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A New Technique for Measuring Air Change
Rates in a Test House Using Video Imaging

Masaaki Ohba, Dr. Eng.

ABSTRACT

Video camera calibrations and field tests for air change
rates in a test house were performed to develop a new method
of measuring air change rates using a video imaging tech-
nique. From the camera calibrations, it was found that good
correlation was achieved between image signals and luminous
reflectance of achromatic color chips by appropriately adjust-
ing the pedestal level of the video camera so that the image
signals were made equal to zero for the black level of the
picture. In the field tests, air change rates in the test house were
measured from the decay curves of video image signals
obtained by the step down method, assuming a perfect mixing
of smoke particles inside the spaces. With the proposed video
method, it was possible to measure air change rates with virtu-
ally the same precision as derived from the decay curves of
smoke particle numbers using an aerosol monitor. As a new
tracer, smoke liquid mists without dirty residuals were also
tested and compared to the gas method using SFg. It was thus
verified that the video method using smoke liquid mists could
also precisely measure air change rates with an error of less
than 6% in comparison with the gas method.

INTRODUCTION

Indoor air is often polluted due to indoor air pollutants
such as volatile organic compounds and formaldehyde emitted
from newly produced indoor materials. Contaminated indoor
air must be constantly changed with fresh outdoor air to main-
tain indoor an air quality that is comfortable for residents. The
air change rate is defined as the ratio of outdoor airflow rate to
indoor air volume (Chapter 25, ASHRAE 1997). This ratio is
considered to be an essential index, indicating an acceptable
level of indoor air quality. Information on the required venti-
lation rates for different types of buildings is provided in ANSV/
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ASHRAE Standard 62-1989 (ASHRAE 1989), and ventilation
designers must determine whether the required ventilation
rates are achieved in buildings and houses.

The tracer gas decay procedure using carbon dioxide is
widely used in Japan for measuring air change rates in build-
ings and other spaces (JIS 1974; Fujii et al. 1967). This proce-
dure is based on several assumptions, such as perfect mixing
of tracer gas and zero absorption in building materials. There-
fore, enough measuring points must be chosen, both vertically
and horizontally, inside the spaces to obtain accurate average
air change rates if uniform concentrations of tracer gas cannot
be produced in large spaces such as atriums and factories. This
must be done by equally dividing the inside spaces into small
volumes. The air change rates occurring in natural ventilation
change randomly, so at least five test runs must be conducted
and averaged to comply with the Japanese Industrial Stan-
dards. The current procedure requires a lot of time and labor
to measure the average air change rates, especially if the
measured spaces are large and natural rather than mechanical
ventilation is used.

The imaging technique is widely applied in a variety of
engineering fields. Even inexpensive commercial video
cameras have more than 250,000 pixels per video frame,
corresponding to measuring points. The movement of indoor
airflows is very slow, so video cameras with arecording speed
of 30 Hz can accurately record the movement of tracer parti-
cles inside spaces.

The light-scattering technique was originally proposed
by Rosensweig et al. (1961) and employed for the measure-
ment of particle concentrations in turbulent flow fields
(Becker et al. 1967; Long et al. 1981). This technique utilizes
the fact that the intensity of the scattered light reaching a photo
multiplier is linearly related to the number of light-scattering
particles in a control volume. In the photo multiplier, electric
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signals are converted into image signals through the photo-
electric conversion system. They confirmiéd 'that the signal
was proportional to the gas concentration if the smoke parti-
cles mixed perfectly with the surrounding gas. Huber (1988)
and Lee et al. (1991) applied the video image techniques to the
concentration measurements in building wakes. Lee noted that
the nonlinear relation between smoke intensity and vertically
integrated concentration occurred in building wakes at @ high
smoke intensity level.

Ohba studied three-dimensional characteristics of natural
ventilation in half-enclosed buildings using video imaging
techniques in wind tunnel experiments (1993). For the
measurement of air change rates, Ohba and Irie (1996, 1998)
researched the video image method in a cross-ventilation
mode] setting in a wind tunnel, using a laser light sheet and
decay curves of image s1gna1s 'I'hey found that the image
method could precisely measure the air change rates with an
error of less than 9%, in comparison with those obtained by the
C,H, gas method using a high-speed hydrocarbon analyzer, if
the pedestal levél of the camera was appropriately adjusted.

The objective of this study was to develop a new video
method for measuring the air change rates in actual buildings
and other spaces, not using decay curves of gasor smoke parti-
cle concentrations but those of i image mgnqls This technique
was ‘then applied fo’ the evaluation of 1nd00r air quality
because not enough similar studxes have been conducted
(Anderson et al. 1991). o G
MASS BALANCE MODELV TR R I

The following assumptions are made in developing the
mass ‘balance model.

¢ Instant and uniform mixing of tracer gas wnh mdoor axx

after emission
¢ No tracer gas absorption onto'indoor surfaces _
e No chemical reaction with building materials ' ”

*  No temperature difference between mlet and outlet au'

It is difficult to realize the fourth assumption in “actual
situations (Sandberg et al. 1986), but the approximation is
frequently used to achiéve a simpler mass alance model.
Figure 1 is a sketch of the mass balance in a room. Tracef gas

is emitted at an emission rate of M from a floer source.
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Figure 1 Mass balance of pollutant in a room.
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Narazaki (1961) expressed the following equation of the mass
balance in steady state:.

Mdt + C,Qdt - CQdt = Vdc (1)

where

'

indoor air volume, i.e., the entire air volume of a
space or buildigg (m®),
= indoor concentration (m3/m3),
= outdoor concentration (m*/m>),
emissionrate of tracer gas (m®/s),
= ventilation rate (m3/s),
= time (8).
When C is equivalent to C; in the initial condition, the
following equation is obtained:
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= Cpexp(—Qr/V) +M/Q (- cxp(—Qt/V)] 2

If tracer emission stops after mixing, the third term on the'right
side of Equation 2 disappears. Then,

C=C,+(C, - C,exp(-Qt/V). 3)

Next, the relationship between the concentration of (C — C,)
and time, 1, is plotted on semi logarithmic graph paper. The air
ch.ange rate, Q/V, is derived from the slope. ::

" 10g(C=C,)=10g(C;=C,)- o, @)

OUTLINE OF EXPERIMENTS

Vldeo Image Analysis System

The' video camera used was a high-resolution charge-
coupled-dewce (CCD) witha 768 x 493 pixel imager, an S/N
ratio of 60 dB, and an f-stop from 1.8 to 16. It was used with
the automasic gain control off so that cons1stent quantitative
lated the white-black balance and the. yedestal level of the
camera because the camera was located mmdb abox adjacent
to the window dunng the field expenments, as shown in
Figure 2. A standard, vxdcocassette recoz{ier could record the
pictures on a "Beta video tape at a recordmg speed of 30 Hz.

The video i image ‘analysis system was composed of an
image"processor with 76’8 ‘mono-color frames of analog-digi-
tal converters with 512 x 481 pixels and-a computer with 32-
bit precision. The image picture was dxgmzed with 8-bit preci-
sion and normalized by 256, convemng to image signals in the
range from 0.0to 1.0. Ittook 25.6 seconds to convert 768 video
pictures into dlgxtal irhagé frames' (Ohba 'f996)

ol
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The test housexhad a shed'roof with & space volume of
444 m! with two doors and a long, top light window, as shown
in Figure 2. The window:was:covered with black paper to
shield-against-solar radiation. to. keep -the indoor Hluminance
constant.during the field runs: {The walls behind the sampling
position were also sovered with low-reflective black cartains
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Figure 2 Test house with shed roof. (a) Out of view. (b) Test house section.

to provide a very low reflectance background against the
smoke, which could be well observed and photographed. Five
spotlights with a power equivalent to 2500 W were also set and
adjusted by a voltage controller to visualize the smoke move-
ment. In addition, six sets of exhaust fans were attached to the
opening of the exit door for mechanical ventilation.

METHOD

Vldeo Camera Callbratlon _—

The entire video system was calibrated as a single unit
using the 36 steps of achromatic color chips before the field
tests were run. As shown in Figure 3, the chips under nonre-
flecting glass on the desk were illuminated from 45 angles by
incandescent lamps and photographed with the video camera
at a height of 0.7 m above the desk. The i image signals at a
point including the neighboring-8 pixels were calculated by
the averaging process. The samphng frequency was 30 Hz,
and:the sampling time: was ‘Severdl seconds to investigate the
effects of reflectance, camera f-stop, and llght ﬂlummance on
the image signals of the video camera. L
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Vldeo Measurement for Alr Change Rates R -

After photographing the background without smo)kg: in
the test house, smoke candles were lit and pr duced white
smoke for 90 seconds. During. the emission, the sméke was
completely mixed with theindoot airusing a mixing fan. After
the mixing fan stppped and twa doors were opened;the smoke
was exhausted by mechanicel fans:When recording, Sounter
numb?rs were also rgcorded on'the tape to easily determine the
start time and the stop time, Spotlights were projécted-from
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near the camera position into the sampling point. The effect of
buoyancy on the smoke movement due to the illumination was
not observed in the video pictures. The video images corre-
spond to the horizontally integrated concentration of smoke
particles. The image signals ata measuring point were calcu-
lated by the averaging process including the neighboring 8
pixels! The sample interval was five seconds. The spatial reso-
lution was 3 mm x4 mm per pixel.

- Asa non-odorous tracer to cut off the tracer’s residual and

‘mnaintain ' the ‘measured spaces clean, smoke hquld mist

consisting of propylene glycol was tes;gd. This is often nsed
for stage‘effects in live theater. The tracer was released from
a coftimercially available smoke generator, and the video
images were recorded on the tape.

Smoke Particle Measurements

2% "o verify the measurement accuracy of the video method,

an aerosol monitor measured smoke particle concentrations
s1mu1taneously with the video measurement. After perfect
imxmg of the candle smoke in the house, the samples of air
containing the smoke partjcles were drawn to an aerosol moni-
tor through tubing by a small sample pump. The measuring
height was 1.2 m. The accumulated particle numbers relating
to’the particle concentrations were read at intervals of 10
seconds, s
Ga"s"ConcéE‘;;rétion Measurements .

. el =

». - When the smoke liquid mists were used as the tracer, the
aerosol menitor could not measure the mist concentrations.
The aerosol monitor was replaced, and an SF¢ analyzer was
used to verify the measurement accuracy of the video method.
The tracer gas SFg was 1éleased with smoke liquid mists at a
flow rate of 1.6 liters per minute unti] the constant room
concentration corresponded to 10 ppm. The sample air was
detected by a multi-gas monitor capable of measuring gas
concentrations in the range of 50 ppb'to 50 ppm simulta-
neously with the video measurement. The sampling interval
was 60 seconds because of the low monitor response.

Reference W%rid Measurements

The reference wind velocity and direction were measured
at a height of 25.2 m using a two-dimensional supersonic



anemometer above the building adjacent to the testhouse. The
test house was surrounded by three-story university buildings
so that the effect of the reference wind on the air change rates
was considered to be negligible.

Experimental Conditions for the Air Change Rates

The field experimental conditions are listed in‘Table.1 and
Table 2. Table 1 is for smoke candles used as a tracer. The wind
directions varied between north and south, while the wind
velocity was in the range from calm to 5.0 m/s. The illumina-
tion was keptat 625 lux. The f-stop and lens were setto 2.8 mm
and 20 mm, respectively, keeping a distance of 3.8 m between
to 35 minutes. A total of eight test runs was conducted by vary-
ing the number of operating exhaust fans. Mechanical venti-
lation rather than natural ventilation was mainly used during
the measurements. Table 2 is for smoke liquid mists and SFg
gas used as the tracers. The wind directions varied betweén
north and south. The wind veldcity was in the range from 1.3
m/s to 2.6 m/s. The illumination and camera were in the same
condition as those in Table 1. A test run took 18 to 38 minutes.
A total of four test runs was conducted.

+ W

TABLE1 |

Experimental Conditions for Smoke Candles as Tracer

-Reference Wind
Test | Numberof | Top Light | WindVelocity | Wind'-
Run | Exhaust Fans | Window | * (mvs) Dlrec;igl;_
1 5.0 Sr
2 2 Closed 0.5 NW
3 43 S
4 0.7 T NNW
5 4 -| Closed - 32 w
6 13 ] N
7 Opened 1.2 SSW
8 6 Opened Calm .. |.. NNW
TABLE2 ™ J
Experimental Conditions for
Smoke Liquid Mists as Tracer
B Reference Wind
Test | Number of | Top Light | Wind Velocity | - Wind
Run |Exhaust Fans| Window (m/s) Direction
9 2 : 2.6 S
% . Closed = =Tk
11 13 NNE
12 6 Opened 1.5 N
4

RESULTS AND DISCUSSION

Photoelectric Conversian of Video Camera - -

The brightness on the camera’s image surface is related to
illumination, reflectance, and camera f-stop by the following

equation (Okazakl and Taniguti 1988): O

 J=ERT/{4(m + 1)%F?), G

where -9

= illuminance on camera’s image surface (Qux), :
illuminance of photographed objects (lux),
reflectance,

= camera transmittance,

= camera magnification;

= camera f-stop.

MINRRES

Next, the image illaminance on the photoemissive
surface is converted into image signals through the photoelec-
tric conversion system of the i image sensor in the followmg
form:

KRS gy =

I = ,C J Y (6)
< 800
where .
) #.. image signal orimage intensity, : :
k = coefficient, ; T
Y = - gammacoefficient. <~ . -

Therefore, the magmtude§ of thie i lmage signals or image
intensities are proporuonal to the power of the color chip’s
reflectance and also'to the power of the color chip’ s ﬂluml-
ndnce: Figure 4 shows the rel%monshlp between the 1mage
sipnals and the illuminance of thé Munsell achromaticc olor
chiip equivalentito an ifidex of S. The illuminance ranged from
20 lux to 700 Yix. The 1magé sxgnalsm the entire video systcm
followed‘a power of d]ummance rclatmnshxp eqmvaIem to
0:67: “airrehponding to‘ a gamma COefﬁclent that is normal]y
05 22 T g

* ‘Figutes 5 and 6 shbu} the relation of the unage sxgna"ls to
the Munsell index and the Nidlindus Yeflectanée of thé achro-
matic color chips. The'illumindnék on the chxps 'was kept at

450 lux. The f-stop W&s 2.8 andthe lens was 20 mam. If the
o: - ‘Jl
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Figure 4 Relationship befween illuniinance on"Munséll
¢ - .r achromatic coldr chip and amageszgnals -
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image sensitivity of the camera could net be régulated
correctly, he dark current caused nonlinearity at low reﬂgc-
tance, as shown by the white circles in Figures 5 and 6. The
image signal for a luminous reflectance of zero was adjusted
to zero by tumng the pedestal level that can control the low-
intensity values. Then, as shown by the black circles, the
signal gain at the higher level increased a little bit, but the
linearity at the lower level was improved.

The image signals were found to be proportional to the
inverse of the f-stop in the range of 1.8 < F < 16 with a power
of 1.13, as shown in Figure 7.

Air Change Rates for Smoke Candles as Tracer

For gaseous diffusion nearan isolated stack, the diffusion
region was very narrow so that.-adequate density distributions
of laser power made it possible to take clear pictures (Ohba
1992, 1995). The diffusion th ckness did not adversely affect
the production of constant illumination distributions. There-
fore, ray extinction due to lighting scattering was considered
to be negligible for the isolated stack model. However, for
enclosed spaces such as a testhouse, he smoke particles were
stored inside spaces and mixed with the indoor air. The smoke
particles diffused in the whole of the enclosure so hat the light
scattering might have worse effects on the decay curves of
image signals. Therefore, the performance ‘of photoelectric
conversion for the camera was regula ed well by tuning the
pedestal level and f-stop. The background leve} was adjus ed
to less than 0.04. Figure 8 shows typical decay curves for the
image signals. The background level indicate by /, in Figure
8 was subtracted from the original image signals. This affected

he distributions at the lower Jevel because, of the 8-bit preci-
sion of the analog—dxgltal convencr When calculating the
regressmn curve by the least squares method the starting point

was chosen as 90% of the maximum image signals, to avoid-

the équilibrium range of maximum image signals, and the end

point was set to the minimum image signal that could maintain -

linearity in the range. The image signal decay for he eighth
test run is shown in Figure 8, where the reference velocity was
calm and mgchamcal vennlatlon was mamly performed. The
air change rate was equal tqlé 3 times an hour.

Figure 9 shows the decay distribution of smoke particle
concentrations measured sxmultaneously with the image
signals inFigure 8. The sampling interval was 10 seconds. The
decay of particle, numbers continued for 900 seconds, and the
slope was the same as that i in Figure 8. The air change rate was
17.2 times an hour. ' . :

Figure 10 compares air change rates obtained by the video
image method with hose obtained by the smoke °particle
method. The measured air change rates by he aerosol monitor
were in the range from 3.8 times an hour to 17.2 times an hour.
The regression-curve was obtained as follows: ™ ~ ’

N, =112‘ N Hu )
It proved that the proposed method.could be used. to

measure air.change rates with virtually the same precision as
the method using the decay curves of smoke particle concen-
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smoke particle method and by video image
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Ralk 'v
trations. Therefore, the image method is concluded to be very
reliable for measuring air change rates.

1.000
Air Change Rates for Smoke Liquid Mi'sts asTracer o .3 %
0.1003 - . LNi=9.4[times/h
Smoke candles are widely used in field expenmems as the r% {pmiegham]
tracer for visualizing flow patterns. Howevér, many unpleas- 8 b
ant résiduals remained after the experiments. Therefore, g LR E
smoke liquid mists were testéd experimentally as new tracers. = ]
The diameters of the mists were in the range between 0.25 um 0.001 T T ' T re—r—i
and 1.75 um (Ohba 1996),:which js thought to be smaller than 0 250 500 750 1000
those of smoke candles (Shimizu 1976). Becauge.the scatter- T1me[second]

Figure 11 Decay distribution of image slgnals for.smoke
“liquid mists as tracer.

ing strength of light i is propomonal to the square of the particle
dlameters. the image signals for the smoke liquiq mist were
reduded sharply atthe lower level, as shown in Flgu(rg ,11 more
than those for the candle smoke. It was the cleventh run in

5 10’
DNy [tlmés/hour]

house cotild be removed by adequately tumng the camera’s i :
Fiibe uAn' Change‘Rate by Videé Image Method

pedestal level and f-stop. e

The-video i nnage method could measure air change rates
with virtually the same precision as the methodsusing the decay
curves of gas concentrations or smoke particle concentrations.

-
m

" 100.0 3 TS
Table 2, where the.background level I, was zero and the-air a, 3
changerate was 9.4 times an hour. The:measurementaccuracy = p 'S
of the video method was investigated in comparison-with the g 10.0%
SF¢ tracer gas method, as shown in Figure 12. 'I'he regression 2 3.
curve obtained, shown m Fxgure 13 1s as folfows . % 1.0 = N;=9.3[times/hour] -
e E
Ng= 094N 5% 3 = @8) 3 - o e
14 XY PR (s Yo VR L G Y © 0.1 5 T Y T T T T
It was found that the proposed method could be usefi to % ST T ,“3;"250¢ A BED TV 750 0 * 1000
measure air change rates With vutua]ly the same precxsnon as - v o gak ’I‘:me[second] o
the tracer gas meth?d s A5 e Fzgu’re 12 Deday sztribunog‘ ,fgas concentrat:on for
Con . i e g ik SFaaktraéer“‘ e
CONCLUSIONS S P B e S
o ~ [S=28 . aas : O ral s ‘4
" Camera calibrations have shoWn that good corrélation is & = h e
achieved between image signals and luminous reflectatice of 7 2"5‘1 5a i . TN . . :
achromatic color chips by adequately adjusting-the. pedestal '@ S l_;_'_ o o
level of the video camera so that the image signals are made g%‘i o : , e it "
equal to zero for the black level of the picture. The image % s g o 1 TR O T P
sxgnals were also in  proportion to the illuminance-and to the B Sl 7o adf . Ng=0 '94;"N1“3‘1
inverse of the camera f-stop. 54 T ET R S S
The ®effect of ight scattering on the'image s1gnals matest g -0 0, Canl A iy 2 IR '5 29
A | v

] thure 13 Relationship between air change rotes by SF
. -8as method and by wdeo image method.
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Compared to the precision of the tracer gas method, it is
true that the proposed method has disadvantages, such as low
image precision, because image pictures can be digitized with
only 8-bit precision. Even when considering this low resolu-
tion, the video image decay method is expected to be reliable
for measuring air change rates. The major advantage of the
video method is that it is possible to obtain detailed-informa-
tion at one time about air change rates in large spaces for eval-
uating ventilation performance. Another advantage is that
image instruments are less expensive than concentration
instruments for SFg because current image technology
provides users with low-cost computers and videos. Thus, in
the near future, image methods such as the gas concentration
method are éxpected to become useful methods for air change
rate measurements.
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NOMENCLATURE ’Y

c = gas concentration (m>/m>)

1 = image signal or image intensity

I, " = image signal for image plcture w1thout tracers

N = air change rate (times/hour)

Subscripts ~ 7

g = gas method

i = video image method for smoke’ parucles .or smoke
liquid mists as'tracers

p - = smoke particie method
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