SF-98-4-1 (RP-978)

AIVC 11062

Interaction of Air Motion
with the Human Body .

Jay B. Myers Mohammad H. Hosni, Ph.D. = Byron W. Jones, Ph.D., P.E.
Student Member ASHRAE Member ASHRAE Member ASHRAE
ABSTRACT INTRODUCTION

Proper distribution of conditioned air plays a major role
in both human thermal comfort and indoor air quality. The
objectives of this study were (1) to experimentally evaluate
airflow conditions around the human body and (2) to charac-
terize the interaction of the thermal plume from the body with
the overall roomair motion. Environmental conditions around
a simulated human body were éxamined by mapping temper-
ature and velocity distributions around a thermal manikin
using modern temperature and velocity instrumentation in an
environmental chamber. Resulls are presented for three test
cases: baseline velocity and temperature distribution without
manikin, airflow blockage of the unheated manikin, and mixed
convection due to interaction of chamber airflow with the
heated manikin.

Air movement data collected near the thermal manikin
demonstrate both the blockage effect of and thermal plumes
Jrom the thermal manikin. The unheated thermal manikin
exhibited a localized blockage effect t0 a distance of 0.15 m (6
in.) behind the manikin. The velocity and temperature bound-
ary layer of the thermal manikin expanded further from the
body in the mixed convection case than in the unheated block-
age case. Near the manikin skin surface, the velocity distribu-
tion for mixed convection was primarily dependent on the
roomair motionandthe blockage effect of the manikin and was
independent of natural convective effects. The temperature
boundary layer was substantially influenced by natural
convection below chest level, while at and above chest level,
the temperature distribution was affected by room air motion,
the blockage effect, and the heating of the manikin. The total
power tothe heatedthermal manikinwas setat 164 W (561 Btw/

h), to represent a person with a modest activity level (1.5 met):

The distribution of the heat loss over the surface of the manikin
was determined by the manikin's heaters and, to a reasonable
approximation, represents the heat distribution of a person.

Total environmental quality, as described by Int-Hout
(1993) is the concept that the environmental factors of thermal
comfort, acoustics, indoor air quality, and air distribution all
are interrelated. Room conditions should be controlled for
comfortable temperature and air velocity, with epough fresh
air at a proper flow rate for contaminant removal, and at an
acceptably low noise level. Proper temperature and velocity
distributions in the occupied zone are good indicators of ther-
mal comfort. Good air distribution and thermal comfort may
be achieved through proper air mixing and by avoiding drafts
caused by excessive thermal gradients, high air velocity, or
high air turbulence. Previous studies investigated the flow
conditions near the body using human subjects, heated
models, and unheated manikins; however, these studies deter-
mined the heat transfer from the body and the airflow charac-
teristics around the body separately without specifically
addressing the integration of the thermal plume from the body
with the room air motion.

Thermal comfort and room air movement research began
at the ASHVE /U. S. Bureau of Mines laboratory in Pitts-
burgh, which was founded in 1919. Houghten and Yagloglou
(1923a) used human subjects in 440 comfort experitents in
still air to determine conditions of equal comfort independent
of humidity. Next, Houghten and Yagloglou (1923b) tested
various still air conditions with 130 human subjects to find a
comfort zone on the psychometric chart. The subjects rated
the environment on a scale from 1 to 5. The comfort zone was
bounded by conditions that 50% or more of the subjects rated
as comfortable, with a rating of 2 to 4. In 1924, Houghten and
Yagloglou contrasted still air conditions with the cooling
effects of air movement at elevated temperatures with veloc-
ities up to 2.5 m/s (500 fpm). In later research, Houghten,
Gutberlet, and Witkowski (1938) examined the effect of
drafts on the backs of necks and ankles in human subjects.
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They found that thermal plumes from free convection were

sufficient to mix carbon dioxide and moisture from room

occupants into room air. They also observed the relatlonshlp)
between skin temperature at the neck or ankle and the sensa-

tion of coolness or comfort observed by the subject. The

authors observed a correlation between the drop in skin

temperature of the neck or ankle and the temperature 4nd

velocity of the air directed on those body parts. Data ori these

relationships were presented along with comfort sensations of
the'subjects. The most commonly used comfort index of that

era varied from ‘one to seven. A draft cHart was prepared

showing the relationship between the'temperature and veloc-

ity of a draft and the skin temperature of the neck. The term

“draft” denotes a movement of air. ‘As ‘defined in ANSV/

ASHRAE Standard 55-1992, draft is the unwanted local cool-

ing of the body caused by air mévement. It is a common cause

of discomfort. Draft was congluded to be caused either by

high air velocity, low air temperature, excessive radiation to a

cold surface, or any combinatién of these three effects

In addition to air temperature, air velocrty, and radlatlon
effects, the role of velocxty fluctuations ‘on the sensation of
draft has been investigated. Fanger and Pedersen (1977)
exposed subjects -to-well-defined- périedic véidcity fluctua-
tions in a climate chamber and showed that periodically fluc-
tuating airflow is more uncomfortable than nonfluctuating
airflow. Subsequent studies have supported the idea that air
turbulence is a contributing factor to discomfort (Fanger et al.
1988).

An important factor in environmental quality is proper
room air distribution. Most studies of air distribution have
concentrated on the ability of inlets, diffusers, and other air
movement .equipment to distribute air through the room.
Recent studies have combined this interest with examining
turbulence and other statistical information related to velocity
measurements, Indices of thermal comfort and ait distribution
have also been developed to measure and predict environmen-
tal quality. Thermal comfort has been characterized by the
predicted mean vote (PMV) and predicted percentage dissat-
isfied (PPD) (Fanger 1973). Air distribution quality was eval-
uated” through the™ introduction of ‘the air diffusion
performance index (ADPI) (Miller and 'Nash 1971). These
indoor climate evaluation methods were developed and
reﬁned by many studies offactual comfort and room condition
measurements; they have 2 Strong statistical basis, as well'as
general accéptance. it ek oS

-+ The air velocities in the ,bOungary layexl;sqn'oundmg the

Ty re]
human body and within the thermal plume above the body

were found to be comparable to those in the occupiéd zone of
a typical room. While both natural convection ﬁrom the body
and forced convection from room air motion affect the airflow
characteristics near the:bgdy;;understanding the interactions
of both heat transfer mechanisms is important in evaluatm°
local auﬂow and thermal charactenstics at the skin strface of
a human body and its effects on thermal comfort. i

+ Lewis etal. (1969) examined the boundary layer and ther-
mal plumes associated with the:human body. Their focus was
to study the relationship between the boundary layers-and the
movemerit: of contaminants :around the-human body. The-
expansion of the boundary layer-was described, and air velocs
ities'were'measured around several body segments. ..,

-~ Rapp{(1973) analyzed dir approxiiifate model of a human!
body fising’a sphere ona éylinderto determingthe convective:
heat transfer coefficient for humans and the rélative:effect of
free and forced convection at low" vé&locity airflow: He
concluded that when roon2air speed exceeds about 0.2:m/s’
(39.4 fpmj, forced convection conditions prevail as free
convection is assumed comparatively negligiblé. In the veloc-
ity range'tetween 0.01:and 0.2'm/s (2 and 39.4 fpm), convec-
tion was influenced by both free convection and room air
movement and the mixedconvection conditions were present.

Homma and Yakiyama (1988) employed human subjects’
and a heated rectafigular human-sized manikin to study free
convection aréiind the hiithan body. The authors concluded
that the flow became turbulent at about the hip level, that the
free convection Was equal in velotity to acceptable upper
limits for comfort, and that natural convection may affect
room air mlxmo TaA T ¥

Chang and Gonzalez (1991) measured airflow patterns in
an envirbnmental chambér with a standing unheated manikin:
and'its supporting frame as flow obstructiofis: The manikimn:
caused decreased velocities both in front and behind it, buit
above the manikin head, little variance was observed. Chang
and Gonzalez (1993) measured- air velocitiessaround an
unheated standing or sitting manikin as'an obstruction. Veloc-
ities were'measured by six omnidirectional thermal-anemom-
eters mounted on a telescoping tripod support. Velocities were
meastred 4t eight radial pbsitién§!(45° spacing) around the
manikin's head; chest, upper arm, lower érth, thigh, and lower
leg. The authors concluded that the complex and asymmetrical
velocrty profiles around the human body:- could only.-be
measured by multiple- anemometers>6r" mnltlple position
mapping,. : i

~ Hosnietal. (1994) obtained roon& air moti-:m data in a
full-size test room us{ng three different diffusers for both
lsorhermar and nonisothermal conditions. Jet throw, drop, and
spread were exam‘ined through flow'vistialization and'velocity
and temperature mappma The blockage ‘and deflection of
airflow around obstrueﬁons were obsewed for both isother-
mal and nonisothermal ‘conditions. PN IR

Brohus and Nielsen (1994) used 4 thefal manikin with
an artificial lung for sunulatlon ofbreathing in a ful}-scale test

+ livata ~ant: 1
room to evaluate contaminant distribution around ,,ersons in

rooms ventilated by displacement ventilation. T}l [measure-
ments were performed in three full-scale test fooms with
different wall-moufitéd-low-velocity inlet devices. A point
héat souirce; a heated cylinder,/andia thermal manikin were
used ‘as heat sources. A thermial and a passive ¢ontaminant
source were used and the vertical concentration profiles were
obtained. The §tratification effect inthe displacement venti-
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lated room was observed from:the concentration profiles.
Personal exposure to-contaminants was evaluated for a sitting
arfd a‘standing person. It was concluded that when the move-
meént of pedple around the room or the disturbance i the.room ,
increases, the ventilation effectiveness decreases ‘and the risk-

of exposure to contaminants increases. The authors also found -

that the thermal boundary layer along a person’s height,is able
to-entrain air from-below the-breathing zone. If the concentra-
tion of the contaminants at-the breathing leve] is high, this
eritrainment of fresher air from below enhances air quality;
howeyver, if the concentration is higher at the lower lgvel than
in-the breathing zone, this entrainment may mcreasethe risk
of contaminant exposure. e P ;

:* Numerical modeling of room air motion and numerical
simulation*of airflow around a heated manikin have gained
momentuin recent years due to the ayailability of computers
and a large increase in their computational power. Murakami
and Kato (1989) and Murakami et al. (1988) applied numen-
cal methods using the k- turbulenge model.to simulate the
velocity and.diffusion patterns in a gonventional ciean room
using scale models, as well.as for evaluation of air distribution .
in a room. Since this paper deals with experimental measure-
ments, numerical modeling results are not presented.

The objectives of this research project were (1) to.exper-
imentally measyre the terpperature and velqcity. distributions
arpund the human body and (2) to characterize the interaction
of the thermal plume from the body with the overall room air
motion. A thermal manikin was used to simulate the human
body, and the environmental conditions around the body were
investigated using modern temperature and velocity. sensors.
The thermal manikin was controlled to generate a_surface
temperature distribution consistent with the skm temperatures
of a typical person. The primary- advantage of using the ther-
mal manikin over human subjects was the repeatable conu'ol
of skin temperatures for extended periods. The thermal manij-
kin also closely simulates the shape of an average person. Four
test cases were gampleted to develop a detailed mapping of the
flow conditions around the body. Results are presented for
three test cases: baselipe velocity and temperature distribu-
tions, blockage effect of the unheated _manikin, and mixed
convection with the heaxed,mamkm An addmonal test case
investigated semi-frge convection from the heated ‘manikin in
the chamber with low-veloc1ty cooling. Results from the semi-
free conduction case are not presented in this article to keep the
presentation more focused; however, the reader may refer to
Myers (1995) for presentation of results.

EXPERIMENTAL INVESTIGATION

Test Faclhty i -

A large envuonmental chamber. deg;gned and fully mstrus
mented. forthis type-of study:was used- Test chamber dunen-
sions were7.3.m x 4.9 m %.2.7-m (24 ft x 16 ft x 9 ft). ’I'hetestj
chamber, air handler, unit; chiller, air temperature .control
system, and-inlet and return airflow meters used in this study
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are discussed in detail in Hosni et al. (1994). A'high side-wall
grille was flush-mounted on the north wall of the chamber and
used as-the mlet diffuser, as shown in Figure 1a. The grille was
placed with its top edge 229 mm (9 in.) below the ce111n° and
had-dimensions of 387. mm x 133 mm (15. 25 in. x 5.25 in.)
with, 19, mm (0.75 in.) spacing and double deﬂecnon, fixed
airfoil blades set at 90°, Twelve heaters were mstalled in the
champber floor in three rows and were controlled using a
motorized voltage transformer. The four heaters on the row
closest to the diffuser and the two side. heaters of the middle
row.were used as a thermal load for testmg, as shown in Flaure
1b.- Thirty-nine thenmstors located on the chamber walls,

floor; ceiling, gnd heaters’ surfaces, as well as in the inlet and
return, ducts, were used to;measure cbamber temperatures
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The chamber data acquxsmon and contro}. systém
controlled the inlet air temperature, and recorded chamber,
conditions, such as chamber surface and air temperatures, floor
heater input power, airflow rates, relative humidity, and mean
air velocities from an'omnidirectional velocity probe. A probe
positioning’ System a probe tripod, and thermal anemometry
equipment ‘were ‘used to meastire velocity and temperature
distributions i in the chamber, descrlbed in Myers (1995)

S ELH

Measurement Procedure and Equipment ii>

Pnor to each test, the chamber condmons were allowed t6
reach steady-state conditions and were then recorded ‘I'he
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steady-state conditions were monitored with the 39 thermistor
‘temperature sensors, theinlet and return airflow metets, and
the relative humidity sensor. Previous work by Hawkins et al.
(1995) in the chamber was used as a guide for selecting airflow
rate.and heat load conditions to provide proper velocity and
temperature profiles near the manikin location. e

‘A nude thermal manikin was used to.simulate the heat
load and airflow blockage of 2 human body-in the test chamber
and-was locatedstanding 4.9 m (16 ft) from the diffuser, op the
chamber centerline. The thermal manikin was constructed
from a light plastic foam casing on top of a metal skeleton. It
is a full-size male manikin with 18 electrically separate
sections. The nude mamkm was heated to standard set temper
atures comparable to the surface temperature distribution of
each section of the human body. Temperature and powér data
were recorded from each body segment when the heated ther-
mal manikin was used. Additional mformatlon about the ther-
mal manikin and -its ‘tontrol system is* presented ‘in
McCullough afid Hong (1994)'and MéCullough ét-al.(1994).
For this study, the effec'ts of'clething were eliminated-by using
a nude thermal manikin.

Air velocity and temperaturedata were cqlfected usmg”.

two types of sensors in this study. Omnidirectional velocity
probes and a thermistor temperature sensor were used to
measure mean velocity and temperature in the chamber,
respectively. The:first low-velocity - ‘omnidirectional probe
was rated and calibsrhted for velocity measurements from zero
nvs to 1.0 m/s (196.fpm) and was used to measure mean air
velocities below 1.00 m/s (196 fpm). The second probe was
capable of velocity measurements up to 2.0 m/s (394 fpm) and
was used for velocities over 1.00 m/s. The omnidirectional
probes have spherical hot-film sensors that are 4.6 mm (0.18
in.) in diameter and are best suited for low-velocity measure-
ments in flow fields where the flow direction is,.unknown or is

difficult to evaluate. The use of any directional type probe’

such as a three-dimeénsional probe is not practical since air
speed is small and the airflow direction is unclear and unsta-
ble. A detailed description of the probes and the calibration
procedures are presented in Myers (1995).

A thermal anemometry systemr with a high-frequency
single-sensor hot film probe was also used to measure and
record high-frequency variances in air velocity. This system,
with its temperature module and a high-frequericy thermocou-
ple probe, allowed temperature measurements for temperature
compensation of the hot film velocity probe data. The hot-wire

probe required a separate computer along with an anemometer
and a digitizer, as discussed in Hawkins et al. (1995). The

mean velocity data from the thermal anemometry system are

not presented in this paper since some velocities were’

expected to be below the manufacturer-recommended mini-

mum velocity of 0.15 m/s, and the airflow directions were not

adequately known for valid measurements. However; the

results were compared with the omnidirectional results as a °
secondary.check where mean velocities were greater than 0.15

m/s.

;

" Two types of air velocity and temperature distributions
were assembled for this stitdy: (1) chamber profiles and (2)
manikin profiles. Measiirefrient procedures for each: profile
type are brleﬂy descnbed below = &

Chamber Proﬁles The gur velocxty and temperarure
profiles within.the chamber, away-.from the manikin, were
assembled:from. a series of:vertically aligned measurement
locations using an automated probe-positioning system. The
omnidirectional probe, the single-wire hot-film velocity
probe, the thermistor and thermocouple probes were all
mounted: Within ai¢tlose proximity ofieath' other on'a probe
holder arm ofthe probe-traversing system. The remote control
system allowed for the positioning of the probes at predeter-
mined locations along a vertical axis from floor to ceiling. At
cach measurement point, the measuremens: and- control

'program kept the probes in a stationary position for 24 seconds

to-allow the probes to reach a stable condition prior to initiat-
ing the velocity and temperature data collection. Then, 100
readings were taken at 1.25 Hz; however, only 70 readinigs
were used to determine a local mean velocity and temperature.
The mmal 30 readmgs were discarded; thus, the integration
time for each data point was 56 seconds. ASHRAE recom-
mends a three-minute integration time for this type of sensor.
However, the three-minute integration time was too time-
consuming due to the large number of measurement locations
for each test case. Thus, a study was performed to lower the
integration time. The 56-second integration time was found to
be acceptable for measurements presented herein. However,
when possible, higher integration time is recommended. The
mean velocity and temperature data were written to a data file
prior to moving the probes to the next measurement position.
This procedure was repeated for each complete profile taken
from the floor to the ceiling along the chamber centerline and
to the left and right of the centerline. Several partial profiles
from the manikin head or shoulders to the ceiling were also

" collected using the samé procedure.

Manikin Profiles. The air velocity and temperature
measurements close to the manikin skin surface were
collected using a probe tripod with the 1.0 m/s (196 fpm)
omnidirectional velocity probe and a thermistor probe. A
three-axis video camera tripod was modified by the addition of
a telescoﬁiﬁg probe-holding arm to provide great flexibility
and ease of adjustment in locating the velocity probes.
Measurement lncatmm for the probe trmnd were near the

complex surface of the thermal manikin body and, therefore,

- were aligned by hand and verified by the researcher. Measure-

ments were made using the probe tripod with the same sample
rate and period, but waiting times of at least 120 seconds were
used to allow the airflow'pattern to stabilize. The velocity and
temperature data close to the manikin skin surface at various
body parts were assembled m tables and circle plots as
presented herein.
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RESULTS

‘Results.for three test cases are presented:in this section.
The chamber conditions and :the. temperature and velocity
distributions were measured for.gach case.-The first. case
includes the baseline velocijfy:and temperature dlstnbutlons
within the chamber without the manikin present. For the
“second case, the blockdge effect of thieunheated mianikin was
mvesnoated in the chamber. -The final case examined ‘the
‘mixed ¢onvection of the héated’manikin in the chamber and
-the interaction bétween the thermal plume from the manikin
and the room air motion. ¢ A

Baséline Velécity and, Temperatur@Dist,l;ibtjtions

In this initial test case, thé chamber conditions and the
velocity and temperature profiles were measured without the
thermal manikin' present’to obtain:-a baseline data set for
comparison to ‘Gata with the manikin present: Emphasis was
placed on collecting the velocity and temperature profiles in
the proximity of the maunikin ‘location. Test conditions
included inlet and return airflow rates and temperatures, floor
heater power and distribution, and chamber surface tempera-

tures. The chamber steady-state temperatures are presented in
Flaure 2 and l:sted in Table 1.

.The alrﬂow in the chamber was v1suahzed qualitatively
by repeatedly injecting smoke into the inlet air duct using a

‘Ternote control smoke generator. The drop and spread of the

cool air-jet were observed using smoke flow visualization
techniques to verify qualitatively that proper air distribution
was present. Two views of the observed airflow.patterns are
préserited-in Figure 3: The cool air jet remained continuous
from 'the 'diffuser fo thé retun and stayed mostly along:the
centerline. Most of the lateral jet spread was observed to'be
within a width of2 4m (8 ft), leaving a margin of 1.2 m(4 ft)
on exther 51de of the chamber. While some of the air mixed
thorouahly, most of the smoke was camed out of the room by
the rerum The upper side of the copl air jet attached to the ceil-
ingat abouIO 5m(20i in,) from the diffuser located in the north
wall and separated from the cejling just behind the middle row

of floor heaters. Il‘;g:,‘lower boundary of the cool air jet

entrained-air from the front of the room through the bottom of
the jet;-and-the jet fell to the:floor 4.15:m (13.6 ft) from the
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Steady-State Temperatures for the Three Test Cases

TABLE 1

Thermistor Case #1 'Case #1 Case#2 Case #2* Case #3 Case #3
Location Temp.°C Temp.°F . Temp.°C Temp.°F Temp.°C Temp.°F
Tnlet-1 128 5 55.0 12.5 545 12.2 54.0
Inlet 2 12.7 54.8 12.4 543 12.1 53.8
Retumn 1 2138 71.3. 215 707 228 73.0
Return 2 218 713+ 21.5 708 22.7 729
Floor | 23 « B3 22.1 71.8" 23.6 74.6
Floor 2 23.1° 73.5 22.1 14 243 . 75.7
Floor 3 23.9 75.0 23,9 74.7 25.1 7.1
Floor 4 246 76.3 24.4 75.9 25.8 78.5
Heater | 26" 72.6 22.4 72.3 23.9 75.0
Heater 2 226 726 24 72:3 24.0 752
Heater 3 226 72.7 2.5 725 239 75.1
Heater 4 - 238 730 26 72.6 23.9 75.0
Heater 5 527 1 | ¢ L1269 53.1 127.5 55.0 131.0
Heater 6 238 | 749 235 74.2 24.9 76.8
Heater 7 - 237 74.7 236 74.4 24.3 76.7
Heater 8 ' 52.8¢ 127.1 52.9 1272 54.1 129.4
Heater 9 il 7 1332, 56.6 134.0 58.0 136.4
. Heater 10, 567, 134.1 57.0 134.5 58.0 136.3
Heater 11° 56,1 132.9 56.0 12.5 55.8 132.4
Heater 12 57.0 " -134.6 57.2 134.9 58.0 136.5
Ceiling 1 333 73.8 23.1 736 24.8 76.7
Ceiling 2 236 +74.4 23.0 - 735 24.7 76.4
Ceiling 3 232 73.8 233 73.9 24.7 76.4 °
Ceiling 4 2.6 T 27 72.8 23.9 75.1
Ceiling 5 238 748 .23.9 . 75.0 25.1 772
Wall 1 233 73.9 22,9 73.2 24.5 76.1
Wall 2 23.7 74.6 234 74.1 25.0 76.9
Wall 3 24.6 763 ...) 244 75.8 25.9 78.7
Wall 4 2438 76.7 246 763 - 26,0 78.8
Wall 5 25.7, 78.3 25.5 > 719 26.9 80.4
 Wall 6 25.4 77.7 253 77.5 26,7 - 80.1
Wall 7 e gl 2516 .78.1 25.5 77.8 26.9 80.4
" Wall 8 - .254 77.6 25.3 776 26.6 79.9
" wall? 24.8 76.6 246 76.3 26.1 785
" Wall 10 244 759 242 75.6 257 78,2,
‘Walld1 3.7 74.6 23.5. 74.2 250 1 - 770 n
Wall 12 "23.0 733 226 72.7 243 75.7
wall 13 7. 73.1 27 72.9 24.3 75.7
Wall 14 23.1 - T35 228 73.1 24.4 759 -
“Aitflow Rate i 137(Lis) %290 (cfm) 137°(Lss) |7 290 (cfiny 137 (L5s)- 290 (cfm)
" 'Heater Power 1600 (W) | “5460'(Bruh) 1600 (W) 5460 (Btwh) |  1600(W) | 35460 (Btwh)
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x-axis in the figures shows the distance away from

o —
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the diffuser along the chamber ¢efiterline. The y-
axis represents the height from floor to the ceiling.
Solid vertical-reference lines are placed. between
each profile, and dotted vertical reference_lines
represent a value of 0.5. Horizontal dotted reference
— lines indicate the height of the manikin head, shoul-

_:n:m der; hip, and knee. Although the manikin was not

used in this case, the lines are provided as a basis for

i\ N
; ‘B\ \\\\,. S
1= —
H‘;;lz Heaters 14

Hearery 5-8

- comparison in the occupied zone of the chamber.
Both the velocities and temperatures show the

v Al

shape and strength of the air jet from the higher
-"--velocities and cooler temperatures expected in the
"+ jet. The jet expanded so that the peak velocity was
600 mm (24 in.) from the ceiling at 4000 mm (157
in.) from the diffuser. The peak velocities contintied
to descend from the ceiling and-decreased in magni-
tude as the jet moved toward the return. The veloc-
ities below the manikin head level increased
compared to the peak velocities as the jet moved

- toward the return.- -
The temperature profiles show behaviors simi-
* lar to the velocity profiles. From 4600'mm (181 in.)
from the diffuser back toward the return, minimum

Figure 3 Smoke ﬂow visualization results within the chamber wzthout

the manikin.

diffuser at 0.15 m(6 in.) behind the second row of floor heat-
ers.

The veloclty profiles were normahzed by the maximum
velocrty, 0.86 m/s (170 fpm), observed at an axial location of
4000 mm (157 in.) from the diffuser at a vertical location of
2100 mm (83 in.) from the floor on the chamber centerline.
Since each normalized velocity is based on a local mean veloc-
ity from the omnidirectional velocity probe, no specific direc-
tion or angular inclination for the velocities should be inferred
from the velocity profiles. The flow visualization observations

_are the best indication of the direction of room airflow,

The normalized temperature, Tnorm> Was calculated from
the local mean temperature, 7, the inlet temperature, 7;,,,, the

return temperature, T,m,,,, and an expansion factor, C. The

expansion factor, C, was a constant multiplier (2.5), which .

" was used to widen the range of normalized temperatures for
ease in comparing and contrasting profiles. The normalized
temperature was defined as the ratio of the difference between

- the local mean temperature and the inlet temperature to the
difference between the return and inlet temperatures. The inlet
and return temperatures . were 12.8°C (55. O°F) and 21.8°C
(71.3°F), respectively. Normalized temperatures vary from
0:0 to 1.0, where values less than 0.5 indicate cooler temper-
atures, and values greater than 0.5 indicate warmer tempera-
LN S e

The normalized velocity and temperature profiles along
the chamber centerline are pfe‘SeT;teﬂ'iI{'Figurns 44 and 5a. The

SF-98-4-1 {RP-978)

normalized temperatures became closérto 0.5, and

the normalized - temperatures- oenerally became
* cooler and moreuniform in the occupied zone below

manikin head level at 1700 mm (67 in.). These

results indicate that the jet was expanding down-
ward and mixing well with the room air from 4600 mm (181
in.) from the diffuser back to the return.

Normalized velocity and temperature profiles in the
transverse direction at a location 4900 mm (193 in.) from the
diffuser are given in Figures 4b and 5b. Decreased velocities
and increased temperatures left and right of the centerline
show the effect of the expanded jet region at this distance from
the diffuser. Figures 4c and Sc present a similar plot of normal-
ized velocity and temperature profiles 5050 mm (199 in.) fromm

the diffuser. Both velocities and temperatures at this trans-

verse location were similar to those at 4900 mm (193 in.) from
the diffuser.

Blockage Effect of the Unheated Manikin

The second test case builds on the first case, investigating
the blockage effect of the unheated thermal manikin. Chamber
temperature conditions were comparable to those for the first
test case without the manikin, as listed in Table 1. Chamber

-airflow was qualitatively visualized by two methods for this
-test case. The smoke flow visualization method used in the

previous case was repeated, as shown in Figure 6. Visualiza-
tion was also performed by releasing low-velocity smoke from
the smoke generator near the manikin. The low-velocity
smoke enhanced the observation of local flow phenomena as
presented in Figure 7.

The elevation view of the chamber airflow pattem shows
phenomenasimilar to the previous case. Cool inlet air attached

7
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Figure 6 Smoke flow visualization results for the blockage effect of the unheated manikin.
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Figure 7 Local airflow patterns near the thermal manikin for the blockage effect of the unheated manikin.
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to the ceiling, but the jet region descended more directly from
the ceiling to the return behind the manikin. The jet region
expanded across a wider section of the chamber than in the
first test case. Recirculation patterns were observed near the
shoulders, neck, and ankles of the thermal manikin. The three
views of the unheated thermal manikin in Figure 7 show the
observed patterns of airflow near the manikin from flow visu-
alization. A repeatable recirculation region was obscrved
behind the back of the thermal manikin. ©

'Normalized velocity and temperature profiles (Floures 8
and 9) were constructed from local mean velocity and temper-
ature data measured by the omnidirectional velocity and ther-
mistor probes. The presence of the thermal manikin Interfered
with some measurement locatlons used i m the first test case.
Velocity and temperature profiles for4900 mm (193 in.) from
the diffuser were measured at 150 mm (6 in.) left and right of
the centerline and at 4970 (196 in.) from the diffuser on the
centerline. Measurement locations were moved from behind
the manikin at 5050 mm (199 in.) on the centerline to 5080 mm
(200 in.) from the dlffuser to ensure the safety of the manikin
and the sensors. £

The veloc1ty proﬂles were normalized by the maxirnum
velocity for this test case, 0.86 m/s (170 fpm), which was
measured at4000 mm (157 in.) from the diffuser and 2100 mm
(83 in.) from the floor,on the centerline. The maximum velog-
ity for this case was the same as in the previous case without
the thermal manikin. Normahzed temperatures, T, Were
calculated in the same manner as in the first test case. The inlet
and return temperatures were 12.5°C (54.5°F) and 21.5°C
(70.7°F). o )

Normalized velocity and temperature profiles for the
centerline are presented in Figures 8a and 9a. The velocities in
front of and above the thermal manikin are similar to those of
the previous case. At 5080 mm (200 in.) from the diffuser,
velocities were lower than in the previous case from manikin
hip level 2t 900 mm (35 in.) from the floor to head level at 1700
mm (67 in.). These decreased velocities were the direct result
of the manikin blockage. Velocities at comparable locations in
front of the manikin were measured with the probe tripod. ;

The normalized temperature profiles at 4000 mm, 4600
mm, 4900 mm, and 5200 mm (157 in., 181 in., 193 in., and 205
in.) from the diffuser were similar to previous results. The
temperatures at 4750 mm (187 in.), 150 mm (6 in.) in front of
the manikin, were lower than the previous values, while the
temperatures at 5080 mm (200 in.) were hiaher than previous
values. :

The normalized velociiy and iemperawre profiies iefi and
right of the centerline at 4900 mm (193 in.) from the diffuser
are presented in Figures 8b and 9b. Those profiles were very
similar to the profiles of the previous case. Normalized veloc-
ity and temperature profiles left and right of the centerline at
5080 mm (196 in.) from the diffuser are shown in Figures 8c
and 9¢c. At 5080 mm (199 in.), velocities at 150 mm (6 in.) left
and right of the centerline were lower from the manikin hip at
900 mm (35 in.) to the head at 1700 mm (67 in.) than compa-
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rable velocities from the previous test case, which again illus-
trates the blockage of the thermal manikin. Temperature
profiles for this location were similar to previous results.

The probe tripod was used to measure the temperature
and velocity distributions near the manikin skin surface. The
probes were located 10 mm to 50 mm (0.4 in. to 2.0 in.) from
the body at 10 mm (0.4 in.) intervals on 90 axes around the
body. Measurements were taken at the following body loca-
tions: ankles, thighs, hip and lower arm, chest; back, point and
top of shoulders, and crown of head. Probe locations for data
collected with the probe tripod are identified by the direction
and distance from the body part..The directions are front, left,
back, right, and:top.-All of these data were placed in the form
of ¢ircular plots (Myers 1995); an example of the circular plots
s presented in Figure 10. Due to space | lumtatxons these plots
are not reproduced here Instead, the data are presented in
Table 2.

Velocity and temperature data for the measurements
taken at 100 mm (4 in.) from the floor near the ankles of the
unheated manikin show that the velocities; on the front and
back of the ankles were lower than those on the sides of the
ankles. The air velocity increased as it moved around the body
segment - Temperature readings were higher on the back and
outsidé of the-ankles and lower on the front and inside of the
ankles. Lower velocities on the back and outside of the ankles
allowed higher temperatures-in the calmer air due to the mani-
kin blockage. °

The velocity and temperature data forthe thighs (600 mm,
24 in. above the floor) of the manikin showed noticeably
higher velocities at this height than at the ankles, while
temperatures decreased. The velocity readings for the lower
arms of the thermal manikin at 900 mm (35 in.) from the floor
were higher around the lower arms than the thighs. Lower
temperature readings accompanied the higher velocities on
the inside of the lower arms between the arms and the hips.

Velocity and temperature results for the hips at 900 mm
(35 in.) from the floor show 15 measurement locations around
the front, side, and back of each hip. These measurements‘and
the data along the chamber centerline near thé abdomen and
back of the thermal manikin show lower velocities along the
back due to blockage effects.

The data for the shoulders, chest, and back of the thermal
manikin at 1300 mm and 1400 mm (51 in. and 55 in.) above
the floor in Table 2 show that the velocities were highest above
and to the sides of the body and lowest at the back. Tempera-
nires were cooler in front of the chest and increased around the

Loade, on Laals alaaltian tmacans A tnman ta tha

UUUV’ w ulv vavn. ‘V CIVWILICGD ululchd fl’Ulll I.h\v WIiow W uiw
shoulders, while temperatures decreased as the cool, fast
chamber airflow deflected around the manikin.

In summary, the blockage of the unheated manikin was
observed through consistently lower velocity readings behind
every body part. Mean temperatures were higher behind the
manikin because less mixing occurred there. The front and
sides of the manikin were cooled more than the back by the
chamber airflow, as evidenced by higher velocities and lower

SF-98-4-1 (RP-978)
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Figure 10 An example of velocity circle plotﬁb};z thé r'i;ght ankle for the blockage effect of the unheated manikin.

temperatures Inmany-areas on the front of the manikin, lower
velocity stagnation zones were observed because the veloci-
ties on these regions were lower than velocmes for the sndes of
the same body parts.

Mixed Convection yithm'tl')ae Heated _Manikin

For the final test case, the interaction of the chamber air
motion with the thermal plume from the heated manikin was
investigated. Thé position of the manikin was kept the same as
in the previous case with similar chamber thermai and venti-
lation conditions. The combination of free convection from
the heated thermal:manikin and forced convection due to the
chamber air motion created mixed convection conditions.
Chamber temperature conditions were established such that
they were similar to previous cases presented in Table 1. The
total power to the heated thermal manikin was set at 164 W
(561 Btwh) to represent a person with a modest activity level
(1.5 met). The distribution of the heat loss over the manikin
surface was determined by the manikin’s heaters and, to a
reasonable approximation, represents the heat distribution of
a person. Temperatures and power levels for each manikin

- segment for this test.case are presented in Table 3.

The two qualitative smoke flow visualization methods
used in the previous unheated manikin case were used to
observe the airflow patterns within the chamber and close to
the manikin, as presented in Figures 11 and 12, The spread and

Wi, de pPitatl AL il

drop of the cool air jet were between the extremes of the two

previous cases. Differences between jet behavior for this case

and previous cases were caused by the thermal plume from the
heated manikin. This phenomenon would cause the cool air jet
to detach from the ceiling closer to the diffuser, drop to the
floor farther from the diffuser, and expand to a lesser width
across the chamber than in the manikin blockage case No. 2.

12

While most of the chamber air was deflected around the ther-
mal manikin, a boundary layer formed around the thermal
manikin. The flow direction of the boundary layer appeared to
be up the back of the body and down the front. Recirculation
patterns similar to those previously identified were observed.

Velocity and temperature profiles within the chamber
were collected at the same measurement locations as the mani-
kin blockage case No. 2. Velocity profiles were normalized by
the maximum velocity found near the thermal manikin for this
case, 0.93 mv/s (183 fpm), which was found at 4000 mm (157
in.) from the diffuser at 2100 mm (83 in.) above the floor on
the centerline. Mean velocities for this case, as presented in
normalized proflles, were 8% greater than velocities from the
unheated manikin blockage case. Normalized temperatures
were determined using the same calculation procedure as in
earlier test cases. For this test case, inlet and return tempera-

. tures were 12.2°C (54.0°F) and 22.7°C (72.9°F), respectively.

Normalized velocity and temperature profiles for 'the
cemerlme are presented in Figures 13a and 14a. Velocity
proﬁles at 4000 mm, 4600 mm, 4750 mm, and 4900 mm (157

;181'1n., 187 in., and 193 in.) from the diffuser were very
sumlar to those of the second test case at the same locations.
Velocity profiles at 5080 mm and 5200 mm (200 in. and 205
in.) from the diffuser showed peak velocities at locations
closer to.the head of the manikin (1 700 mm, 67 in. above the
ﬂo(.‘/r;, ratherthanat 2100 mm \0.: in. .) ) from the floor, as in the

niam}(m blockage case. In this case, buoyant forces pulled the

‘cool air jet down from the ceiling toward the south wall to a

greater degree as the jet encountered the warm region in the
thermal plume above the thermal manikin, while the unheated
manikin of case No. 2 deflected airflow over the head of the
manikin and kept peak velocities in each profile farther from
the floor. Temperature profiles on the centerline were gener-

SR-98-4-1 (RP-978)



TABLE 2a
Manikin Profiles for the Blockage Effect of the Unheated Manikin

SF98-4-1 (RP-978)

Body Segment Distance from Body
and Elevation Measurement Direction 10 mm 20 mm 30 mm 40 mm 50 mm
Right Ankle Velocity Right Side 0.23 0.23 0.28 021 0.23
100 rom | {uis) Back 0.1 0.17 0.16 0.16 0.15
L, |Left Side 0.23 0.13 0.15 0.19 0.20
" [Front 0.14 0.18 0.17 0.18 0.17
Temperature  |Right Side 507122 24 231 22.29 22.28 22.33
O Back 2221 2.17 22.16 2.2 221
Left Side 21.69 21.80 21.85 21.78 21.77
Front 122.13 22.10 22.15 22.11 22.18
Right Thigh Velocity Right Side 0.16 0.16 0.19 0.13 0.14
SO0t mis) Back 009, .0.10 0.10 0.15 0.13
Left Side 037" ~0.38 - - -
Front 031 % [ 17043 0:38 | 037 0.27 -
Temperature Right Side i 2] 32: 21.36 21.43 21.65 21.60
Pse 100 Back | 2169 2060 |,...2154 . | 2151 2154
Left Side” 2157 21.49 - - s
Front 21.54 21.38 2137 21.25 21.42
Right Lower Arm Velocity Right Side 0.20 0.55 0.50- ; 0.44 - 0.53
Al (m/s) Back 0.17 0.20 025 0.22 0.13
Left Side 067 ” = = 2
Front 0.46 0.52 0.40 "0.53 0.44
Temperature | Right Side 21.84 2186. + | 2185 21.84 21.87
9 Back 21.88 21.91 21.90 21.86 21.90
Left Side 21.76 = 5 i =
: Front 2190 2183 | 22192, 21.88 21.88
Hip Velocity Front Y 0.47 0.46 ! 0.40 0.38
i nu/s) Right Hip Front | 0.4 047 .| 055 0.50 0.23
" Right Hip Right | *0.67 . - - e
Right Hip Back 0.14 021 0.19 0.22 50.22
Back . . 0.13 0.17 025 0.19 022 '
Temperature  |Front ' 21:39 21.36 2145 21.57 21.66
0 RightHipFront | 2194 | 2179 ° 21.73 21.79 22,04
Right Hip Right |  21.76 - - — "
|Right HipBack 21.87 21.84 21.79 21.83 21.83,
v Back 21.72 2179 21.67 ' 21.82 21.83n
o
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TABLE 2a (Continued)
Manikin Profiles for the Blockage Effec? of the Unheated Manikin

Body Segment l , : i Distance from Body
and Elevation Mesdsurement Direction 10 mm 20 mm 30 mm 40 mm 50 mm
Shoulder Velocity Chest . 0.36 0.37 0.34 036 | - 029
1300.mm mis) Right Shoulder | 0.35 0.53 0.59 063 0.46
Back ) 0.19 0.26 0.28 0.24 0.25
Temperature Chest 2138 21.34 21.38 21.28 21.48
0 Right Shoulder |  21.57 21.65 21.58 21.49 21.64
Back ., | 218l 2677 | 2177 21.75 21.75
Top of Shoulder Velocity Front Top 0.54 0.4 0.51 0.52 0.41
Rl A A Right Top 0.76 0.67 0.72 0.78 0.76
| Back Top 034 0.35 0.33 038 0.38
Temperature  |Front Top 2151 2152 21.43 21.52 21.51
O Right Top 2130 2135 21.32 2124 2129
Back Top 2119 21.29 21.25 21.30 21.51
Crown of Head Velocity Front 074 0.64 0.68 0.54 0.58
1700 mm = AGS) Right Side 091 0.67: 0.79 0.66 094 .
: Back 027 0.31 0.40 0.43 0.47
: Temperature  |Front 2139 21.35 21.39 21.52 21.46
—1(C) Right Side 20 35 20.47 2041 20.51 20.32
n Back 2139 ,. | 2151 21.40 21.54 21.46
2 . e TABLE 2b
Manikin Profiles for the Mixed Convection with the Heated Manikin
Body Segment ~ Distance from Body
and Elevation . .. | Measurement Direction 10 mm 20 mm 30 mm. 40 mm 50 mm
Right Ankle Velocity Right Side 1 o4 0.20 0.15 0.24 0.27
koS i (m/s) Back 0.17 0.17 0.21 0.24 0.27
Left Side 0.27 0.30 0.32 0.30 024
Front 0.22 023 0.22 0.15 0.20
Temperature - |Right Side 23.84 23.83 23.85 23.76 23.69
Q) Back 23.94 2407 24.08 24.04 24.07
Left Side 23.98 24:32 2428 24.13 2422
Front 23.56 23.80 23.78 23.72 2381
Right Thigh Velocity" Right Side 0.18 0.14 0.34 0.14 0.24
900 fleys) Back 0.14 0.19 0.16 0.15 020
Left Side 0.57 - 0.53
Front: 0.56 0.53 0.27 0.51 0.46
Temperature -~ |Right Side - 24.67 24.88 24.84 24.67 24.73
L Back 24.19 24.48 2458 24.59 24.60
Left Side 25.13 25.08
Front 23.86 23.68 23.66 23.64 23.74

SF-984-1 (RP-978)
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_ “""TABLE2b ' (Continued)
Manikin Profiles for the Mixed Convection with the Heated Manikin |,

c A

Body Seginent-~ L e v = Distance from Body -- ;
_ and Elevation Measurement | Direction 10 mm_ _20mm 32 mm 40 mm ‘50 mm
A Right Lower Arm . Velocity _ |Right Side 0.22 7 EET 0.65 0.62
e (EHRE, Back 020 0.29 023 0.24 022
Left Side 0.80 k :
~ |Front 072 " 0.58 0.62 0.43 0.49
Temperature | |Right Side 2383 _ | 23.13 23.51 2351 | 23.64
0 Back 24.1 2411 24.14 24.24 24.28
Left Side 2292
: Front 2374 2 2Am 23.62 - 23.66 23.67
Hip: Velocity Front 052 0.59 068 0.54 0.57
pR0zm mis) Right Hip Front 060 | 060 0.49 0.57 0.62
RightHipRight | 080 " | ~ _ B
i Right HipBack = | 027 027 025 0.29 024
 |Back | 020 0.35 0.26 0.32 0.29
Temperature  |Front 23.61 23.44 23.29 23.43 23.40
0 Right Hip Front 2362 Cods7 P23y 23.62 2362
Right Hip Right 24.92
Right Hip Back 24.72 24.68 2468 .. | 2453 24.45
Back 24.82 24.96 24.88 24.84 24.97
Shoulder Velocity Chest 0.45 039 0.37 0.35 0.37
1300.mm () Right Shoulder 0.4 0.71 0.51 0.77 0.60
Back 0.28 035 - 033 0.29 0.28
Temperatre  |Chest 23.83 2331 23.17 2322 23.12
Q. Right Shoulder 23.24 23.38 23.50 23.52 - 23.51
- [Back 24.72 24.71 24.67 2452 24.49
Top of Shoulder Velocity Front Top 0.60° 0.40 0.52 0.52 0.47
1400 mm (m’s) Right Top 0.52 0.79 0.59 0.50 0.73
Back-Top 0.26 - 0.26 0.29 0.33 0.40
Temperature Front-Top-— 23746 23.49 23.37 23.40 2335
0 Right Top 23.29 2322 2329 2339 23.08
Back Top 23.59 23.64 23.79 23.69 23.64
Crown of Head Velocity Front 0.74 0.62 0.61 0.64 0.72.
790 zom i) Right Side - 0.96 0.85 0.84 0.70 0.80
Back £ 0.30 - 0.30 028 0.36 0.36
Temperature - |Front 2273 22.76 22.85 2279 22.64
i°C) Right Side 23.03 23:16 2323 2339 23.16
Back 22:86 22.89 2291 22.94 2291
SF-98-4-1 (RP-078) 15



TABLE 3
Temperatures and Power Input to Heated Thermal Mamkm Segments for the Mixed Convection Test Case

aily similar to those from the manikin blockage case. Higher
normalized temperatufes in front of the manikin were the
result of the peak velocity flow of the cool air jet descending
more precipitously toward the floor in front of the manikin.
Normalized velocity and- temperature profiles at 4900

mm (193 in.) from the diffuser, in the transverse direction, are _

shown in Figures 13b and 14b. At 150 mm (6 in.) left and right
of the centerline; velocity and temperature readings were

greater above the-manikin than in case No. 2. Velocity and -

temperature profiles at 300 mm and 450 mm (12 in. and 18 in.)
left and right of the centerline were similar to those compiled
for the manikin blockage case. Figures 13¢.and 14¢ present
normalized velocity and temperature profiles for 5080 mm
(200 in.) from the diffuser. The velocity and temperature
profiles at this location again illustrate the airflow blockage
due to the manikin at the centerline and at 150 mm (6 in.) left
and right of the centerline. i

Examination of the mixed convection from the heated
thermal manikin concluded with the observation of the flow
conditions near the skin surfééé of the thermal manikin. The
velocity and temperatu.re data are presented in Table 2b. For
the data taken at 100 mm (4 in.) from the floor near the ankles,
velocities followed the trend from the manikin blockage case
No. 2. Temperature readings were greater for this case than for

16

- Area Temperature Power

Manikin Segment # om? ¢ in? 1 °C@&0.1) | °F (*0.18) w Btuh
Head I 1329 |, 523 283 829 | 1128 3850 |
Chest Py 1888 i 743 30.6 87.1 19.17 65.43
Back 3 1929, 159 324 90.3 19.02 64.92
Left Upper Arm 4 1066 420 309 87.6 10.17 34.71
Right Upper Arm 5 1051 414 30.1 86.2 10.57 36.08
Left Lower Arm 6 556 219 30.8 87.4 5.51 18.81
Right Lower Arm 7 547 215 30.7 87.3 5.54 18.91
Left Hand 8 41, | 174 295 - | 851 2.83 9.66
Right Hand 9 419 ! <165 L 295 85.1 2.37 8.09
Left Thigh 10 1634 . 643 314 . 885 13.82 47.17
Right Thigh 11 1652.. 650 316 889 14.42 49.22
Left Calf 12 1056 1416 315 88.7 10.03 34.23
Right Calf 13 1036 408 316 88.9 9.91 33.82
Left Foot 14 - 653" 257 29.6 85.3 2.54 8.67
Right Foot 15 643 253 295 85.1 2.32 7.92
Stomach 16 ~ 1095 431 31.7 89.1 11.28 38.50
Lap 17 366 144 329 91.2 4.80 1638
Buttocks 18 844 332 323 | 90.1 8.83 30.14
Total 18205 7167 30.8 87.4 i 164.41 561.13

A R

the biockage case. The velocity and iemperature data for the
thighs (600 mm, 24 in. above thé floor) of the thermal manikin
exhibited patterns similar- to the velocity trends around the
thighs for case No. 2. For the lower arms of the thermal mani-
kin at 900 mm.(35 in.) from the flook, velocities were also
similar to the previous test case. Temperatures were lower
than for the thighs but similar for the lower arms as compared
to case No. 2. Velocity and temperature distributions around
the hips and body at 900 mm (35 in.) from the floor in Table
2b show comparable velocities to those found around the hips
and body in case No. 2. The velocity and temperature magni-
tudes around the hips and body were comparable to readings
around the thighs for this case. The velocity and temperature
data around the shoulders, chest, and back of the thermal
manikin at 1300 mm and 1400 mm (51 in. and 55 in.) above
the floor show stagnation in front of the chest, which caused
velocities in front of the body to be similar to those behind the
body, while chamber air was deflected around the points of the
shoulders with higher velocities. Temperatures in front of the
manikin and at the points of the shoulders were lower than
behind the manikin. The velocities in front of the chest were
lower than those in front of the manikin at the hips (900:mm,
35 in. from the floor), while readings at the back were similar
to those at the back near the hips. Velocities over the top of the
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Figure 11 Flow visualization results for the blockage effect of the heated manikin.
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~Figure 12 Local airflow patterns near the thermal manikin for the,mixed convection from the hééie{{ manikin. . ‘
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