)) )

it s ok ot e 2 ale v e % ofe ik oo e o e o o ok ook ek o ol ok o o o ol o e o o ol o 3 ol ol oo o e e o e ok o e o ok e e X
ACTUAL VAPOR PRFESSLRE,FOLND WITH CARRIER'S ECLATION

28 3 3 e s o 3l o e 3 ek ook ¥ ol o o ok sk o o o ol ol sl 3 e v o o o ok e o o ot e ot o o o o o o e e e e e e e e ol ol
PWAIR=PSAIRW={ (PBAR-PSAIRW)*(TCA-TWEA))/(2831-1.43*TWBA)
dhote o w ke o ok o o ol ol e o o o o ok vl o ok w3l ot o ok e o3k e ok S o ok o e ok ol e e 3t 3k oo 3 o e
FUMIDITY RATIN OF AIPR

koo A dje e o oh b of b 3 Mool sk o o o sl ol o ok o ol e o ol e ok 3k ok 3G e e ol ol e ok ot e e el Y oo e o Dl ook i ke ke
WAIR=,62158%PWAIR/(PRAR-PWAIR)
TOANEW=4868.06%{WSAWB=WAIR)+TAW=1.788L6E-8%{MRT #%4=TNRR* %4 )
X/VAIR#%0.466

IF((TCA-TCANEW).CT.0.0) GC TC 5

CONTINUE

TWRA=TWRA-11,

e e e o ok e ok v ool e X 3 e o ofe e sk e o e o sl ol e o oot oo ol e o o ok o o ke kol kol R ok ok el el e

SUCCESSTVE REFINEMENTS
o s ofe s ke e e e % sk e oo sl A ol ool ofe o e o e o de ool e e afe ok e 3l ko e e ol e ok e e ok e o e o e ol et o ke e e 3k
€O 41 M=1,11

TWEA=ThEA+].

THPAR=TWBA+459 ,67

PSATRW=218.167%PBAR®10%* ((1.~1165.07/TWRAR)*(3.,243781
X43.260144F=-3%{1165.07T-THWEAR)I+2.00£581E-9
X%(11€5.07=-TWRAR)*%3) /{1.+1.215470E-3%(1165.07-TWEAR)))
PWAIR=PSATRW=( {PBAR=PSATRWI*(TCA-TWRA}) /(2683 1~1.43%TWEA)
WAIR=.621GB%PWATR/ (PEAR-PWAIR)
TOANEW=4868.06% (WSAWB=WAIR) +TAW=1,78B16E-8% (NRT #54=TNWRH %4 )
X/VAIR 220,466 .

IF((TCA=TIANEW) .CTL.0.0) CC TC 6



41
6

44
101

54

CONTINLE .

TWBA=TWBA-1.1

CO 42 P=1,11

TWEBA=TREBA+D,]1

TWRAR=TWRA+45G. 47
FSAIRW=218.167*PRARXLC**((1.~1165,07/TWBAR)I*(3,2437¢1

X+3,260144E-3%(1165.CT-TWEAR)+2,006581E~9
X#¥{1165.07T-TWRAR J*%3) /(1a+1a2154T0E-3%(1165.07-ThBAR)))

FWAIR=PSAIRW-({PRAR-PSAIRW)*{TCA-TWBA))/(2831-1.43%THBA)
IF(PWAIR,.,LT.0.0) GC 1O 30

WAIR=,62198*PWAIR/(PEAR-PWAIR)
TOANFA=48€8.05*% (WSNWE=WATR) +TAW-1.7BBLl6E-B*(MRT **4-~TNWR**4)

X/VAIR*%(.,466

IF((TCA-TLANFW).CT.0.0) GC TO 7

CONTINUE

TWEBA=ThEA-O.11

BC 43 C=1,11

TWBA=TWBA+0.01

TWEAR=TWEA+459,.£7
PSAIRW=218,16T*PRAR*10**((1.-1165.07/TWBAR)*({3,243781
+3,260144E-3%(1165.07-TwBAR)+2,0065B1E~-9

Xe{1165.CT~-ThBARI**3)/(1.+1.215470E-3%(1165.07-TWBAR)})

PWAIR=PSATRW—{ (PBAR-FSAIRW}*(TCA-TWEA))/(2831-1.43*%TWEBA)
WAIR= .621G8*PWAIR/{PEAR-PUWAIR)
TOANEW=48€B.06* (WSNWR-WAIR)+TANW-1,78816E-8%(VMRT**4-TNWR*%4)

X/VAIR%%0,466

IF((TCA-TCANEW)LCT.0.0) GO TO 8

CCNTINUE

TWRA=TWRA-C.Cl1

CC 44 R=1,11

TWBA=TWBA+0.001

TWBAR=TWRA+459,.67

IF(TWRA,.GT.TOAIGO TO 30
PSAIRW=218,167*PRAR®10**((1.-1165.07/TWBAR)*({3,243781

X#3,250144F-3%(1165.07-TWBAR}+2.00£6581E-9
X¥(1165,07-TWBAR)*%*3) /(1.+1.215470E-3%(1165,07-TWBAR)))

PHAIR=PSAIRW-((PBAP-PSAIRW)*(TDA-TWBA))}/{2831-1. 43*TNPA?
WAIR=,62168%#PWAIR/(PEAR-PWAIR)
TDANEW=48€¢8.06%{ WSAWR-WAIR} +TAK=1,T8816E~8*(MRT %24 ~TNWR*%4 )

X/VAIR#*%0 ,466

e o e ot oo o o e e e o oo o ot ot ok o ok ol oA o o ok o ok o ok o 3l o ol o ok ok o o o o e ok ok oo
FINAL TEST OF CONVERGENCE

Ao e e e o ot KoK R oK R o e o oo o o o o e ook Ol o Ol oK R K ook B e
IF(ABRS(TCA-TCANEW).LT.0.002) 600 TO 101

CCNTINUE _

FHI=(PWAIR/PSAIR)*INQ

MRTIF=MRT=45G,A7

WETAIR=WAIR=T70Q0

WETNWE=WSNWEXTCOO
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CYCLE=CYCLE+1
N=N+CYCLE/30
GO Ta{l1,2),N
2 WRITE(6,400)

400 FCRMAT("1*,8X, ' WBCT*,5X,"MRT? ,8X,'DRY BULB',5X,
X*WET BULB'y5X, *AIR VELY,9X, *ZRH! ,8X,*H20{AIR) ' ,5X,
XUH2COINWR) ¥ 36X,y 'T=AWB?,7X,*'T-GLCBE")

1 WRITE(6,2C0) WBGT,MRTIF,TCA,ThBA,VFEPN,PHI WETAIR,
XWETNWR ,TNW,TG
200 FORMAT(*0%,5F13.3+5F13.2}
IF{N.LT.2) GD 10 130
A=l
CYCLE=1
30 CONTINUE
20 CONTINUE
10 CONTINLE
sTap
END
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DIMENSICN T1{20}

REAL NMRT,MRTF

INTEGER P4QsRySy2

REAC(E,1CC) N

FCRMAT(12)

WRITE(E,1)

FORMAT(*1")

CC 10 I=1,N

REAC(54200) TCATDPVFPN,TG,TANWB,PBAR

FCEMAT[6F10.3)

REAC(5,201)(T(Z)s2=1,20)

FORMAT{LCFB8.3)

TCAR=TCA+455.67

ok e o o e s o o o ok o o o o ok ol ol o e o oot e oo ot o o o o e ke o 3R e o o e oo e o T ool o o ol el ok
CALCULATICN OF MEAN RACIANT TEMPERATURE FROM INDIVICUAL
FANEL TEMFERATURES

s o ok sk o o e ko) o e oo =K oo ke e e ok ok o e bk o e o o ol ol e o e ook ol ok ook s ol o e e ok
MRT=(0,0235704*(T(1)**44T(3)**44T(4)%x4+¢T(E)**4+T(15)**4
XeTULT)%544T(18)%%4+T(20)%%4) +0.,040526*% (T(T7)*%4+4T(8)%x%k4
X4T(9)%244T(1C)=*4+T(11)*%44T[12)**4+T[13)%%4+T(14)%*%x4)
X+0.,0348603%(T{2)%¥44T(S5)*%4+T(16)*¥*4+T (19) *%4)
X40,3477C1ExTDAR%%RG4 ) %%, 25

VAIR=VFPV%60,

T6CAL=50.

5 % ik ok ok 3k o o e 3 e S o o o o oo ok ok sk o e kol o o o o ook e sl ook Ko o ok R e Sk kR OR %
TRIAL ANC F®ROR DETERMINATICN OF GLCBE TEMPERATURE

0 3 0 e o o it 37 o ¥ st ko ok ok ok o ok o 3 ok 3 ok ok ook o e o o o o o o o o o ot o o o o ook 3 ok ok ok ok 3k ok
CO 1CCG J=1,20

TGCAL=TCCAL+190.

TGCALR=TGCAL+456.67
TCANEW=TGCAL-(1.,72G84E-T )% (MRT**4-TGCALR**4) /VAIR®%(C,6
IF({TCA-TFrANEW) .LT.0.0) CGC TC 20

CCMTINUE

TGCAL=TGCAL-11.

CC 1001 K=1,411

TCCAL = TCCAL+1.

TGCALR=TCCAL+459.67

TDANEW=TGCAL=(1.72G34E-T)* (MRT*%4~-TGCALR*%*4}/VAIR*%0.6
[F{(TCA-TCANEW).LT.0.0} GO TO 30

CCNTINLE

T6CAL=TGCAL-1.1

CO 1002 L=1,11

TGCAL=TGCAL+0.1

TGCALR=TCCAL+45S .67
TOANEW=TIGCAL=-(1.72G84E-T)*(MRT*%4-TGCALR**4)/VAIFR**(,6
CCNTINUE

TGCAL=TGCAL=-0.11

CO 10C3 M=1,11
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TGCAL=TGCAL+0.01

TGCALR=TGCAL+459.67
TCANEW=TGCAL-(1.72S84E-T)*(MRT**4-TGCALR**4) /VAIR*%(0,6
IF(ABS(TCA-TDANEW).LT.0.C2) GC 7O 5C

CONT INUE
o st ot 3k e s ot o o sole oo ool ok o o o b o ot oo oo ok o o o o o e o o o o o ko ok oo O e ok ol ol ok oo B

TRIAL AND ERRDR DETERMINATICN OF DEW PCINT TEMPERATURE
IT RIS RERSE SRR RRERERRRERSE RS R R RS SEES S
TOPR=TCP+456.67

PAIR =218.167T*%PPAR¥1C**[{1.—1165.C7/TOPR)*{3,243781
X+3.260144E~-3%(1165.07-TDPR)+2,.006581E-9*(1165,07-TDPR}*x%13)
X/01e#%1.215470E=-3%{11€5.C7-TDPR)))
WAIR=0.,62198%PAIR/{PEAR~-PA]IR])

TNWCAL=40,

DO 2QCC P=1,20

TNWCAL=TNWCAL+10.

INWR=TNWCAL+45G,67
PSNWB=218.167T%PBARX10%%{{1.~11€65.07/TNWR})*x{3.243781
X+3,26C1l44F=3%(1165.07-TANWR)+2,0065BLlE-9%(1165.07-TNWR})*%3)
X/(1e%1.21547CR=3%(11€5.CT-TNWR}))
WSNWR=0.6Z15B8%PSNWE/(FEAR-PSNWB)
TDANEW=48€8.06%(WSNWE-WAIR)={1.78816E-8*{MRT *%4—TNWR*%*4)
X/VAIR*¥C 466 )+ TANWCAL

IF((TCA-TLANEW) LT.0.0) GO TO 60

CCNTIALE

TNWCAL=TNRCAL-11.

DG 20C1L G=1,11

TNWCAL=TNWCAL+1.0

TNWR=TNWCAL+45G .67
PSAwB=219,16T7%PRAR%1C**({1.-1165.07/TNWR)*({3.243781
X+3,260144E=-3%(1165.CT-TNWR)+2,006581E-9%[1165.07-TNWR)*%x3)
X/(1.+41.2154T70FE~3%2(1165,07-TNWR)))

WSMWB=0.6Z21G8%PSNWB/ {PEAR=PSANWB)

TOANEW=4868.06% (WSNWR-WAIR)=({1.78B1EE-B*{ MRT*%4-TN hR¥ %4
X/VATR %% ,466) +TAWCAL

IF({TCA-TDANEW) .LT.0.0) GG TQ 70

CCNT INUE

TAWCAL=TNWCAL-1.1

CO 2002 R=1,11

TNWCAL=TNWCAL+0.1

TNWR=TNWCAL+45G.67
PSNWR=218,107%PRAP®LCH%((la—11€65.C7T/TNWR)I%(3,243781
X43,260144F=3%(1165.07-TNWR)+2,006581FE-G%{1165.,07-THNWR)%=*3)
X/U1la41.215470FE-3%(11€65.C7T-TNWR)))

WSNWR=0,62158%PSNWBR/ (PFAR-PSNWR)

TOANEW=4BEH 06X (WSNWP=WAIR)—(1.TBBLOE-B*(MRT**4-THWR%%4 )
X/VAIR#3C,466)+THNWCAL

IF((TLA-TCANEW)LLTL.0.0)} GO TO RO

CONTINLE
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80 TNWCAL=TNWCAL-0.11
DC 20C3 S=1.11
TNWCAL=TNWCAL+0.01
TAWR=TNWCAL+45G,€7
PSNWEB=218.1&67%PBAR*] C**({1.—-i1£5.CT7T/TNWRI*(3.243781
X+3.2601445-3%(1165.07-ThNw2)+2,006581E-9%{ 11€65.CT-TNWR}*x3)
X/(1a+14215470E-3*(11€5.07=Tu%}])}
TCAMEW=4868.06*(WSNWB-WATI2)={]1,788l16E-H*x (MRT**4=TNhR¥*4)
X/VAIR**C o 466)+TNWCAL
IF{ABS{TCA-TDANEW).LT.C.C2) 5C TQ 90
2003 CCNTIMNUE
90 WBGTCL=Ce7*TAWCAL+C.3*TGCAL
WBGT=C.7T*TANWR+(0,3*7G
MRTF=NRT=-456,67 ,
WRITE(E4300)I 4 TCATDFVFFNM ,¥2TF,PRAR,TNWCAL,TNWB
Xy TGCAL s TCyWBGTCL 4 WEBGT
3C0 FORMAT(////7%0% 415X, "TEST NUWRERY, I3
X/ 1,15X%,"CHAMBER CCNDITITHNS:!®
X/' 1 ,25X,'NRY BULB TEMFERATUZE? ,2X,F6.2+" DEGLFY/Y 1,
xzsx"DEh pGINT TEMFEFATUPE'12X'F6.2" BEG.F'/' .!ZSXg
X'AIR VELOCITY? 2X4F5.1," FPMI/e v 25X,
X'MEAN RACTANT TEMPERATURE®2X,F5.1,"% DEG.F'/" ',25X%,
X'BARCMETRIC PRESSURE',2XyFAh.3,% PSIA'/' ',15X,
X'NATURAL WET BULB TENMPERATURKE:'/tY 7,25X,
X'CALCULATED* 32X F&s2+' DEG.F'/* 1,25X,
XYMEASURED'y 2X,FE€ o2, "' DEG.F'/ *,15X,'GLCBE TEMPERATLRE:'
X/' 1325X"CALCULATEDY 42X 4F6 o2, DEGLF'/' ',25X,
X'MEASLRED 42X yF€a2y? DEG.F'/' ' ,15X,
X'WET BULB GLOBE TEMPERATURE:'/?' v ,25X,
XICALCULATED? 42X ,F6429" DEC.FI/V 0,25X, *MEASURED?',
XF6.2¢ 2%y DEG.F'//)
10 CCNTIMUE
£TCP
END
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TEST ANUMBER 1
CHANBER CCNCITIONS:

DRY BULR TEMPERATURE T0.25 DEG.F

DEW POINT TEMPERATURE
AIR VELCCITY 35,0 FPM
MEAN RADTANT TEMFERATLRE
BAROMETRIC PRESSURE 1l4.
NATURAL wET BULB TEMPERATURE:
CALCULATED 51.5C DEG.F
MEASUREC 53.24 CEG.F
GLCBE TYEMPERATURE:
CALCULATED 76.37 DEG.F
MEASUREC 717.30 DEC.F
WET BULB GLCBE TEMPERATURE:
CALCULATED 59.24 CEG.F
MEASURELC 60.46 CEC.F

TEST MUMBER 2
CHAMBER CCNDITIONS:
CRY BULB TEMPERATURE 10
DEW POINT TEMPERATURE
AIR VELGCITY 55.0 FPM
MEAN RADIANT TEMPERATURE
BARCMETRIC PRESSURE 1l4.
NATURAL WET BULB TENPERATURE:
CALCULATED 64.20 CEC.F
MEASURED 66.85 CEG.F
GLCBE TEMPERATURE:
© CALCULATED 102.S61 DEG.F
MEASUREC 102.20 DEG.F
WET BULB GLCBE TEMPEFATURE:
CALCULATED 75.81 DEG.F
MEASURED 77.45 CEC.F

26.70 DEG.F

86+.4 CEG.F
376 PSIA

3.54 DEG.F
27.50 DEG.F

102.0 DEC.F
376 PSIA
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TEST NUMBER 13
CHAMBER CCNCITIONS:
DRY BULB TEMPERATURE 86.96 DEG.F
DEW POINT TEMPERATURE £5.80 DEG.F
AIR VELCCITY. 95.0 FPM
MEAN RACIANY TEMFERATLRE 97.0 CEC.F
BARCMETRIC PRESSURE 14,2C0 PSIA
NATURAL WET BULB TEMPERATURE:
CALCULATED 72.92 DEG.F
MEASURED T2.04 DEG.F
GLCBE TEMPERATURE:
CALCULATED 90.93 DEG.F
MEASUREC 90.62 DEG.F
WET BULB GLCBE TEMPERATURE: -
CALCULATEC 78.22 CEC.F
MEASURED 77.561 DEG.F

TEST MUMBER 4

CHAMBER CCNCITIONS:
CRY BULEB TEMPERATURE 715.83 DEG.F
DEW POINT TEMPERATURE 62.20 CEG.F
AIR VELCCITY 120.0 FPM

MEAN RACIANT TEMPERATURE 91.5 CEG.F

BAROMETRIC PRESSURE 14.200 PSIA
NATURAL WET BULB TEMPERATURE:
CALCULATED 68.30 CEC.F
MEASURED 68.04 DEC.F
GLCBE TEMPERATURE:
CALCULATED 8l1.36 DEG.F
MEASURELC 8l.75 CEG.F
WET BULB GLCBE TEMPERATURE:
CALCULATED 72.22 DEG.F
MEASURED 72.15 DEC.F
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TEST NUMBER 5

CHAVMBER CCNCITIONS:
DRY BULR TEMPERATURE 9
DEW POINT TEMPERATURE
AIR VELCCIYY A5.0 FFM
MEAN RACIANT TEMPERATLRE
BARCMETRIC PRESSLRE 14.

NATURAL WET BULB TEMPERATURE?

' CALCULATED 91.G60 DEG.F

MEASUREC 92.97 DEC.F

GLCBE TEMPERATURE:
CALCULATED 98.59 CEG.F
MEASUREC 98,10 CEC.F

WET B8ULB GLCBE TENPERATURE:
CALCULATED G3.%1 DEG.F
MEASURED S4.51 CEC.F

TEST NUMBER €
CHAMBER CCNDITIONS:

4,72 DEG.F
SCe.70 DEG.F

103.9 DEG.F
175 PSIA

DRY BULB TEMPERATURE 1C6.00 DEG.F

DEW POINT TEMPERATURE
© AIR VELCCITY 15.0 FPM

MEAN RACIANT TEMFERATLRE

BAROMETRIC PRESSURE l4.
NATURAL WET BULB TEMFERATURE:

CALCULATED 83.60 CEC.F

MEASURED 82.80 DEG.F
GLCBE TEMPERATURE:

CALCULATED 10S.17 DEG.F

MEASURELC 108.56 DEG.LF
WET BULB GLCBE TEMFEFATURE:?

CALCULATED 91.27 DEG.F

MEASUREC 91.23 CEC.F

15.30 CEG.F

113.0 CEC.F
185 PSIA
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TEST NUMBER 7
CHAMBER CCNCITIONS:

DRY BULS TEMPERATURE 83.67 DEC.F

.DEW POINT TEMPERATURE 65450 DEG.F

ATR VELCCITY 190.0 FPM

MEAN RACTIANT TEMPERATLRE 95.4 DEG.F

BARCMETRIC PRESSURE 14,264 PSIA
NATURAL WET BULB TEMFERATURES

CALCULATED 71.53 DEG.F

MEASURED Tle46 DEC.F
GLCBE TEMPERATURE:

CALCULATEC 87.15 DEC.F

MEASUREC 87.07 DECG.F
WET BULB GLCBE TEVPERATURE:

CALCULATED 716.22 CEG.F

MEASURED 76.14% DEC.F

TESY NUMBER 8
CHAVMBER CCNCITIONS:
DRY BULB TEMPERATURE B64.19 DEC.F
DEW POINT TEMPERATURE 6C.80 CEG.F
AIR VELCCITY 70.0 FPM
MEAN RADIANT TEMPERATLRE 98.4 CEC.F
BARCMETRIC PRESSURE 14.258 PSIA
NATURAL wET BULB TEMFERATURE:
CALCULATED 70.34 DEG.F
MEASUREC 70.21 DEG.F
GLCBE TEMPERATURE:
CALCULATED 91.56 CEG.F
MEASURECL 91.52 CECG.F
WET BULB GLCBE TEMPERATURE:
CALCULATED 1671 DEC.LF
MEASUREL 76467 CEG.F



TEST NUMBER 9
CHAMBER CCNCITICNS:

DRY BULE TEMPERATURE 85.26 DEG.F

DEW POINT TEMPERATURE
AIR VELCCITY 115.0 FpM
MEAN RADIANTY TEMPERATLRE
BAROMETRIC PRESSUQE 14.
NATURAL WET BULB TEMFERATURE:
CALCULATED 71C.6C DEG.F
MEASURED 70,76 CEC.F
GLOBE TEMPERATURE?®
CALCULATEC 85.67 DEC.F
MEASUREC 85.61 DEG.F
WET BULB GLOBE TEMPERATURE:
CALCULATED 75.12 CEG.F
MEASUREL 75.21 DEG.F

TEST NUMBER 10
CHAMBER CAONCITIONS:

63,30 DEG.F

86.4 DEGLF
268 PSIA

DRY BULB TEMPERATURE 86.05 DEG.LF

DEW POINT TEMPERATURE
AIR VELCCITY 115.0 FPM
MEAN RAOIANT TEMPERATLRE

63.60 CEG.F

144.5 CEG.F

BAROMETRIC PRESSURE 14,278 PSIA

NATURAL WET BULB TEMPERATURE:
CALCULATED 74.1C DEG.F
MEASUREC 73.52 DEG.F

GLCBE TEMPERATURE:
CALCULATED 110.C6 DEG.F
MEASURED 109.98 CEC.F

WET BULB GLCRE TEMPERATURE:
CALCULATED 84 .89 CEG.F
MEASURED 8%.46 DEG.F
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APPENDIX E

Instrument Specifications and Error Analysis
Since the magnitude of the errors in the measurements differed across
the range of each variable, the maximum error within the range of each value
was used in this analysis. The same is true for the sensitivities. Values

specified for error are limits of error (957 confidence interval).
Instrument Specifications

Thermocouples:
Copper/Constantan (ANSI Type T)
Error; + 1-1/2 °F (-75 °F to 200 °F range)
Thermistors:
YSI 400 series thermistors
Error: + 0.18 °F (32 °F to 175 °F range)
Digital Thermister Thermometer
United Systems Corporation
Digitec Model 500-1
Error: Instrument + 0.15 °F
Resolution + 0.01 °F
Total + 0.15 °F
Digital Thermocouple Thermometer
Beckman 4011 RVP with scanner and printer
Error: Negligable
Air Velocity:
Anemotherm Air Meter

Error: + 10 fpm
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Error Analysis
The sensitivities to-error of the natufal wet bulb temperature were
determined by a numerical analysis with the aid of a digital computer. These
values are summarized below. (The subscript indicates the variable under

consideration.)

o
[

0.499 °F/°F

~0.123 °F/°R

£

0.0268 °F/fpm

Sv =
a
lbmH20
Sw = 2.357 °F/0.001 b air
a m

The error in the value of natural wet bulb temperature calculated from the
measured environmental conditions was determined by the following relation
(where A indicates the limit of error of the wvalue)

)2 + (S 2,1/2

2 2
_ At = [(St At MRTAMRI) + (Sv kv )+ (Sw Aw )71 (E-1)
n db “db a a a-a
The values for At and AV were taken directly from the thermistor and digital
db a
thermometer specifications (rms value). The value for AW was determined from
a

the psychrometric chart using the errors specified for the dry bulb and wet
bulb temperatures (obtained with thermistor probes).

1bm H20

A, =+ 0.0003 -l_l;n_a_ir

W
a

The value for the error in the mean radiant temperature was determined by

22

Mom = 1 (S X))
&y Tt

21/2 (E-2)

where the sensitivities S were found through:

T,1
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3f (MRT)
oT, - (Ty)

_ i
Sr,i - f (MRT) ' (E-3)

The function f(MRT) is given by Eqn. {(28).
The limit of error in the MRT measurement was found to be:
= -]
AMRT + 0.70 °R
Substituting the sensitivities and errors into Eqn. (E-1) yielded

A, =+0.77 °F
n

The limit of error for the measured value of natural wet bulb temperature,
A; s was due to the error in the thermistor probe and digital thermometer:

1 am -]
n

The sensitivities to error of the globe temperature were found by the

same method as for the natural wet bulb temperature.

s, = 0.966 °F/°F
db
5 ° -]
S\mT 0.461 °F/°R
Sy = —0.0356 °F/fpm

The error in the calculated globe temperature due to error in the measured

variables was found by

A = 065, A, )+ Sprhe) + (Sy 2y )

2]1/2
t, db tdb MRT"MRT

(E-4)

The values of A s A , and A, being the same as those used in determining
db ML Va

Eqn. (E-4) yielded

t

A s
n
A, =+ 0.53 °F

g
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The error arising in the measured globe temperature, resulting from thermistor
and digital thermometer error, was

Al = +0.23 °F
g

The limit of error of the calculated value of the Wet Bulb Globe Temperature

Index was found by

_ 2 2.1/2
n n -]
The sensitivities St and St are given by:
n 4
af (WBGT) ¢
Btn n
Stn = TEWBCT) (E-6)
and
9f (WBGT) "
at g
Stg = T £ (WBCT) (E-7
where
f(WBGT) = 0.7 tn + 0.3 tg (E-8)

Using t = 70°F and tg = 100 °F, the sensitivities were found to be

= 0.620

Lz]
I

w
I

= 0.380

The resulting error in the calculated value of WBGT was:

Aygep = * 0.52 °F

Similarly, the error in the measured value of the Wet Bulb Globe Temperature

Index was found to be:

' = o
Niger = % 0-17 °F
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APPENDIX F
Example Problem

Situation:
Light assembly area, power hand tools used.
Limited movement of workers.
No heavy equipment in area.
Design Criteria:
Light assembly work requires a moderate work level (about an 800 BTU/hr
metabolic rate). For continuous 8-hr work shifts, the recommended WBGT
Index limit is 82 °F. To provide a factor of safety, use WBGT = 80°F
as the design value. With light equipment, assume MRT = 100°F. Since
workers are stationary, a fairly low velocity is desirable for comfort.
Use 100 fpm as the design velocity. |
Determination of Air Properties:
Substituting the design conditions into Egqn. (33), where WBGT and tg are

in °F, air velocity is in fpm, W and W a

»

are in 1b H.0/1b air and
m 2 m

MRT is in °R:

W =W - 7.0055 x 10~ (80 - t )
a s,n n

+3.6356 x 1011 (9.811 x 10'%) - (266.67 - 2.333 e+ 460)%1/184.88

-~ 3.7581 x 10 12[(9.811 x 10%0) - (e + 460)*1/57.63 (F-1)

Assumption for t,):

- tn = 65 °F
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from the psychrometric chart at the saturation line:

Wé o™ 0.0133 lbmH20/1bmair

*

From equation (F-1),

Wa = -0.00086 1bm320/1me.A.

Since Wa is negative, select a higher value of tn.

Let t = 70 °F
n
from the psychrometric chart:

WS 5 * 0.0158 lbmH20/1me.A.

From Equation (F-1),

W_ = 0.0070 1b_H,0/1b_D.A.
a m 2 m
Substituting the design conditions into Equation (34):

tgy = tg - 17298 x 1077 ¢9.811 x 1019 - e, + 460Y%1/184.88 . (F-2)

db
For the assumed natural wet bulb temperature and the design WBGT, Globe
temperature can be found. Using Equation (23):

tg = 3,3333 WBGT - 2.3333 t (23)

which yields

- . °F
tg 103.33

Thus, from (F-2)

tdb = 105.7 °F

This point may now be plotted on the psychrometric chart. This is done
in Figure 10.

Since this point_is located at the lower right-hand side of the chart
(hot and dry), the next assumption of tn should be chosen higher in

order to obtain a point near the saturation line. Assume
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t =75 °F
n
From the psychrometric chart

1b_ H,0

” 2
ws,n = 0.0187 EE;_;I;

Solving Equations (F-1) and (F-2) yields:

1b 'Hzo
Wa = 0.0152 m
m
= °
tdb 96.5 °F

After locating this point on the psychrometric chart, a 1ine.passing
through both points will yield all the possible dry bulb and wet bulb
temperatures. This is done on Figure 10.
It is advisable to check the effects of deviation from the design con~
ditions. To demonstrate these effects, 80 °F WBGT lines are plotted in
Figure 11 for different values of velocity, and in Figure 12 for different
values of MRT, It can be seen that a change in air velocity has little effect
on the allowable dry bulb and wet bulb temperatures, differing by amounts that
should still insure an allowable environment due to the factor of safety used.
From Figure 12, however, it can be seen that as MRT increases, the
values dry bulb and wet bulb required to maintain the same level of heat
stress must be decreased. If MRT is underestimated, the air conditioning
equipment would not maintain the temperature level required to provide the
. desired WBGT Index. Conversely, if MRT is overestimated, the design would

yield equipment which is larger than necessary.
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ABSTRACT

The purpose of this study was to relate the Wet Bulb Globe Temperature
Index to the four basic climatic factors; dry bulb temperature, wet bulb
temperature, air velocity, and mean radiant temperature. The ranges of

variables considered were:

WBGT Index Value 70 °F to 90 °F
Dry Bulb Temperature 70 °F to 110 °F
Wet Bulb Temperature 45 °F to 85 °F
Mean Radiant Temperature 80 °F to 150 °F
Alr Velocity 50 fpm to 200 fpm

The equations derived were based on empirical relations for heat and
mass transfer. By comparison with experimentally obtained values, these
equations were shown to properly predict the climatic factors which yield a
particular WBGT Index.

A technique is presented which allows for conversion of the Wet Bulb
Globe Temperature Index into the basic climatic factors. The WBGT Index can

then be used as a basis for design and control of air conditioning systems.



