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CHAPTER I
INTRODUCTION

During recent years the exposure to localized air jets (drafts) has
Been used Increasingly to compensate for a person's feeling of discomfort
when exposed to a thermal environment differing from a normal optimal
camfort temperature.

This concept is used especially in commercial aircfaft where a uniform
thermal environment is difficult to establish because of highly varying
rates of heat transfer. There may be, for example, high heat transfer
through walls due to large temperature differences (approx. 70 °F under normal
cruise conditions), high heat loss at doors and emergenéy exits due to increased

.heat conduction, and possible one sided lieat gain due.fo exposure to high
intensity solar radiation.

In cars and other air conditioned vehicles and in air conditioned houses
persons are exposed to localized drafts. However, in this type of exposure
drafts are undesireable and caused hy poorly designed air distribution system
or unusual thermal conditions.

Overmeyer (12) investigated the effect of face air velocity on airplane
passenger comfort. This study was done for one of the éoﬁmercial aircraft
manufacturing companies shortly after the entry into the age of commercial
jet airliners. High pressure cold air was easily available so that the
installation of individual, velocity adjustable, air outlet nozzles was feasible.
From this study it was concluded that passengers would feel comfortable at
a lower face velocity if the cabin ambient temperature was reduced or the
temperature of the outlet air was reduced. No data were reported concerning
the subject's reaction to the nonuniform exposure (warm ambient temperature

and cold outlet temperature).



Azer and Nevins (1) and Azer et al, (2) investigéted the relationship
between sensory votes, average skin temperature and sweat rate under exposure
to localized ventilation applied frontally to the head of each individual
in a group of six subjects while seated in a hot environment (heat stresé).

The effect of localized draft related to a persons subjective feelings
and skin temperature drop was investigated by Houghten et al., (7). 1In this
study Houghten worked with fixed ambient conditions of 70 °F and 507 RH.

He found the degree of comfort was a function of air velocity and draft
temperature, without obtaining information on the effect of the ambient condi-
tions on each subject's overall comfort feeling. After studies done by

Fanger (4) and Rohles and Nevins (13) it should be expected that the desired
draft temperature is very closely connected to each individual persons optimal
comfort temperature and the difference between this temperature and the actual
exposure temperature. Draft temperature is defined in this presentation as
the temperature of the air flow at the location where it impinges on the
subject's skin.

With this background, the present study was undertaken. Sixteen subjects
were used and each participated in six tests of which the two first tests
were used to find each subject's "comfort temperature". Im the last four
tests the subjects were exposed to four combinations of two localized air
jet velocities and twe ambient temperatures above and helow their comfort
temperature. The upper and lower temperature limits of the "comfortable"
draft were determined. Correlations were found between cquort vote, the
subjects comfort temperature, the difference between the latter and the
actual ambient temperature, jet velocity, and the desired mean temperature

of the impinging air jet.



CHAPTER I1
FACILITIES

The environmental chamber was a Sherer-Cillett (Model CER 810) which
was modified to provide closely controlled conditions of room temperature,
relative humidity, and overall air movement. An adjustahie nozzle with
fan, air conditioning unit, and necessary duct system was installed to
provide a controlled jet air velocity and temperature.

To accomplish a uniform, low air velocity in the test area, a chamber
ingide the chamber was constructed (Fig. 2.1). The original air flow system
was changed so that the air flow was downward from the ceiling. The ceiling
of the inner chamber consisted of two layers of 26 gage steel screen perforated
with 0.027 in. holes providing an 18% net opening which produced a downward
velocity distribution as shown in Fig. 2.2. It was found that the three
fans built into the heat exchanger had a flow characteristic such that the
velocity stayed nearly constant above 60%Z voltage, and only the noise level
increased., Table 2.1 gives the calculated means and standard deviations of
overall downward velocity and measured noise level in dB in A, B, and C
scales for 30, 40, 50, 60, and 70% voltage applied to thé fana. A graph
of the velocity and the noise level in dBA as a function of fan voltage
is shown in Fig. 2.3, Forty percent voltage was used during the tests since
this velocity gave both a sufficient air change rate for temperature control
(125 air changes ﬁer hour), a low mean velocity, 0.073 % 0.032 m/s (15 * 7
fpm), and a low nolse level (64 dBA).

The inside dimensions of the chamber were 81 inches wide hy 104 inches
long by 83 inches high. The distance between the new inner wall and the

ingide of the insulated wall was 2% inches which created a mean return
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Fig. 2.1 A Schematic cross section view showing the alr flow in the
conatructed "chamber inside the chamber" with inside dimen-
slonn of 81 Inches wide by B3 inchen high.



X

///////////////////////////7’////////////////////////

Fig, 2.2, Velocity distribution downward from the ceiling for
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five different percentage voltage applied to the
fans in the room heat exchange system. Velocity
measured in cm/s and in parenthesis in fpm.



Tahle 2,1, Means and Standard Deviations of the measure
velocities and noise levels in the environmental
chamber as a function of % voltage applied to the
fans in the heat exchanger system,

Velocity
Voltage (mean & std. dev.) Noise level
% cm/s fpm dBA dBB = dBC
30 5.3 £ 3.0 10,6 + 6.0 60.1 66.9 79.0
40 7.3 £ 3.2 14,6 * 6.4 63.9 68,9 78.6
50 9.4 * 4,0 18.8 * 8.0 65.8 712 79.5
60 10.3 + 3,9 20.6 = 7.8 67.8 72.8 80.3

70 10.8 * 3.8 21.6 £ 7.6 68.8 3.3 80.2
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Fig. 2.3.

Mean downward velocity {(m/s) and noise level
{(dBA) inside the environmental chamber as a
function of % Voltage applied to the fans in
the heat exchanger system,
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velocity of 10 times the downward velocity from the ceiling. Forty percent
fan voltage created a return velocity along the walls of 0.7 m/s (140 fpm)
which is sufficiently high to provide a fast heat exchange between the air
flow and the inner wall so the radiant temperature in the chamber at all
times would be equal to or very close to the alr temperature in the chamber.
The floor was constructed of expanded metal with approximately 35% opening
for the air circulation, and was supported with a rosétte like structure

to allow an equal distribution of return air to each wall.

Conditioned air was supplied to the chamber at constant flow of 50
cfm (85 m3/h) of air with lower vapor pressure than the‘desired condition
of the air in the chamber from either a fan or a dehumidifier depending
on the moisture content of the outside air. The vapor pressure inside the
chamber was controlled with a 1 kw steam humidifier controlled by a Yellow
Springs Model 72 proportional controller, The humidifier system was built
into the heat exchanger system. Two Yellow Springs 9101lSeries "Bobbin"
Probes were used for controlling and recording the dew point temperature.
The system could maintain a vapor pressure at any level from 0.25 in Hg
to 1.25 in Hg and be held within * 0.025 in Hg (v * 3% RH at 75 °F).

The heat exchange system consisted of an R-12 refrigeration system
with direct expansion evaporator and a 1 or 4 kw (115/230 volt) onfoff
controlled resistance heater. The control system was improved by removing
the on/off controller and installing a Barber Colman Model MU-~501-504 propor-
tional controller to regulate the suction pressure of the 4 kw R-12 cooling
system and apply step heat inputs of 0, 1 or 4 kw depending on the inside/
outside temperature levels. A control accuracy of * 0.3 °F (or *+ 0.15 °F

std. dev.) was obtalnced with this system.



A 3 kw air conditioner unit with a built-in 2% kw resistance heating
element was installed outside the environmental chamber for temperature
control of the air jet. A duct aystem with a recirculation duct, damper,
and a built—in orifice for control purpose (Fig. 2.4) was designed and con-
atructed. The outlet velocity was determined from the pressure drop across
the orifice and was adjusted by changing the speed of the fan in the air
conditioner., The recirculation damper was adjusted so that the recirculation
was as high as possible for faat response and lower temperature limits,
but not so high that there was insufficient pressure head for maintaining
the velocity under possible evaporator coil freeze—up.condition. The temper-
ature was regulated by varying the voltage to the resistance heater while
the cooling unit was operated on/off. Outlet temperatures from about 45
to 130 °F could be produced. The outlet nozzle could he adjusted to any
position so the distance from the outlet to the forehead of the subjects
was always 15 inches, and the angle between the jet center-line and the
vertical was 45 degrees.

To control the velocity with sufficient accuracy within the available
pressure range two different interchangeable orifices could be inserted into
the duct system. Both orifices, the outlet nozzle, and a Disa Low Velocity
Anemometer (CCAA-Mode) used to measure the velocity at the location of the

subject's forehead, weré calibrated using the following procedure;
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Fig. 2.4.

Schematic drawing of the draft exposure air supply system
(including air conditioner unit, fan, outlet nozzle, and
duct system with damper and flow control orifice).
Dimensions show the subject's position with respect to
the alr jet.
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At Windtunnel (Mechanical Engineering KSU):
Outlet velocity and pressure drop for small orifice (1-11/16 inches
diameter in a 4 inch round duct,) and large orifice (2~7/16 inches diameter

in a 4 inch round duct,) against a 1 inch dia ASME nozzle.

Disa Low Velocity Anemometer (CCA Mode) at the outlet of 6 inches dia ASME

nozzle against 2 inches dia ASME nozzle.

In the Environmental Chamber:
Velocities 15 inches downstream of nozzle outlet (1ocation of forehead
during tests) were measured with a DISA Low Velocity Anemometer as a function

of outlet velocity determined from orifice flow rates.

The calibration data are given in Appendix E,



Fig. 2.5,

Photo showing the environmental chamber with a subject seated
in the chamber, Data Acquisition System control panel and
operator.
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The outer door to the chamber was provided with a one~way window
to monitor the subject to insure that the subject was seated in the right
position relative to the airflow from the nozzle. To aveid unnecessary
door openings a communication system between subject and the ocutside
operator was installed.

The temperatures for both room air, walls, dew point and air jet were
recorded with a Digitec Data Aquisition System, Fig. 2.5, using 700 and

9101 Series Yellow Springs Thermistor probes.



CHAPTER IIT
EXPERIMENTAL PLAN

The experimental program was designed to give information about all
physical and environmental parameters and subjective impressions involved
in a person's feeling of thermal comfort. The followiﬁg physiological and

environmental parameters were kept constant for each subject in all six

tests,
Table 3,1
Activity level: Sedentary (reading) ~50 kcal/mzh
Clothing: KSU Standard Uniform 0.6 clo (Ref. 12)
Relative Humidity: 50% RH
Mean air velocity in room: < 0.1 m/s (< 20 fpm)
Wall Temperature: equal to air temperature
Exposure duration: 2} hours (results from last 2 hours used

in the analyses)

Since the mailn objective of this research was to determine a person's reaction
when exposed to an amblent temperature differing slightly above and below his
comfort temperature and at the same time letting him adjust his comfort
response by self-adjusting the temperature of a localized air jet impinging

on his forehead, each subject was first tested in two experiments to find

his particular comfort temperature. Each subject's comfort temperature

was then used to determine the conditions for four additional tests using

four combinations of ambient temperatures and draft velocities as shown

in Table 3. 2n
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Table 3.2
Experimental Plan
Test No. Ambient Temperature Jet Velocity*
2C01 t (experimentally determined) v 0,1 mfs (no jet)
cl
(20 fpm)
2002 £ (experimentally determined) 2 0.1 m/s (no jet)
c2
(20 fpm)
4WL1 tz + 3.3 °F (fixed) 0.5 m/s (100 fpm)
4WH2 t, + 3.3 °F (fixed) 1.0 m/s (200 fpm)
6CL1 t, - 3.3 °F (fixed) 0.5 m/s (100 fpm)
6CH2 t - 3.3 °F (fixed) 1.0 m/s (200 fpm)

c

* at location of the subjects forehead

t tc = %(tcl + tc2)

15



The comfort temperature was taken as the mean value determined from two

comfort tests, GV %(tcl + t ,). Skin and body temperatures and weight

c2
loss due to evaporation were obtained also,

The procedure used to find a subject's comfort temperature was deveioped
and has been used for many years at the Laboratory for Heating and Air
Conditioning, The Technical University of Denmark, by Olesen and Fanger
(10) and Ostergaard et al. (11).

The subjecté were exposed singly, and the optimal temperature (comfort
temperature) for each subject was determined by adjusting the ambient
temperature according to his desires., This was done by asking the subject
over the intercom every 5 min throughout the entire exﬁeriment, if he wanted
the room temperature to be cooler, warmer or kept the same and altering
the temperature accordingly. The mean of the preferred temperatures
during each comfért test was calculated as described laﬁer. The first
one-half hour exposure was disregarded in this computation and only used
for accommodating the subjects in the new environment.

After obtaining each subject's comfort temperature t.s each subject was,
in four separate tests, exposed to two temperature conditions (tc + 3.3
°F) and (tC - 3.3 °F) and to two draft velocities 0.5 m/s (100 fpm) and
1.0 m/s (200 fpm), as shown in Table 3.2, The temperature difference of
3.3 °F between comfort and draft exposure was chosen to be the change in
ambient temperature for a change of 0.5 in comfort vote as determined by
Rohles and Nevins (13) using the voting scale in Table 3.3. The resulting
correlation for predicted thermal sensation, Y (vote number from Table 3.3)
is:

Y=0.152 T+ 0,010 H - 8,371 [3.1]
where: T = dry-bulb temperature, °F

H = relative humidity, %

16



Table 3.3
Voting scale for room and draft temperature sensation after Rohles
and Nevins (13)
1, cold
2. cool
3. slightly cool
4, comfortable
5. slightly warm
6. warm

7. hot

During both comfort and draft exposures, the subjects were asked to
give their reaction (vote) every 5 min abaut both the air jet impinging
on their forehead and the room condition using the voting scale in Table 3.3.
The room temperature during the draft exposure was held constant (the
standard deviation for one randomly selected test was found te be 0.15 °F).
The temperature of the impinging air jet was slowly increased until the
subject voted that the temperature of the jet was "slightly warm." The
operator then slowly decreased the jet temperature until the subject voted
"slightly cool," see Fig. 3.1l. The experimental procedure began at
time = 0 so that the possibility of the outlet temperature peak, after 30
minutes exposure, being a maximum or a minimum was random. Also the sequence
of exposure to the experimental conditions for the different subjects was

random to aveid any trend or adaptation effect,

17



