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INFLUENCE OF FREIì CONVECTION OF OCCUPANTSI METÀBOLTC HEAT

ON VERTICÀL DISTRIBUTION OF CARBON DIOXIDE IN CLASSROOM

I
1. INTRODUCTION

Thermal insulation and air tightness of building envelopes are deveL-

opíng rapidly. Room air movenent is reduced considerably by the development.
The natural room air movement is caused by the temperalure difference bet-
ween Èhe room air and the wall surfaces, and also by the air flow into an<l

from Èhe room in an unoccupied condition. Besides, upward free convection is
caused above an occupantrs bocìy by its metabolic heat dissipation' When the
natural room air movement is reducecl, the irrfluence of the free conveetion
around an occupantrs bo<ly increases its rel'ative effect on the movement of
contaminants in a room.

The search for higher ventilaÈion efficiency has been conducLed by

tracing Èhe movement or distribution of contaminants in a room' One way of
this research is the numerical simulation of room air movement using Navier-
Stokes equation, into which the contaminant transportation by the air move-

ment is combined t1l. This method requires complieated treatment and }ong

calculation time of a high speed computêr to treat the delicate balance of
forces in the air movement. The other way of the ventilation efficiency
study is the simulation of contaminant concentration by the two region
ventilation model. The model has been established well by Pharn an<1 skaret et
aI. Í2,3). This model is simple but practieaÌ to treat the vertical strati-
fication of contaminants in a room.

The vertical gradients in carbon dioxide concentration in rooms htere

already recorded in pettenkoferrs work of 1858 t4l. tloughten and Blackshaw

suggested in their minimum ventilation requirement study that the free
convection around occupants had the generative force of the uniform mixing
of the room air [5]. In Yaglou and his çolleaguers study on body odour

removal¿ they defined the effective air supply as the air flow, which passed

over the occt¡pied zone, and therefore removed the products of respiration
and transpiration t6l. It is evi<lent from these studies that these resear-
chers considered Èhe effecÈ of free eonvection causecì by the occupants on

the ventilaÈion efficiencY.

In the present study, the influence of the free convection around

occupantsr bodies on transportation of the ventilation objectives, which are
produced by the room occupants, is examined experimentally and numerically
according to the following ways. 1) the vertical distribution of oecupanL

produced carbon dioxide was measured in a classroom. 2) the two region
numerical modeÌ of ventilation was modified to include the effect of the
free convection around occupants on the vertical distribution of carbon
dioxide. 3) the influence of location of air supply and extract openings on

ventilation effectiveness was examined using the modified two region numeri-
cal model.

by Hiroshi flomma and Hiroshi Taker
Toyohashi University'of Technology
Toyohashi, JaPan

OF DTSTRIBUTTONS OF CARBON DIOXIDE AND TEMPERATURE IN

t
¡

MEÀSUREMENT
CLÀSSROOM

1

2



2.T MEASUREMENT OBJECTIVES

various materials arc respirated or transpirated from a human body as

ventílation objectives. carbon dioxide was chosen from the materials as the

tracing medium of the ventitation objecÈivesr movement. carbon dioxide is
approxinaÈely 50 B heavier than the air. In the present study, it h'as

assumed that ventilation objectives flow upnvard transported by the free

convection around a body. A heavier naterial than the air was convenient to
examine this assumption. The diffusion of body heat in the elassroom was

also examinecl by the measurement of air temperature distribution'

2.2 TEST ROOM

For the teSÈ, a classroom was chosen from one of the buildings of

Toyohashi university of Technology. The classroom was convenient for the

experiment¡ because the numbers of occupants varied in a wide range' and

because the leeture time was lirnited to ?5 minutes. The air in the classroom

was changed with fresh air during the breaks, and the measurements were

repeated with the new initial conditions'

The plan of the testerl classroom is shown ln figure 1. It hacl the

horizont.al floor and ceiling of a height 3.OO m. Its floor area and volume

r¡rere ?8.6 m2 and 235.? Cub.m, respectively. The east wall consistecl of a

single glass window from a height of o.89 m above the fJoor to the ceiling'
The window frames were made oi extruded alminium. The two thirds of the

window area was openable sliding windows. Plastic weather strips were attac-
hed to the window frames. The external walls and partitions were made of

reinforce concrete of a thickness 15 cm. Thermal insulation was noE applied

on Èhem. Two sets of doors of a width of 1.2 m and a heighÈ of 2'05 m htere

installed on the norLhern and southern ends of the west partition' A transom

of a height of 0.7 m and a width of 1.2 m was prepared above each of the

door sets.

This crassroom had not a mechanical ventiration system. rt was aired

through the large windows on the easÈ wallr ând through the transoms on the

west partition Éy wind force ín the sunmer. rt changed air with the corridor
through the sfits beneaÈh the doors, and through the tilÈed transoms by

thermal buoyan{ force in the winter. one end of the corridor connected to

ouÈdoor without a door. During the experiments, some of the doors, which

connected the corridor to outãoor, were kept open to reduce carbolt dioxide

concentration in the corridor-

2.3 EXPBRIMENTAL CONDITIONS

The experiments !{ere carried out in Novembers of 1985 and 1986' These

periods were chosen because outdoor temperature was lower than the indoor

temperature in the daytimes, but the heating h¡as not yet started. The wall
temperature vras not so low thåt the down draught on the waII surfaces was

weak. The lectures E¡ere carried sut without opening the windows'

2.4 MEÀSURING I'{ETHOD

The measuremenL in Novembèr 1985 was carried out with the two transoms

open. The total opening area of the transoms h¡as approxinately 0'9 n2' and

that of the slits beneath the doors was o.o? rn2' Carbon dioxide concentra-

tion was measured at the ttro places, which are shown in figure 1' The
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sampling points were distribuÈed at heights of O.50, 1.35, 2.0O and 2'80 m

above the floor of each of the th'o measuring pLaces. OnIy one concenÈration
meter was used. Every sampling point r^,ere connected to the concentration
meter with plastic Lubes of a diarneÈer 6 mm. A solenoid valve was attached
to the end of each of the sampling tubes. The air of the atl sampling ¡rcints
were passed to the concentration meter alternatively by controlling the
solenoid valves. À concentration measurement Look 20 sec. for a point, ancl

the total measuring time of the I samplinq points was 160 sec' The tempera-

ture sensors were also loCated at the same points as the concentration
measurements. Besides, wall, ceiling and floor surface temperatures were

measured at 21 points, which are shown in figure 1, to calculate the down

draughÈ on the surfaces. Copper-constantan thermocouples were used for the

temperaÈure measurement. The measurement of concentration and temperature

r¡ras repeatecì at an interval of 5 minutes. The used concentration meters v¡ere

of infrared absorption type. The performance of Lhe carbon dioxide concen-

tration meter, which was used in the experiment in 1985' had measuring

ranges of 2OOO and 5OOO ppm and iÈs maximum error vras 5 t of the used range'

The concentration meters, which were addecl for the 1986 experinrent, had a

measuring range of 10 ooo ppm. Its maximum error was 10 t of the indicated
value ò

The experiment of November 1986 was carried out with the transoms

closed. The measuring places were increasecl to 5 places, as shobrn in figure
1. Three sampì.ing points rvere distribute<l at heights o.5, 1.5 and 2.5 m

above the floor at each of the places. Concentration was measured also
beside one of the transoms and in the corridor and outdoor. Three carbon

dioxide concenÈration meters were used in this experiment. The concentration
meters were calibrated carefully wittr the reference concentration gases to
avoid deviation among the meters. Further, the sample air at the same point
was sucked to the three concentration meters at the same time to examine the
differenee in the performance of the meters in sone of the measurements. The

temperature measuremenL was done in the same way as the experiment of 1985.

One lecture rvas treated as one measurement. Nominal time of a lecÈure
was ?5 min.r and a break of 1o min. was assigned between lectures. But this
time was not always kept punctually. During the breaks, all occupants left
the classroom, and the room air was changed by opening the windows by the
experinent attendant. The attendant waited in the corridor during the measu-

rements and rêcorded the changes in number of the occupants, opening ancl

closing of the doors and transoms, and weather conditions.

16 measurements were carrierl out from 5th to 22nd of November in the
experiment of L985. 13 measurements h¡ere carried out from 18th to 26th of
November in the experiment of 1986' The conditions of the measurement's are
shown in tables 1 and 2. The wind speeds in the tables $rere measured at a

height of 18 m in the university campus with an ultrasonic wind speed meter.

The ventilation rate of the classroom was measured under unoccupied
condition just before the experiment. period of 1985 by the tracer gas decay

nethod. During this measurement, the wind direction was north*west' which is
Èhe mean wind direction in this season in this district, and the average
wind speed was 8.3 rn/s. The measured air change rate was 89 cub.m/h'

3. RESULTS OF MEASUREMENTS

The concentration changes aÈ one of the upper measuring points and one
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of the lower measuring points in one of the measurement on Nov' 5' 1985 are

shown in figure 2 a. The temperature changes and the change in number of the

occupants are shohtn in figure 2 b. The average number of the occt:pants were

43. The concentration reached to 34oo ppm at the upper measuring points in

the end of the lecture. The concentration at the upper sanrpling points was

definitety higher than Èhose at the lower sampling ¡roints throughout the

measurement. The temperatures at the upper and the lower measuring points

separated each other. But the concentration at the lower measuring points

arose considerabty with the lapse of time. This means Èhat the air was mixed

strongly in the "I"""too., 
while the air flow pattern htas upward dispLace-

ment flow from the cracks beneath the <loors to the open transoms'

The concenEration changes at one of the upper measuring points and at

one of the lower measuring points in one of Èhe measurement on Nov' 18' 1986

are ahown is figure 3. The average number of the occupants was L5' The

concentration reachecl to 23OO ppm at the upper measr¡ring points in the end

of the lecÈure. The concentrations at the upper ancl lower rneasuring points

separated definitelY.

Tlre main characÈeristics of the resuLts of experiments of 1985 and 1986

are shovrn in tables I and 2r respectively. The indicated air change raLe was

calculated from the average concentration change of aIl of the measuring

poinÈs and carbon dioxide production of the occupants by an iterative method

Èo Ínclude the change in the number of occupants durinq the measurement' The

carbon dioxide production was assumed Èo be 22 L/h'person, which is the

standard value for a normal' Japanese person' The natural air change force

seemed to þe too weak to keep the room air clean. A clear proportional
relation vras recognized between the ventilation rate and the number of the

occupants. This indicates that the air change was infLuenced by the thermal

buoyåncy, which was casued by the occupantsr heat dissipation.

The relations between the average concentrations at the upper two

measuring points and that at the lower two measuring points of all of the 16

measurements of 1985 are shown in figure 4. Almost aII the marks deviated to
the upper part of the eguivalent line of 45o. Their deviations were stronger

in the higher concentration region than in the lower concentration region'
The concentrations of the up¡rer measuring points were averagely 30o ppm

higher than those of the lower lneasuring points, when the concentration at
the lower meaduring points was 3OOO ppm. The higher concentration in the

upper ¡nrt of the room indicates that the carbon dioxide flowed upward' when

it was released into the room.

Figure 5 shows the relations between the average concentrations at the

upper five measuring poínts and those at the lower five measuring points of
aLl the tneasurements in 1986. The air flow pattern of the classroom might be

iãrirã"a.i-.r""= frow, in which the air entered into the crassroom through

the cracks around the doors and t¡ansoms of the west partition' and }eft the

room through the window cracks on the east wall by wind pressure' The ploÈs

of the relations can be classified into the following four groups according
to the measured conditions.

time
both
ween
when

vlhen Èhe number of the occupants was smaller than 29, and the elapsed

was shorter than 25 min., the concentraÈion was less than 1500 ppm in
of the upper and the lower regions. The concentration difference bet-
the two regions was small. The concentration in the upper region arose,

the elaps.å tir. was longer than 3o min., but the concentration in the
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Iower region did not arose as much as that in the upper region. This su9-

gests tnåt the mixing by the free convection around the oecupanÈs was weak,

because the number of the occupants was small.

When the number of occupants was larger than 30, the concentration in
the upper region arose as soon as the lecture started, but that in the lower

region did not yet arose. This made the difference in concentration between

th; Èwo regions large. l,Jhen the elapsed time was more than 30 min', Èhe

concentraÈion of the two regions approachecl each other. This suggests that
there was a sufficient air interchange between the two regions.

Às seen from the above results, Èhe plume flow above the occupants

seemed Lo have strong effect to transport the carbon dioxide upward, ancl

also to mix the room air vertically.

4. INCORPORATION OF PLUME FLOW I¡I TWO REGION VENTILATION ¡4ODEL

The two region ventilation model has been developed and well estabLis-
hed to e*amine ventilation efficiency of a room, see Pham and SkareÈ et al'
l2r3l. A simulation method h¡ag developed from the two region mo<lel to exa-

mine some factors, which concern to the vertical difference of the carbon

dioxide concenÈration. The classroom $¡as supposed to be divided into two

regions horizontally. The lower one of which was the occupied region, and

the upper one was the overhead region. Occupants of the classroom respirate
in thã occupied region. The followinq basic conditions v/ere considered'
a) the contaminant, vrhich was produced or flowed into each region, was

rnixed instantaneously and homogeniously in each region.
b) the contaminant was produced by the occupants, who lived in the occupiecl

region. But it florved directly into the overhead region without dilutinq irr

the occuPied region.

The radíus of the temperature plume above a body increases with hight
[7r8]. So the room air around the pl-ume is induced into the p1ume, and the

carbon dioxide in the plume is supposed not to dilute into the occupierì

zone. Body odor, which is produced on a body surface, is mixed in the

thermal plume above the body, and transported uplvard by Èhe plume' The free
convection visualization experiment with an infrared camera indicated that
the expired air did not flow separately, but it was included in the plume'

and flowed uPwdrd with the Plume.

c) the increase of air volume by the temperature rise is negligible.
d) the contaminant is not adsorbed on various surfaces in the room.

e) the contaminant does not react chemically with the room air. I

The definitions, which were used by Skaret, were enployed for the
present two region ventilation nodel with modification. The model is shown

in figure 6. The plume flow and the down draught on waII surfaces were

adopteå as the air interchange between the Èwo regions into the basic two

t.gio¡ model. The volume V of the classroom was divided into the overhead

uná th" occupied regions, the fractions of which were Z and (L-Z), respecti-
vely. The total ventilation rate of the classroorn was Q, of which the

fraction X flowed into the overhead region, and the rest of it fLowed into
the occupied region. The fraction Y of the ventilation rate left the over-
head regíon, and Èhe rest of it left the occupied region. The upward air
stream À.Q was Èhe plume flow above the occulpnts, which v,as evaluated by

multiplying the volulne flow of the plune above an occupant by the number of

lt
¡

5

a



Èhe occupants. The Èotal quantity of down draught along the wall surfaces

B.Q flowed from the overhead region to the occupied reqion. The air flow C'Q

*r"" assigned Èo satisfy the continuity of the air flows in each of the

regions. M was the production rate of carbon dioxide by the occupants.

Using Èhe above definitions, and sup¡rosing the changes in carbon dio-
xide concentration in the two regions Èo be dc1 and dc2 in a infinite time

difference dt, the conservation of the carbon dioxide in the t'wo regions

èl€ ¡

K'V'dC' = X'Q'Co'dt + A'2'C2'dt + U'C'Q'C2'dt + M dt

- (Y + B + Ü'c)'Q'c1'dt

(1-K).V.dC 2 = (1-x)'Q'Co'dt + B'9'cl 'dt + Ú'c'Q'c1 'dt

- (1 - Y + À + u.c).Q.q.dt

Where U and Ú are unit functions, and mean

U = o and Ú = 1r when C'Q is Positive

U = 1 and Ú = Or when C'Q is negative

cq is the carbon dioxide concenÈration in the outdoor air.

These equations make a series of differential equations, rvhen the both

sides of the equations are divided by dt.. The solutions of these equations
express the changes in carbon dioxide concentration in the two regions as

shov¡n below,

(1)

(2)

cI

c2

Vùhere

= f (a - *, )'c'exp(a't) + (b - m, )'d'exp(b't) )/n,

= c.exp(a't) + d'exp(b't) + Jz

+J
1

r1=-(Y+B+U'C)'QlK'V

.2=-(l-Y+A+u' Ð'Q/(1-K)'v i
/2

/2

m -n 'n )

(3)

(4)

wr=(X.Q.CO+ M)/K'V

w2=( 1-X)'O'CO/ ( 1-K)'V

n1=(A+U.C)'QlK'V

n2= (B+Ú.C)-A/(1-K)-V

a = ( (nr+mr) + sqrt[ (ma+mr) z-4(nl'^2-nt'nr) I )

b = ((m +m ) - sqrtt(m +m )2-4(m'm -n 'n-)l)' 1 2 ';-' | 2 t 2 L 2

c = - ((b-m )(c -J ) - n-(C- ^-J-)) / (a-b)
2'2022101

d = ((a-mr)(c2o-J2) ro-rr)) / (a-b)

= (n -w -m .w )/(m .m--n 'n- )'--1 2 2 1 1 2 L 2
(n

-n(C
2

J J '\it -m 'w )/(m
2LL212 2t 2

1

Where Clgand C2O are the
regions, resPectiveIY.

initail concentrations in the overhead and occupied

Mierzwinski indicated the volume f10w above the heacl of a seated or

standing body in a room of a temperature of 19 to 23 oC to be between 10e

and 216 cub.m/h t?1. one of the authors made a measuremer¡t of the plume fì'ow
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above the 15 subjects in a room temperature of between 24.5 and 26'5"C' I'he

average volume flow above the seated subjects in undershirts h¡as LA'l

cub.m/h, and that above the seated subjects in long sleeve \'/ooven shirts was

L44cu}¡.m/hataheightof2mabovethef]oor.Therewasnotdatafor
volume flow above a group of bodies. ID the present simulation, L2O

cub.m/h'person was chosen.

The down draughL Qw along a wall of a tength of l- at a distance of x

beneath the ceiling is calculaÈed by the foLlorving equation t9l.
3 2 0.25

g'r=(X.g'dT'Nu/T) L (s)

vlhere g is the gravitational acceleration, T is the absolute temperature of
air, ãt i" the temperaÈure difference between the air and the wall surface,
and Nu is the l<inematic viscosity of the air'

The changes in concentration in the two regions were calculated for the

same condition as the measurement of Nov. 5, 1985 using equations (3) and

(4). The division h¡as assumed at a height of 2 m above the floor' The chosen

venÈilation rate 310 cub.r¡/h for the simulation \.ras attained from the mea-

sured average concentration, and the carbon <lioxide producion was 22 L/h'pe-
rson. The number of the occupants varied with time in the leCtures' so the

simulation time rvas divicÌe<l into several segments, in each of which the

number of occu¡rants rvas stea<ly. The concentration simuLation $,as carried out

for each of the segments, using the last concentration of the former segment

as the initial concentration of the succeeded segment. The supposecl ventila-
tion pattern was upward displacement fLorv. This pattern is shorvn in figure
7.

The result of the simulation is shown in figure 2 a. The simulate<l

concentration changes were about 50 ppm higher than the measured changes in
the earlier turo Èhircls of the measured period in both of the regions. rn the

IaÈer one third of the period¡ the simutated concentration approached to the

measured concentration. This deviation might be caused by the assumption'
that the ventilation rate was constant through the lecture' But the ventila-
tion raÈe was less in the beginning and more in the end of the lecture'
Because the main ventilation force was the temperature difference betrveen

the classroom and the corridor . The temperature difference was smaller in
the beginningr' and was larger in the end of the lecture. The vertical
difference in the concentration changes in the two regions was well simu-

Iated by the equations.

The simulation result of the measurement on Nov. 18, 1986 is shown in
figure 3. The ventilation rate u¡as assumed to be l-29 cub.m/h' ttre halves of
ít were assumed to ventilate the occupied and overhead regions, respective-
Iy. The simulated concentration change in the occupied region traced the

measured concentration change well. The concentration change in the overhead

region \¡/as about lOO ppm lower than the measured change in the niddle of the

measurement period. The following two reasons night concern to this devia-
tion. one reason was that the fraction of ventilation was Larger than 50 t
for the overhead region. The other reâson was that the supposed upward air
stream was less than the practical value'

The si¡nulation results deviated from the measured values as mentionerl

above.Theclãssroomha<lnotamechanicalventilationsystem'sotheexact
ventilation rate could not be known. However, the calculations simulated the
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vertical difference in the carbon dioxi<]e concentration reasonably' It was

showntobereasonabletoassumethattheoccupantproduced.carbondioxide
wastransportedintotheoverheadregion,ttrenitdilutedinthisregion.
Also it was shorvn to be reasonabre tá assume that the plume frow above the

o..up.rrt= contribuÈed to mix the air verticall'y'

5 RELÀTION BETI.¡EEN VERTICAL CARBON DIOXIDE DISTRTBUTION

A¡¡D LOCÀTION OF VENTILATION OPENINGS

Whencarbondioxir]eisfirstlymixe<lintoanoverheadregion,and
when it is mixed into an occupi"d r"gi-o'' by the air interchange between the

regions,atimelydelayiscausedintheconcentraionriseintheoccupied
region. So Èhe cáncentraÈion rises in the two regions show diffelnece' even

if the steady state concentr.ltions in the two regions are equal' This diffe-

rence appears clearly in a classroom, because the carbon 'iioxide concentra-

tion decreases duríng a break'

The same claasroom, which was used for the experiment' was chosen for

the following sirnulation subject. The influence of the plume fl-ow on carbon

dioxide distribuÈion was examined for the foltowing four patterns of venti-

Iation openlng 1ocations. a) upward displacement våntilation' b) down'arcl

displacementventilation,c)upperpartcrossventilation,d)lowerpart
cross ventilation. The air flow patterns are schematically shown in figures

? to 1o. The ventiration rate waè supposed to be 16.3 cub.m/h'person' The

supposednumbersofoccupantswere13,26and52persons.Theout'doorcar}ron
dioxide concentration was 40O ppm'

The concentration changes in the upward displacement flow is shown in

figure ?. The difference in concentration between the overhead and occupied

regions increased with time. This difference became 160 ppm for the case of

occupantsof52,andbecametol4Opprrrforthecaseofoecupantsof13after
60 nin. from the sÈart of lecÈure'

FigureSshowsthechangesinconcentrationindownwarddisplacement
ventilation. The concentration in the occupied region was the highest in

this ¡nÈtern. But the concentration was lower in thå occupied region than in

the overhead region in the beginning of lecture even in this florv paÈtern'

The concenttutio" changes in the

upward displacement ventilation'
was higher in the upper Part cross v
ment ventilation. The difference b

concentrations became larger, when

or the occupation period prolonged'

FigureloshowstheconcentraÈionchangesinthelowerpartcross
ventilation, In this flow pattern' the concentration in the occupied region

changed almost equally to the downward displacement ventilation' The concen-

tration in the overhead iegion was the highest in the lower part cross

ventilation.Theconcentrationintheoccupiedregioninthisflowpattern
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was almost same to that of the upPer part cross ventiLation.

tthen number of occupants was 13, the concentrations in the occupied
region at 60 min. from the start of lecture ürere 1110, 1200, 1160 and 1180

ppmr respectiveley for upwarcl displacement, downwarcl displacernent, upper
putt cross and lower part cross ventilations. I,lhen nurnber of'the occuapnts
was 52, these values changed to 1550, I'12O. 1700 and 1?10 ppm. These values
indicate that upward disptacement ventilation was the most effective pat-
tern. The second effective pattern was the upper parL cross ventilation.
This f).ow pattern is especially advantageous when a number of occupants is
small (or a room volurìe per occupanÈ is large)¡ and the occupation time is
short.

6 CONCLUSIONS

The following poinÈs were found in the experiments and in the simula-
tion.

1. Definite vertical difference existe<l in the carbon dioxide concentration
in the cLassroom.
2. This difference was caused by the fact that the expired air flowed upward

by its thermal buoyancy ancl that it was transported by the temperature plume

above the bodY.
3. Further, the plume influenced on the mixing of carbon dioxide in the
classroom.
4. The vertical difference in the carbon dioxide concentration could be

simulated by the modified two region ventilation model, which inclucled the
temperature plume flow as the air interchange betrveen the two regions.
5. The lowesÈ concentration in the occupied region was found in the upr'rard

displacernent ventilation. The upper part cross ventilation is advantageous
next to this flow, when a classroom is used intermittently.
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Table 1 Conditíons and Mairt Results of Carbon Dioxide ConcentraÈion Distribution lTeasurenents in Classroom
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Table 2 Conditions and Main Resul ts of carbon Dioxide concentration Distribution Measurements in classroom
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