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ABSTRACT

The evaluation of the ventilation effectiveness and ther-
mal comfort for various industrial ventilation schemes has
been carried out by scale model experimentation. Forty exper-
iments involving ten ventilation arrangements, each with three
supply airflow rates and two possible industrial process heat
loads, were performed. Measurements of airspeed, tempera-
ture, and contaminant concentration allowed the thermal
comfort and contaminant removal to be quantified using the
1SO Comfort Standard ISO-7730 and the ventilation effective-
ness indices, respectively. Archimedes number scaling was
used to convert the small-scale measurements to full-scale
conditions.

The largest ventilation effectiveness occurred for a low
supply/high return configuration, with values above 1.6,
followed by a high supply/high return configuration with
values in the range from 1.0 to 1.2. A low supply/low return
configuration had values of about 1.0. The ventilation effi-
ciency generally increased when the heat load was increased
and/or the flow rate decreased. Increasing the number of
diffusers in the occupied zone increased the ventilation effec-
tiveness. The thermal comfort results depended on the diffuser
configuration and the activity level of the worker. Most of the
configurations produced acceptable thermal comfort results
for a seated worker and unacceptable conditions at an
increased activity and clothing level.

INTRODUCTION

The subject of this paper is the experimental determina-
tion of the ventilation and thermal comfort performance of a
variety of configurations of industrial ventilation systems. The

Kurt Strobel

ventilation of industrial facilities is important for two main
reasons. One is to maintain thermal comfort. A ventilation
system should be designed to remove heat and contaminants
added to the working environment by machinery and occu-
pants without overcooling or creating drafts. The second
reason that the ventilation of industrial spaces is important is
to ensure a supply of fresh air. The introduction of fresh air by
amixing ventilation system reduces the level of contaminants
produced by machinery and occupants.

Industrial facilities house large process equipment, with
large releases of process heat and contaminants. The spaces in
which the equipment is contained are large, with ceilings typi-
cally 20 ft (6.1 m) or more above the work floor. The zone of
interest for ventilation and thermal comfort is termed the
“occupied zone,” a volume occupied by people working on the
process equipment. The size of the occupied zone in an indus-
trial facility is typically taken as 10 ft (3.0 m) high and 2 ft
(0.61 m) from each wall.

There are many configurations of ventilation air distribu-
tion systems and a wide range of potential processes in indus-
trial facilities. The industrial ventilation designer must select
the size and number of supply and return air outlets and their
location in the space. The selection process includes consid-
erations of both ventilation effectiveness and thermal comfort.
The type of ventilation process examined in this paper is
mixing ventilation, in which the fresh and cool ventilation air
will mix with the existing room air, as opposed to displace-
ment ventilation, in which the ventilation system is designed
to displace the room air with fresh air.

The impact of the process equipment on the ventilation
performance and thermal comfort is not well understood. The
objective of this research is to experimentally determine the
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ventilation and thermal comfort characteristics of a scale
model induswial space containing process equipment.
Specific goals are to compare the performance of supply and
return diffusers located at drfferent heights for arange of flow
rates and heat loads.

SCALE MODEL TESTING

"'A one-quattér scale experimént was used in this research.
The nondimensional parameters that are applicable to the scal-
ing of an industrial ventilation problem are ‘the -Reynolds
number, the Archimedes number, and the Prandtl and Schmidt
numbers. If all of the similarity parameters between the full-
scale prototype and the small-scale!model are.equal; then
complete Similarity is satisfied and the small-scale model will
accurately predict full-scalé conditionsi Unfortunately,
complete similarity is impossible for the study of indoor venti-
lation, as both Reynolds number and Archimedes number
simidarity cannot be satisfied..-Howe er, if the Reynolds
number is above aicritical value, the flown the scale model
becomes independent of Reynolds number. In addition, since
the working fluid is air, the Prandtl and Schmidt numbers are
the same for the small and full scale. .-

The’ Archimedes number was chosen as the small- and:

full-scale similarity parameter. It is the primary determinant of
the flow pattern' for a buoyant flow in anienclosure. The
Archimedes number is a ratio of the buoyancy and inertial
forces and is defined as

O B

ll

where g is the local gravitational acceleration, L is a-charac-
teristic length, AT is the temperature difference between the
supply air and the room air, b is the volumetric thermal expan-
sion coefficient, and u is a characteristic velocrty In this
research, the characteristic similarity between a small-scale
model (m) and a full-scale prototype (f) requires that the
Archimedes numbers e equal for both mddel and prototype.
Assuming thatg, = g5, B,, = B and AT,,, ATJ-, the Archrmedes
number similarity requires that
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Thus, Archimedes number similarity requirés that the
small-scale/fuli-scalé air velocity ratio scale‘as thé’square root
of the small-scale/full-scale geomlefry ratio! For a'gcometry
ratio of 1/4, the velocity ratio is 1/2, i.e., at gcomemcally simi-
lar locations in the space, the sma]]-scale vclocny is 1/2 of the
full-scale velocity. Consequently, in the smalf-scale model
the flow rate per unit floor area and the thermal loading pér
unit floor area are both 1/2 of the correspondmg full scale
valuqs
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VENTILATION AND THERMAL COMFORT INDICES

The contaminant removal or ventilation effectiveness
(VE) at apoint p in a mechanically ventilated space is (Skaret
and Mathisen 1983)

VE =—¢ 3)
P

where C, is the contaminant concentration of the exhaust air
and C, is the concentration at a point in the space. This:
formula is valid when the: contaminant concentration of the
supply is zero. When there is a nonzero contaminant concen-
tration in the supply, as for the experiments done for this
paper, the aboveiequation must be reformulated as
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where C is théiconcentﬂr'ation of the supply air.

As can be seen from the equation for ventllatlon cffec-
tiveness, pomt concentrations lower than the exhaust concen-
tration lead to high VE. Obviously, a point located in the
supply jet would have a very low contaminant concentration.
This would lead to a very high VE. Point concentrations higher
than the exhaust concentration lead to low VE. This might
occur for points located near a contaminant source. A VE
equal-to or greater than one is considered desirable. This
ensures that the contaminant concentration at the pomt of
interest is lower than that of the exhaust.’

An analogous parameter is the temperature effeetiveness
(TE). This parameter is the ratio of the supply/exhaust temper-
ature difference to a local point/supply temperature differ-
ence:
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A temperature effecti\';eneSs of one indicates that the
room 1s well mixed, greater than one indicates that the local
point tcmperaturc is less than the’ exhaust temperature, and
less than one indicates that ‘the local point temperature: is
greater than the exhaust temperature. The reciprocal of the
temperature cffectlveness is the rélative §tratification of the
occpied zone.

The thermal comfort madel used in” this work is ISO
comfort standard 7730 (ISO 1984). This modcl includes the
followmg pa:zuneters the occuplcd zone air temperature,
airspeed, mean radtant temperature. hlimldll)', and the occu-
pant clothing, metabolic rate, and extemal work. This model
is based on an energy balancc .on the occupam and includes
occupanl rcsprranon and persplratlon in ‘the energy balance.

e ; output of the model is the predicted ntean vote (PMV) and

floig
T

» the assocrated percent persons drssausficd (PPD) 'If the PPD
;'1s less than 20%, then the thermal conditions afe judged {o be
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acceptable, since at least 80% of the occupant’ find the ther-
mal conditions acceptable. Int-Hout (1990) has modified the
ISO 7730 model to include skin wettedness. It should be noted
that the PMV model predicts the thermal sensation for the
person as a whole and does not predict.local discomfort due to
spatial temperature gradients.

The ISO thermal comfort model also requires an occupant
clothing and metabolic level. In the research, two different
levels of clothing and metabolic activity conditions were
chosen and termed “ppd-1"’ and “ppd-2,” as indicated in Table
1. The ppd-1 condition is a typical condition for light industrial
work, stch as seated assembly or computer work in which the
person is sitting and wearing a shirt and pants. The second
condition, ppd-2, is also a common industrial condition. It
corresponds to heavier industrial work requiring standing and
a higher degree of physical activity, such as machining and
large-scale assembly. It also assumes that one is working in
conditions that require an additional gown worn over the shirt
and pants. One met is (be rate of energy production per unit
area of a seated person at rest. The relative humrdlty was
assumed to beconstant at 50%. The mean radiant empera ure
was assumed to be the same as the average occupied zone
temperature. f

i

TABLE 1 i

Clothlng and Activity Level for Thermal Comfort Model
Condition: 1Clothing(clo).1:.;| Activity Level (met)

ppd-1 © 08 12

ppd-2, 18w & 20

PREVIOUS WORK

Timmons (1984) tested small- and intermediate-sized
room models and a full-scale prototype with isothermal flow
conditions. He found that above a threshold Reynolds number,
the dimensionless velocities and flow pat erns are indepen-
dent of Reynolds number. The critical Reynolds number was
dependent on the room size, Flssore and Liebecq (1991) used
a 1:3 scale godel to predict, velocnty distribution and thermal
comfort in a slot \rcntllaled space For two dmlensronal flow,
they found that the [cntlca] Reynolds number was l 850 Chan

et al, (1993) used mcasurcments madeona 1:5 scale model to
predict HVAC system performance ina prototypc “The exper-
-iments were isothermal and sz}xftlsfied flow rate ant:ll air change
coefficient srmllamy The critical Reynolds number was
assumed to be approxtmately 5,300 based ona Stabllll anal-
ysw of ﬂow Jng t:hannel reported by Schllcnng (19?9) T'hey
report a general agreement between the aarﬂow pattcms ‘of the
model and prototype

Zhang et al. (1993) rested both a model and a prototype
with nomsolhermal ﬂow Ba'ied ‘on the work of Timmons
(1984) Zhangqt al. used the Predlctlon that above tbc thresl'l»
,old Reynolds nurpber, l.ne flow would be’ mdependem of the
Reynolds number. Zhang et al. found that the model predicted
‘the mean velocity and temperature of the prototype to within
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11%and 15%, respectively. Irwin and Besant (1994) investi-
gated contaminant removal by two ventilation systems'in a
1:2.5 scale model piggery barn. Similar to the model industrial
processes used for this repor , Irwin and Besant used model
pigs to generate heat and contaminants. The Reynolds number
for the room was not considered a sensitive parameter. The
lowestjetReynolds number they:used was approximately 400.

Heiselberg (1996) reported measurements of local venti-
lation effectiveness with a high supply ;and high exhaust.
Numerical models have also been used for the determination
of thermal comfort and ventilation efficiency; see, for exam-
ple; Chen-et al. (1992) and Yaghoubi et al. (1995). However,
many ofithese studies are for typical office spaces, not indus-
trial spaces. with large processes. .

DESCRIPTION OF EXPERIMENT

The expetiments were performed at ia umversny i an
instrumented test room. The dimensions of the test roont are
15 ft x 25 ft, with a ceiling height of 9 ft(4.6 m 7.6 m x 2.7
m). With a geometric scale of 1/4, the test cell carresponds to
a full-size industrial environment with floor dimensions. of 60
ft x 100 ft and,a ceiling height of 36 ft (18.2 m x 30.4m x 11
m). Thetestrogm’s occupied zone, i.e., that space occupied by
workers, is the space 2.5 ft (0.76 m) above the floor and 6 in.
(0.15 m) from each pyall. .

Ten ventilation configurations, two industrial process.
configurations, and five airflow rate/heat load combinations
were tested. The geometries were chosen to provide a simple
benchmark comparison of ‘widely used configurations. As
shown in Figures 1, 2, and 3, there were four main ventilation
configurations.

. Single Wall (SW): twb wall grilles located'o‘n a single
wall

*  Opposite Wg\ll (OW) four wall grilles on opposmg
walls e

e Column Drop (CD): two columns in the space, each
_with two diffysers :

* Round (R): two circular diffusers located in the ceiling

These four arrangements have different diffuser throw
leng hs. The single wall configuration requires a throw length
of the entire room, while the opposite wall configuration
requires a throw of half the room length, and the column drop
and round configurations require a throw of only a quarter of
the room length.

Each of these: conﬁgurauons. wuh the excepuon of the

'
J

round.ceiling diffusers, had three berght arrangements

ngh suppl_y/hlgh exhaust (HH)
* Low supply/high exhaust (LH)
+ . Low supply/low exhaust (LL)

(W7

" “The threé heightarrangements are illuswatedin Figures 1,
2, and 3. The circular ceiling diffuser configuration was used
only with a high supply/high exhaust. The supply and exhaust
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Figure 1 Single wall configuration, (a) Single wall:
. grille, high-high; (b) single wall-grille; low-:
high; (c) single wall grille, low-low.

heights for the sma.ll scale experlment arg | tabulated in Table
2, along w1th the correspondmg ,full-scale values

The industrial processes were modeled with 2 ft cubes
constructed from sheet metal, as shown in Flgure 4.'Thé Cube
size correspondsto 8 ft '8 ft x 8 ft (2.4 "% 2:4 m:x 2.4 m)
full-scale procésses. The. procé'sses were modeléd not as
'spcc:ﬁc industrial processes but as gencnc proc.esses through
whlch mom air was cxrculated and whlch relcased heqt a.n.d
contamlnants . The} heat source intl the cube was aninternal elec-
tric heatgr with a constant velacity ifan. The-heaters had a
maximum power output of 1500 W. The power output was

(a) ol ™

. Figure 2 Opposite.wall configuration..(a).Opposite wall
-grille, high-high;. (b) opposite:wall grille, low-
. high; (c) gpposite wall grille, low-low.

;cpnuolled by vanable voltage . supplles and was checked by

15
mmultaneous voltage and current measurements

:As shown in Flgure 4 each cube.had.an open slot 1 5 in.
hlgh.by 1 ft wide located on:the bottom of the back side of the

-.cube to serve as anair inlet. Each cube, also had an openslot,

of; the same dimensions, on either side and 2 in. from the top

10 serve as air and contamination; eutlets, The contaminasion

source was,CQ; gas, The COz,was introdunced intp the heated
flow using a perforated ping pong ball so. that it was well

. mixed with the heated flow inside the.cube. . ., NE

Dependisig ‘bri which véntilation' configuration'was uséd,
one of two industrial process configurations was used: line or

I Y ) R
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Figure 3 Column drop and wall configuration.

TABLE 2
Supply and Exhaust Heights for Small and Full Scale
Supply Exhaust

Low High Low High

ft (m) ft (m) ft (m) ft (m)
Small Scale| 2.5(0.76) | 7.5(2.3) | 2.5(0.76) | 9.0(2.7)
Full Scale | 10.0(3.0) [ 30(9.1) | 10.0(3.0) [ 36(11)

| i

Figure 4 Model industrial process.

centroids, as shown:in Figure 5. For the single wall and ‘oppo-
site wall ventilation configurations, a line:configuration was
used. Theline configuration had all four processes along the
cast-west centerline of the room, one process being located at
“the center’ of each quarter of this line. For the column drop and
round ventilation configurations, a éentroid configuration was
used. The centroid configuration had.one process located at

«thercenter of:each quarter of.the room. These arrangements

g ]

W L

‘ensured that the:supply air would be directed into the areas
adjacent to the prosesses-where thie occupants would-be work-
ing:'The test.cell medsurements were made in two planes: the
diffuser plane ‘and -4 cettter-plane pefpendicular to‘the diffuser
plane: Thiese planes Were/ ctioser@asthiey would bé-the octu-
pied planes. The médsurément planes for both the céntroid and
_line pracess configurationg are, showp in F;gure 5 nd
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Figure 5 Process configurations. (a) Centroids; (b) line.

All of the test room airspeed, temperature, and CO,
concentrations were measured by a movable test stand to
which all instrumentation was attached. This test stand was
hung from a small platform that could be remotely moved to
anywhere within the test cell. As shown in Figure 6, measure-
ments were taken at 12 in. (0.30 m) horizontal intervals along
the vertical diffuser plane. The instrumentation on the
movable test stand included four constant-temperature omni-
directional anemometers, nine thermocouples, and one air
sampling tap. The anemometers were positioned at small-
scale heights of 6 in., 14 in., 22 in., and 30 in. (15 cm, 36 cm,
56'cm, and 76 cm). Also it each of these four heights, a type-
T thermocouple was located for air temperature measure-
ments. The other 'five: thermocouples (also - type-T) were
localed at small-scale heights of 3.75 ft, 5.8 ft, 6.25 ft, 7.5 ft,
and 8.75 ft (1.14 m, 1.52 m, 1.91 i, 2. 20 m. 2.67 in). Finally,
a concentratio air sample tap was positioned at a height of 15
1n .(0.38 m), equivalent to the 60 in. (1.5 m) height of the full-

]

.. The HVAC systern shown in Flgure 7 conswied of an air-

,handlerf ynit, two heaters, and a.system of ducts., The system
was dﬁs:gned to supply air from the outdoors and exhaust only
"to the outdoors, with no internal recirculation. The air inlet and

exhaust were located on opposité sides of the laboyatpry b}llld-
ing’ to irfimize ¢omtimination of the intake flow ‘by 'the

-exhaust streamn. The wall gnlks had inner dimensions of 5.5 in.

e T T T R S PR e LA [T AR ) el T



\ > 12* - 0305 m

" ——o—G—@—

VR g g gt ™
1)

.
Py
.
T Te
ey
L

A B S S AT o

e i
T 1
-2

-
B

~dpty -

T —— 120" - 305 m
= = | —105" - 267 m

J 090 -229n

| S 75/:’ - 191 "'m

L /_ 60" , - 152 m

b — 45" = 114 m

) B /_30”70768m
At~ /_ 8:—811 - (?:?8?19 "

5 /] “he " S |

d % - A= 14" 0.396 m

i S B e AN, A o, A . Y 6” - 0152 m

X Temperature ., .

° ﬁConcenti’at_ion

Concentration

MY . . dt

®  ‘Ait Speed and Temperature

ﬁigure 6 Data acquisition grid.

Outside

ais

iLoborotbry

‘%

Intoke

e | m [wl

Exhaust

Simula ted 3 i N
Indus trial g - CHERe L
Processes

o, ﬁ‘vm Ay

Figure 7 HVAC system.

% 7.5 in., and the round ceiling diffusers were of 12 in. diameter.
The return grilles were two 12 in. diameter ducts attached to an
exhaust fan box in one of the laboratory windows.

The airflow rates into the test room were measured using
orifice plates and pressure taps connected to a pressure trans-
ducer. All airflow rates were calibrated using a 17-point veloc-
1ty profile integration. The supply air temperature ‘was
measured using type-T thermocouples placed upstream of
each.diffuser. The air. inlet was also equipped with a concen-
tration sample tap. The exhaust was equipped with a type-T
thcrmocouplc and a concentration sample tap. The tempera-
ture of each wall, including ceiling and floor, was measured by
a type-T thermocouple located at the center of each wall. The
CO, concentrations were measured using,a nondispersive
infrared detector (NDIR) CO, analyzer

A0

Poagr [ L T &

As a méans of dctcrmiﬁinﬁ expérimém'al accuracy and
conirol, the same test was run three times on three separate
occasions. The test case examined was an opposite walls venti-
lation configuration with low inlet and high exhaust using a
small-scale flow rate/heat load combination of 1,0 cfm/ft? and
20.4 Btu /h-ft*. The deviations were bétween 4% and 6%.

“ The expenmental method used for the tests involved
alio\vmg fot the development of steady- -state conditions, upon
arrival at which data could be taken. A test would begin in the
morning by turning on the Air handler and heaters to their

_proper settings. Steady thermal conditions would then evolve

throughout the next four to five hours. In the early afternoon,
the CO, supply would be turned on. After an I]our steady
contaminant. conditions. would be present. Upon' rcachmg
steady thermal and contaminant conditions, data acquisition
would begin. During the data acquisition, all test parameters,

CH-09:6-2 (RP-811)



such as supply temperature and flow rate, would be monitored

for constancy. For example, the supply air temperature was not -
allowed to vary more than about 1°F. A lack of constancy in .

any of these parameters would lead to the dismissal of data and
the need to run the test again.

A number of environmental test parameters were recorded
before and after each test. These parameters included room
conditions (wall, room center, supply, and exhaust tempera-

tures and exhaust, background, and room center CO, concen- -

trations) and ambient conditions (atmospheric pressure,
outdoor, wet-bulb temperatures). Also among the ambient
conditions was the measurement of outdoor background CO,
concentration. As this concentration remained nearly constant,
it was used as a check of the CO, analyzer’s calibration.

The period over which test cell measurements were done
lasted from one to two hours depending on the ventilation
configuration. The experimental measurements of occupied
zone temperature and velocity in the plane of the diffuser were
averaged to determine an average occupied zone temperature
and velocity for a given flow rate and load.

The measured supply -temperatures for the 40 experi-
ments were not all the same. Since the ISO model uses an
energy balance approach; the actual value of the occupied
zone temperature will influence the heat transfer from the
occupant and, thus, the PPD. In order todo au iform compar-
ison of the various supply and return configurations, the same
supply temperature is required. This was accomplished by
normalizing the occupied zone average temperature for a
constant supply temperature of 60°F. This corresponds to a
55°F supply temperature with a 5°F duct heat gain. The
nomalization was accomplished using the measured temper-
ature effectiveness for each experiment.

EXPERIMENTAL RESULTS

Forty experiments involving nine to ten ventilation
arrangements, each with three supply airflow rates and two
process heat loads, were performed. The four supply airflow
rates and heat load combinations are shown in Table 3. These
four combinations were chosen on the basis of providing
representative room- supply temperature dlffcrcnces from 8°F
to 16°F (4°C to 9°C). .j

S e Arch:medes numbcrs of the tests, range from. approx-
lmately 2% 103 10,80 x 10 31 a relatively, nggatwely buoyant
ﬂpw regime. The d.lffuser Reynolds, numbers range from
8,100 to 52,000, abmgc the critical Reynolds numbers refcr-
enced _n_the literature review. The length scale in the
Archlmedes and Reynolds numbers is, the dxfqucr hydraulic

TABLE 3°""'' -1
FuII-Sca}e Flow Rate and Heat Load Combmaﬂons

(ORI L2 S i 23 4 S LA LA

A ol e

yods ol oo -Flowaatecfwrtz-msm fid
HeatLoad | ,,,'i.'gis.p, .'g.o.(ﬁ;of'zj“" 30,(15.3).
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(\wmzj 5020 (65) | mEIE NG x 1 ki
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diameter. The average temperature in the diffuser plane is used

-to calculate the representative room-diffuser outlet tempera-

ture difference term in the Archimedes number.

The temperature and velocity profiles in the diffuser plane
for six representative cases at a full-scale flow rate of 2 cfm/
ft2 (10 L/s m?) and heat load of 40 Btwh-ft?> (130 W/m?) are
shown in Figures 8 through 13. The figures are labeled with
the small-scale flow rates and heat loads, which are one-half
of the full-scale values. With the single wall high-high config-
uration, with one diffuser in the measurement plane, the
supply jet descends into the space and enters the occupied
zone near the center of the room. With the opposite wall
configuration, there: are two diffusers in the measurement
plane, reducing the outlet velocity. The diffuser jets do not
penetrate as deeply into the occupied zone, reducing the
airspeed and temperature differences compared to a single jet.

The column drop configuration has four diffusers in the
measurement plane, further reducing the outlet velocity and
the jet penetration into the occupied zone. The low-high
configurations are more thermally- stratified than the high-
high configurations since the cold supply jet is introduced at
alowerlevel. With the low-high configurations, the supply jet
is located in the occupied zone, resulting in much larger occu-
pied zone velocities and lower zone temperatures.
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Figure 10 Temperature and velocity for column drop high-

Figure 9 Temperature and velocity for opposite wall
high configuration.

high-high configuration.

. Occupied Zone Air Speed Distribution

Temperature Distribution in.Scale Enclesure
in Scale Enclosure

Single Wall / Low-High / Line / 1.0 ctrvsf / 20.4 Btwhr st / fg’si #6

‘Sin_gle Wall /,I‘Low-High’l Line / 1.0 cfm/sf / 20.4 Btu/hr st / Test,_#e :
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Figure 11 Temperature and velocity for, single wall low-high configuration. wr g gop |
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Temperature Distribution in Scale Enclosure

Opposite Walls / Low-High / Line / 1.0 cfmvst / 20.4 Btwhrst / Test #18
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Occupied Zone Air Speed Distribution
in Scale Enclosure
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Halght iriy

b.0 300 60.0 90.0 120.0 150.0 180.0 210.0 240.0

Air Speed (fpm):

Figure 12 Temperature and velocity for opposite wall
..Jow-high configuration.

The ventilation and thermal comfé‘rt indices. ppd-1, ppd-
2, TE, and VE, are tabulated in Tables 4 through 7 for the ten
diffuser configurations for each of the four flow rate and heat
load combinations. Also tabulated L are the diffuser plane
normalized average temperalun‘: and average airspeed for the
occupied zone. The ventilation effectivcness is the average of
the 24 ventilation effectiveness mcasurements taken at the
breathing height in the diffuser plane. The'température effec-
tiveness is found from the area weighted average temperature
.in the occupied zone. . e ar

As the supply alrﬂaw ‘rate i$ mcn eased the a\:erage
airspeed increases correspondmgly The average occupied
zone airspeeds varied from 25.fpm to 290 fpm-(0.12 m/s to
1.47 m/s), and the average normalized occupied zone temper-
atures varled from 64°F to 80°F (18°C to 27°C).

Pl faleon

Thc venfilatlon %cﬁvenebs has some interesting.and
consistent trends that persist for all of the flow rate/heat load
combinations. The largest ventilation effectiveness occurred
with the low-high configuration with values abeve 1.6,
followed by the high-high configuration with values in the

. CH-99-62 (RP-811)

s

Temperature Distribution in Scale Enclosure

Column Drop / Low-High / Centroids / 1.0cfnVst / 20.4 Btwhr s! / Test #25

Horizontal Positlon (ft)

Delta T (deg F): -89, .-60 -40 -2.0 ‘_!’o,o 20 40 6.0 80
“m %.d. . .

Occupied Zone Air Speed Distribution
in Scale Enclosure

Column Drop / Low-High / Centroids / 1.0cim/s{ / 20.4 Btwhr sf / Test#25

Hodizontal Powtica ()

AlrSpeed (fpm; 00 300 @0.0 90.0 120.0 150.0 180.0 210.0 240.0
Figure 13 Temperature and velocity for column drop low-
high configuration.

range from 1.0 to 1.2. The low-low configaration had values
of about 1.0. I 1 !

The higher VE values for the low-high configuration are
due to two factors. The low supply delivers fresh air directly
to the occupied zone. The high return causes the ventilation
flow to be'in the same:direction as the natural convection flow
from the cubes so that the mixing of the contaminant with the
room air in the occupied zone is reduced. ’

With the high-high configuration, the round diffuser had
the highest VE values, followed by the column drop, opposite
wall, and the single wall configurations. The round diffusers
had the lowest occupied zone velocities, so the process flow
from the cubes was not as well mixed with the supply air, and
thus, the contamination could migrate upward outgf the occu-
pied zone to the high return diffusers.

-~For-all of the configurations, the column drop had higher
VE valuesrelative to the opposite wall, and the opposite wall
configuration had higher VE yvalu€s'than the single wall. For
example, with the 2-40 high-high configuration, the column
drop VE was 1.15, the opposite wall was 1.10, and the single

‘wall 1.00. Thisindicates that as the number of supply diffusers

increases, the ventilation effectiveness increases. This result is
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Resuits for Test Configurations of 1.0 cmft? and 20.4 Biulhft2

TABLE 4

.. v,
Diffuser Type Inlet : | Exbhaust | °F (‘:‘zb) fpm (m/s) | PPD-1 PPD-2 TE VE
Round High High 67'(19) | 25(0.13) 13 26 1.14 1.20
Column Drop " High High | 72(22) | 35(0.18) 5 39 1.09 1.06
Opposite Walls High High | 77(25) | 42(021) 13 58 1.11 -1.14
Single Wall High High | 78(25) | 30(0.15) 18 63 1.12 1.09
Column Drop Low High | 66(19) | 55(0.28) 40 18 1.47 1.62
Opposite Walls Low High "74 £23) | 64 (0.32) 5 44 1.43 2.18
Single Wall Low High | 69(20) | 86(0.44) 21 25 1.56 1.18
Column Drop Low Low | 64(18) | 55(0.28) 63 13 1.12 1.17
Opposite Walls Low Low 75 (24), | 58 (0.29) 6 48 1.35 1.31
Single Wall Low | Low 7423) | 71 (0.36) 44 57 0.96 0.93
“  TABLES q "
N Results for Test Corifigurations of 2.0 cfmvft? and 20.4 Btu/h-ft2
1 TﬂZ ‘/DZ
Diffuser Type Inlet Exhaust | °F (°C) |fpm (m/s) | PPD-1 PPD-2 TE VE
Round High | High | 65(18) | 38(0.19) 32 17 1.28 1.19
Column Drop High High | 71(22) | 43,022) 7 35 1.09 . 1.18
Opposite Walls High High | 76 (24) 1| 46 (0.23) 9 54 099 | 1.02
Single Wall High High | 73(23) | 78 (0.39) 6 38 0.95 0.96
Column Drop Liow High | 73 (23) |120(0.61) 9 36 1.49 191
Opposite Walls' ' Low High | 7222 [1M0(.71)| 11 34 1.64 1.65
Single Wall Low |, High, | 68(20),/170(0.86)| : 41 19 0.98 1.01
Column Drop Lowm:;, Low 66 (19) | 110(0.56y| 60 ‘15 " 02 1.05
Opposite Walls Low - Low 68 20y |1400.71)| 42 18 106 | 099
Single Wall Low Low | 76 (24) |180(0.91) 5 38 0.93 0.99
' .- - TABLE 6 i
Resulte for TestCorfigurations of 2.0'cfriVit and 40.8 Btuh t®
) ey g ‘f'i;I!dq'oz 4 Vo,_ , ' i
Diffuser Type Inlet: | Exhaust | °F (°C) | fpim ¢ms) [ “PPD-1 PPD-2 TE VE .
Round 7 " High ‘High | 76(24) | 50 (0.25) 8 | 53, | o084 120 i
ColumnDrop | High High |76 (25) | 504025) | . 7 c 52 | 115 1.15
Opposite Walls  ....| High High .|. 78(26) .| 56 (0.28) | * 16 63 1 1.09 1.10
, «Single Wali - » High High |82(28) [96¢049) | '35 | 76 | 100 | 100 ,
 Column Drop ™ Low | Hign | 69@1 [120036)| 30, |, 24| 17 184, |
" Opposite Walls Low | High | .73(23) |150(0a6)| =9~ |37 1.69 1.84 ;
Single Wall Low | High | 77(25 16008 | &' | 52 155 | 133
Column Drop “ Low" |““Low | 807 |120(061)| 18 65 |.108 | 113
Opposite Walls * A ow Thw 7122) (140 7)) 150, . 310 [i105 402
Single Wall " Low ,:Loyv., 78.(26) | 170 (0.86) 8 57 095 097 I

e “m Ve W
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TABLE 7
Results for Test Configurations of 3.0 cfm/ft? and 40.8 Btu/h-ft2

Diffuser Type Inlet Exhaust °E1(‘a9zC) fpm‘%lzn/s) PPD-1 PPD-2 TE VE
-~ Round High High 72.(22) | 65 (0.36) 7 36 0.82 1.21
Column Drop High High 77 (25) | 67 (0.34) 9 55 1.14 1.17
Opposite Walls High High =3 — = - 098. | 104
Column Drop Low High 72422y | 175 (0.89) 13 33 1.61 1.83
Opposite Walls Low High 72 (22) [220¢1i11) 15 32 1.54 1.68
Single Wall Low High 77 (25) 1290 (1.47) 5 50 1.01 1.00
Column Drop Low Low 71(22) | 170 (0.86)| 24 27 1.14 1.04
Opposite Walls Low Low 71 (22) [200(1.02) 19 30 1.14 1.02
Single Wall Low Low 78 (26) |250(1.27) 7 56 1.00 0.97

reasonable, since with anincreased number of diffusers, fresh
air is delivered to more locations in the occupied zone.

In general, for a given configuration, the ventilation effi- -

ciency increased when the heat load was increased and/or the
flow rate decreased. This occurred because the increased heat
load created a.more intense -convection plume above each
industrial process. These intensified plumes were able to

transport contaminant upward and to the exhaust with less.

mixing. With increased supply flow rate, there was increased °

mixing of the supply flow with the process flow, resulting in
higher contaminant concentrations in the occupied zone.

The temperature effectiveness varies from 1.72 for the -
low-high configurations to 0.93 for the low-low configura- :

tions, with most values around 1.05. Even though they indi- *

cate the performance of different aspects of the convective
processes -in the-test ropm, the temperature effectiveness
values track_very closely to the ventllatmn effectxveness
values.

The thermal comfort results are dependent on the ﬂow
rate/load combination. The results are complementary in the
sense that a configuration acceptable fof'a ppd-1 condition is
not acceptable for a ppd-2 condition and vice versa. Most of

the configurations produced acceptable results for the ppd-1 -

conditiof and unacceptable conditions for the ppd-Z condi-
tion. For example, in the 1-20 tests, all of the diffusér config-
urations are acceptable for a ppd-1 condition with the
exception of the column drop low-low, column drop.low-high,

and the single wall low-low. However, at the ppd-2 condition,

only the' column drop low-low and:ecolumn -drop loW—high

required. If the occupied zone temperature is too low and/or
the airspeed too high, the ppd-1 conditions are not acceptable.
Likewise, if the occupied zone temperature is too high and/or
the alrspeed too low, the ppd 1 conditions are not acceptable.

SUMMARY AND CONCLUSIONS

The evaluation of the ventilation effectiveness and ther-
mal comfort for various industrial ventilation schemes has
been carried out by scale model experimentation. Forty exper-
iments involving ten ventilation arrangements, each with three
supply airflow rates and two possible industrial process heat
loads, were performed. Measurements of airspeed, tempera-

" ture, and contaminant concentration allowed the thermal

comfort and contaminant removal to be quantified using the
ISO comfort standard 7730 and the ventildtion effectiveness

- indices, respectively. Archimedes numberscaling was used to

- convert the small-scale measurements to full-scale conditions.

The largest- ventilation effectiveness occurred with the

- Jow-high configuration, with values above 1.6, followed by

. g]_e high;high configuration,with values in the range from 1.0

' to 1.2. The low-low configuration had values of about 1.0.

Ancréasing the number of diffusers in the occupied zone
increased the ventilation effectiveness. For a given configura-

- . tion, the ventilation efficiency generally.increased when the

configurations are acceptable; With increased activity and »

clothmg levels, the only diffuser configurations that '

performed acceptably ‘were those that dellvercd supply air -

directly to the occupied zone.

These results _are. reasonable s1nce the I1SO- thermal e

comfortmodel predlgts th; t to maintain thermal comfart as the
clothing and activity [evel is increased, an increase in the
airspeedand/ora decredse in the occupied zone temperature is

CH 99-6-2 (RP-811)
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“.heat load was increased and/or the flow rate decreased. With

-- -increased activity and clothing levels, the only diffuser config-
- urations that performed acceptably were those that delivered

_ supply air directly to.the occupied zone. Most of the diffuser

—configurations produced acceptable results for the ppd-1
‘condition-and unacceptable conditions for the ppd-2 condi-
- tion. '
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