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FAST-RESPONSE,
WET-BULB THERMOCOUPLE

Nicholas Kyriazi

Biomedical Engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pennsylvania

The Bureau of Mines has devel-
opedafast-response, wet-bulbthermo-

couple that is able to respond

on a

breath-by-breath basis to the chang-

ing inhalation and exhalation

wet-

bulb temperatures of ahuman subject
whilewearingaclosed-circuitbreath-
ing apparatus. Bureau research has
shown that wet-bulb temperature,
taking into account both dry-bulb
temperature and humidity, isthe heat-
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load stressor of importance to hu-
man subjects; therefore, the ability
to measure this variable is
considered important. Prior to
this development, the ability to
measure breath-by-breath  wet-
bulb temperature had not been
achieved.

I ntroduction

The Bureau of Minesisinvesti-
gatingtheimpact of variouslevel sof
physiological stressors on human

o] |
_— ]

Scale,cm

FIGURE 1
Schematic of the fast-response wet-bulb thermocouple.

subjectswearing respiratory protec-
tive devices. Such devices would be
worn in underground cod minesfoﬂ—
escape or rescue in the event that a
fire or an explosion has made the
atmosphere irrespirable. Typical
physiol ogical stressorsincludeaboveg,

{ ambient levels of CO,, breathing

resistance, temperature, and hu-
midity. The Bureau is attempting to
determine the human limits to these
stressors beyond which physiological
or mental performance is adversely
affected. Adequateinstrumentation
wasavailablefor measuringgascon-
centrations,breathing pressures, and
dry-bulb temperature but not wet-
bulb temperature.

Description of Problem

Experience with hot and humid
climates, as in Florida, versus hot
and dry climates, as in New Mexico,
demonstrates that it is not only th‘,
temperature of the air, but also the
moisture content, that affects one’s
comfortandperformance. Ithasbeen
found in research sponsored by the
Bureau (Gallagher, 1986) that the
relevant measure of heat and humid-
ity sensed by human subjects is the
wet-bulb temperature. The wet tis-
sues of the mouth and trachea func-
tion effectively as a wet-bulb ther-
mometer. Wet-bulb temperature
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takes into account both heat and
moisture content. It is measured by
coveringthe bulb of an ordinary ther-
mometer with awet clothand flowing
ar past it at greater than some mini-
mumflowrate. Just as awet finger
feels colder in the wind than a dry
one, the wet-bulb thermometer will
register a lower temperature than a
dry-bulbthermometer. This is because
the moisture is evaporating and ab-
sorbing heat from the finger and wet
bulb in order to do so. If the air is
ralready saturated with moisture,
» thereis no evaporation nor alowering
of temperature of the finger. When
wearing a breathing apparatus, if the
ar inhaled is hot but dry, the evapo-
ration of moisture in the respiratory
tissues makes it feel cooler.

The problem with using commer-
cidly available instruments to meas-
ure the wet-bulb temperature of the
inhaled air of abreathing apparatus
that hasbidirectional flowisresponse
time. Inhalations and exhalations
occur at rates of around one each sec-
ond. A ding psychrometer requires
tens of seconds to respond. Other
methods of measuring moisture con-
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FIGURE 2
Inhale/exhale flow response of the thermocouple.

tent, such as dewpoint hygrome-
ters, aso suffer from this dow-re-
sponse-time problem.

Solution

Reducing the mass of athermo-
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FIGURE 3
Wet-bulb versus dry-bulb temperature time chart of the inhaled air of a
typica KO, closed-circuit breathing apparatus.

couple reduces the thermal inertia,
thus reducing its response time. But
covering avery small thermocouple
bead with cloth, would be difficult.
What was envisioned at that step
wasto dip avery small thermocouple
in some sort of molten material that
would solidify as a porous coating
completely covering thethermocouple
bead. After phoneconversationswith
many humidity-measurement instru-
ment companiesacrossthecountry, a
company was discovered that made
just such a thermocouple. Decagon
Devices of Pullman, WA manufac-
tures a 1-mil, copperconstantan th-
ermocouple, its bead coated with a
porous ceramic material that actsto
keep the thermocouple wet. At our
request, Decagon reconfigured their
product to that as shown in Figure 1.
It consists of ametal tap with one end
machined out to form a protective
cageenclosingthethermocouple. This
end is inserted into the air stream to
be monitored. The metal cage pro-
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tects the delicate thermocouple but
does not significantly occlude air flow
in the hose of a breathing apparatus.
A cotton or nylon thread, actingas a
wick, touches the ceramic bead and
extends to a small reservoir of water
in the back of the tap. The time for
95% responseis approximately 0.6 s.
Theresponseto inhale/exhaleflow is
shown in Figure 2.

Discussion

With thisnew tool, we can better
evaluate closed-circuit breathing ap-
paratus with regard to thermal bur-
dento the user. Asan example of the
difference between the average wet-
bulb and dry-bulb temperature of a
typical KO, apparatus, see Figure 3.
Compare this difference with that of
atypical LiOH/compressed-O, appa-
ratus, as in Figure 4. Both of these
timechartswere fromtestsperformed
on our automated breathing and
metabolic simulator (Kyriazi, 1986).
Even though the dry-bulb tempera-
tures are similar for both of the ap-

parati, since KO, produces very
dry O,, the KO, apparatus feels
much cooler than the LiOH/com-
pressed-O, apparatus.

ThepresentU.S. standardsfor
respiratory protective devices, as
listed in 30 CFR 11, acknowledge
the effect of moisturevery crudely
by having one st of dry-bulb tem-
perature limits for those appara-
tus having inhaled air with 0-50%
relativehumidity (RH) and another
st for those with 51-100% RH.
Usingwet-bulb temperature asthe
measure of heat load is preferable
since one wet-bulb temperature
impliesaninfinitenumber of com-
binationsof dry-bulbtemperatures
and relative humidities. Other-
wise, an apparatuswith 10%RH is
treated the same as one with 50%
RH.

In the past, wet-bulb tempera-
tures could not easily be measured
on an apparatus with a bidirec-
tional flow path. Withthedevel op-
ment of this Fast-Response Wet-
Bulb Thermocouple, this is now
possible. Based on the recent
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FIGURE 4

Typical LiOH/compressed-oxygen apparatus.

human physiological data as pre-
sentedinreference 1,the Bureaurec-
ommends that WB temperature re-
place DB temperature as the meas-
ured parameter for inhaled gas and
that theinhaled WB temperaturebe
limited to less than or equal to 45°C.

Experience

Thewet-bulbthermocoupl efunc-
tions as desired as long as the th-
ermocouple remains wet. With an
older design, keeping the bulb wesd
was aproblemwhen monitoringKoO, |
apparatus which produce very dry
gas Most of thetest. At high tempera-
tureandlow humidity, water was ap a
parently evaporating at such a high‘
rate from the thermocouple that the
conveyanceofwater by thewick could
not keep up, resultingin drying of the
bulb and elevation of the tempera-
ture reading to dry-bulb. Keeping
the wick exposure to the hot and dry
ar to a minimum by extending the
wick sheathing out from the housing
into the cage, reduces the likelihood
of dry-outs.
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