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ABSTRACT.

A study  has bees made, both experimentally and analytically, on the
tharacteristics of thermal performanqe ‘f high~rise buildings using can
jdealized mocdel building with a number of openings at various locations and
temperature distributions, The building''wad assumed ‘to have no intermnal

pertitions. The effect of the factors affeetihg on the location of the neutxal
preéssure level (NPL) was of" partlcular intnfepl of the present study.
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INTRODUGTION

‘The air itifiltration of a building is mainly due to the charactefistics 6f the
wind environment ar&und ‘the structure, the :hermal ghddient acraoss the bullding
("rhermal dffact" or stacr effecr").land the dechanlcal ventllittono ,
o 3ince Ehe air: infllﬁration nf the bulldlng is the d1rect SESult of the
Qreaaure differences 'cgused ‘by the  mechanism mentioned  “ahove, it is very
important to ‘have c¢orrest . imnformagioa uh the pressure dlfferentlals for the
“accurate predictionibfrithe aif ;nf tration rate. Tha A g Do
: The: thétmal effemt in a bui]dfng is not a negllglbld fattot on the air
dnfileratign dhtlng Setlnder, gspecially’ where the subsdtantial dﬁfferspce of
1tumperatura is® ubwénwed (Lee, Tanaka and S$Shaw:1982). Even for org- . or two-
; story Hous&w. ;he avermal effecti.in wiatet . is known to be - sufficient
En@ugh to indud‘éii"‘"mi‘g;n“'ivuf,gicﬁm: airvinfiltration \_.(Shaw 1979). oS
" “ = L - 3 " )
;1+ +For ‘the acturate pfedxbtlon cof « the thermal effect, it has been: shown
that“the .most "important pidce of information 1is to obtain the corréct value of
i thd neutral ‘pressure @ .level (NPL)a where there is nopressure difference
benchhhthe ineide and the thSide of thc bulldxng (l.ee, Tanaka and.iShaw 198?)
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For’tﬁe value 01 NPL; - the - ame 1Cau Society of HEatlng. Refrlgeratlng. and
{éé Caﬁdittanini Engincprs (ASHR&L reQammEnds ‘the Eollow;ng equatlon (ﬁSHRAE
l)l 2 A i

; ' AR 2 p 1 z
. ' LA ot | E : .
a_* puy TN = . - = A A {

i g 5 TS R . i (;)

i e X

- TR Pr LT e -
, S : o :
R s N J :

f $el By rEE et o S % Wl i

;k Pl % PH B. Student, Depaptment of ‘Mechanicél Englnéérlug,. Y. Lee,

Prahiwr{ ofi, Mechanical Enginegting, and ¥, Tanaka, Adsociate Professor of

JCivil Eﬁhinaerlﬁg,_Unl\erb“ty OLfOttawa, UtLawa, Ontarié, CANADA, KIN 6NS.

, _,, Tm 9lk7him FQR DISCUSSION PURPOSES ONLY. F','JFl mcw u:m m ABHRAE Tn;\Nsnc‘r’ioHs 1985, V: 91, P1. 2. Not o be §

intiged It Whola oriinipert without wrilieh perm{sn: Godisly of Heating;Reirigarating and AlrCenditioning
lnb /1781 Tullls Cleels, NE: Atlanta, nns lmdl lmlustonaw piitendations expressed in this
Iﬁoﬂ! lﬂ lht sutizurisj arm‘ dt ﬂrm nun qr:l £

!‘GWS 0' ﬁs .. ) tf" Wd.

- L

E L

Yips
1 LAt (e
B, f } Mradgi | AL TR




Equation 1 is supposed to be applicable only for a simple case with
"openings at top and bottom levels with no internal partitions between floors,
and derived from an assumption that the flow is inviscid.

Consequently, it is reasonable to raise a question if theémecommended
equation by ASHRAE, Equation 1, can predict the value of NPL accura ely 4 for
actual buildings. Furthermore, little information has been available .until
now as to how the various factors, such as the distribution and*geometry of
the openings, the magnitude of temperature distribution, etc., wouldemffect
the thermal behavior of buildings and location of NPL. . i

In the present investigation, both experimental and analytical studies
were made on the characteristics of the thermally induced pressure and on the
factors influencing the values of NPL for various cases using an idealized
model of a high-rise building with vertically distributed m&ltlopeningswgnd no
internal partitions between floors. .}
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ANALYSIS

As is pointed cut in the preceding discu551on, the accurate- prediction of the
thermally induced pressure distrlbutiﬁgs ;equxge; &he correct valme: of NRL. In
order to obtain the value of NPL, ~“an ahalytical model shown in Figure 1 is
employed. It represents a hypothetical building with n number of openings
distributed along elevations and has no 1nterpgl par;gglons betweqp ﬁgbors.

‘® T LA SN ,.:‘.‘3

For the present work the follow1ng ma jor assumptions are 1ntroduced'

1. The inside and outside temperature. of the building are  constant
respectively regardléss af elevation- PR LI O W C LR
i AT & SR AT G [ st %

£
2. The inside temperature is hlgher than that of the outside;

3. There exist no wind and mechanical ventllatlon actions an the buildings;
and :
' .A‘U . A ‘ ' “““ - g"

4. The flow field— -at the _bpenings: ““is ! stweady, laminar,t and
hydrodynamically smoath transitgibn.

From assumptions 1 and 2, the density dkﬁﬁﬁrence of .,air between °~ ‘the

.-1n51de and theé outside’: caud&8 - by temperafure dlfferqn@es yracross-ithe
exterior wall generates a negative inside pressure differential (P. < P )
and induces an inward airflow at the openlngs below NPL, W ereagu;
positive pressure differential (P, ) and an outward airflow’ at the
openings exist above NPL, This ff%w 1n$uced by density difference canmbe

analyzed using the energy equation.

From the conservation of energy, the following équation can be formulated
at each opening level:
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The subscr1pts i and j refer to the position of the openlngs existing below and
above NPL, respectively, For the case with j, the sign of RHS of Equation -2
becomes negative.
R - i N N
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From assumption 4, the friction factor represented <4in Bnﬁzgidn f an be
given by:



£ o= iutl L omLip - (3)
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Using Equation 3 and substituting its corresponding terms imto the energy
equastion, Equation 2, we have
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. whe M and N are the total number of the openings. existing below and above

L, respactively.

Using the pressure variation in a static fluid and the equatlon of
dgtate for a perfect fluid, the following equation for the stack effect can be
obtained:
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Equating Equation 4 with Equation 9, and using the equation of state of
ideal fluid, we can now have a general equation to give the valye of NPL for

the building in which n openings are vertically distributed.with no
internal partitions between floors as:
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Equation 11 coincides the expression glven by. ASHRAE Equapion L, if we

z:idisregdrd: the térms asgociated with t&é“?iow frlct}eﬁé— tﬁ-openlngsv-: Sed
ivgs e ke 0, . fay - P £ i . .
T ‘From: OVerall inspection:‘of Equat1on 10,41t chn bé ‘séen’ that the %Iue of
NPL has a functional relationship with the varlables as follows: N
: ST 4 y £hUFESTa D
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. I N i L 5 3 : L -_‘v, - z (12)
N 3 : . N w oo Y 2 ~ I N

Since the geometry and temperatures of openings can be determined from
given: conditions, the “solutfion '¢f Eglatiod 11 would be " nL”terms n0f flow
veloc1ty. In the cases with n numbers of vertical openings, as shown in
Figure 1, we will have n set of nonlinear equations in termg, of velocity of
each openings ‘using?® the® %eiaC1onsh1ps of the- massaeéﬁuerva&bmrﬂat*ng&nlngs

from :Equation 8. These“idets "6f the ‘mon-lineaf equatlona are sqlvad usigg a
sUandand tomputatlonalfmethod a+%11able for comauters _‘ﬂ , . “
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EXPERIMENT

Test Section

A plan view of the experimental setup is shown in Figure 2. The system
consists of a main test section, pressure, temperature, and power measuring
loops, and a data acquisition system,

The main test section, which is designed to simulate the thermal effect in
high-rise buildings, 1is made of a copper tube with 50.8 mm I.D. and 18.3 m in

length. In order to achieve any given temperature distribution inside the
test section along elevations, the test. section is fabricated with 20
individual heating  units. Each heating unit is 0.91 m in length and its

heating power supply is controlled independently by its own variable
transformer.

One K-type (chromel-alumel) thermocouple was spot-welded on the outer
surface of each individual heating unit at the center, The outer wall of the
copper tube was then goated .with thermal resistant electric insulation paint
and wrapped with three layers of 50 mm: wide f;berglass tapes., : Seventeen-gauge
nlchrome ‘wires were wound around the pipe in 40 mm pitches over the length of
0.91 m to construct a heating unit. To simulate the effect of distributed
cracks and openings in buildings, six openings are provided on the wall of the
test section along elevations, as shown in Figure 2.

For the measurement of air temperature inside the test section, five sets
of 20.0 mm long, seventeen-gauge hypodermic stainless steel tubing  —were
mounted through the wall for the insertion of thermocouples.

Pressure taps made of seventeen-gauge hypodermic stainless steel tubing of
76.2 mm long were mounted also through the test section wall at seven
elevations, as shown in Figure 2.

The &entire test section was then covered with 40  mm thick -glassfibre
insulation.

Instrumentation and Data Acquisition System

Lo [ . p
Presshfe'Measuremehts. The measurement of the pressure dlfferenceaacnoss
the exterior wall of the test section was made w1th seven sets of pressure
transducers w1th maxlmum pressure head of 1 torr (133 _Pa) and 0. 157 error at
full ‘scale.

One of two pressure ports of each transducer was connected ‘to the
pressure tap of the test section and another port was connected to a 17- -gauge
stainless steel tube mounted immediately outside the test section at the same
elevations.

x Y. { el

‘The slgnals from pressure trapsducers are,:sent -to the:data acquisition

aystem._‘ o vl . e ; ) Y :

» B3
"

Temperature Measurements. , Thirty eight. Krtype thermocouples are used- in
total £o6r the measurement of temperature profiles.. of* the .test ;. .section,
Twenty thermocouples are spot- -welded on the outer surface. of .the :copper-.tube of
the test section (at the cernter of each heating unit) to measure the wall

temperatures of the test section. In addition, eight thermocouples were
provided on the outside surface of the test section to supplement the 20
thermocouples mentioned above. Five thermocouples which are sheathed K-type
152 mm 1long, 0.82 mm O.D stainless steel tubing are inserted into  the

temperature measuring tap of the test section to measure the inside air
temperature along the elevation. Another five were placed outside to measure
the variation of the outside temperature along the test section.



) Control and Measurement of Power: Twenty sets of variable, transformers
with 1 KW capacity, 110 V and 10 A are used. to supply and control the power to
each heating unit. The power is measured by both a dlgltal voltmeter and
ampereméter through the measuring circuits, The measured data -of power
supplied are manually entered into the data acqulsltlon system.; )

i . [

Data Acquisition System: The data acgu451t§q system,,rused in,, r;the
present study consists of a desk top computer with a digital voltmeter, a
scanner, a. printer/plotter and g real time clogck.. . The raw and reduced data are
stored in magnet tapes; hard copies were also made avallable

Experimental Procedures ' i;¥ ‘ _ ‘;,Zé;;et' s s i o
Preliminar The followming preliminary steps are ;taken prier to the
actual experlment for a_given tgst cond1t10n° (l) the electrlc ,insulations of

all wirings of heating ‘units, theée connections of all thermocouples employed,

and pressure transducers are checked; (2) the, .zerq adjustment of all pressure
transducers 1s_made- and-(3) the power,supply and gontrol system are switched
on and idled for more’  than IZ hours to‘ attaln,ﬂ the stabple. Dtemperature
distribution in the test SeCCIOﬁ. el e T, e .-gef;r

iyl 2 . & F

Simulation "of “Thermal: Effect,; wThé glmulation of therma} effect is
carried out tﬁréugh careful “and cautious ad justment of power supply to  each
heating unit with continuous measurements of current and voltages supplied and
the temperature . dlstrlbutloq Along the test.section. This. procedure is
continued until’ the desired gemperature ‘dlstribution lie achieved. with »the
maximum allowabfe wall temperature dev1ation of 3°C at each polngﬁ ;hite -pange
of temperature dlfference acrosa the' wall oﬁ test. sectdon in’ thk -gtudy is

between 25 and "60¢ :C (ZSF 30, EO aqd 60). T R vn;
;JDL% E :9:-;t . TLEeET S 3 Y
RESULTS AND DISCUSSIONS suiiiisa O theal oo 73
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Va11d1tz of Stack’ Effect Equatlop P e R . a Gir e
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: i3 stated earller,wﬁ Equat1on By EA the stack ferf.,fectL equatyonv whiche-was
¥7 iferived From “the équation of statie f1u1d and state of, perfectra . gas, chn: be

used to predict correctly the pressure differentials induced by thermal

effect, _ if the correct value of NPL isaprovided o ; 1.5 -
Sl N 3 . PRSI AR
To evaluate the valld tx pf Equetlon 9 the coefflelent K a~0of the dtack
Tffett equatlon is calculateg using the 1exper1mental'data_ohtakned.ﬁor various
values N IER _temperature dlgferences and, .opening .gonditions- .- The "results
“plotted in Figure 3 ““illustrate that the. value ~of K.+ obtained: _firom
experimental data is found to be in excellent agreement wlth ‘the theoretica
value., The experimental observation,  is shown .to be. approximately 3.3 «x 10
Pa.K/m, and this also confirms the f1nd1ngs of Lee, Tanaka and Shaw (1982)
From this result, we may conclude that the stack effect equation, Equation 9,
can be used with great confidence to predict pressure. d1fferent;al%E.@ngggﬁ_by
thermal effect if the value of NPL is known €orrec¢tly. .
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Figure 4 is an illustratjon of the compariseon. ‘between <thevpredicted and
measured values of NPL. for the cases. with openings: at top® and ibettem. lével
“only.' The prbdicted value of NPL is obtalned ﬁrom(Equaﬁlonrllr The vaiiikse of
the NPL calculated ‘with the correlation - recommended by ASHRAE, Bquation!/idz#are

also plotted and compared in’ Flgure 4. ., . ne el S 9T agunt
= “ o, sc.  enn.uniiioo
s - 'Figuré 5 shows a typlcal comparlson between the prequted'value;of NPL:and

< the™ experimental results,] and ‘the ASHRAE correlation, fam: - the:icases . with



openings at top 4&nd bottom level only. As illustrated in-Figure 4,-the results
bbtained ' using ASHRAE recommendation exhibit a’ considerable discrepancy from
the experimental results, However’, the predicted value of NPL based on
Equation 11 demonstrates an excellent agreement with the measured results.
While the deviation of the ASHRAE recommendation is found to be up to 25%,
the results obtained from the present analysis show less than 67 deviation from
the'*experlmental resd1ESJ1n all cases studied, as shown-in Figures 4 and 3.

The Figure 6 represents - a comparlson of the predicted values of NPL
obtained from Equatiod 10 to the results obtained from the experiments for
the cases with three or four vertically distributed openings. The
agreement between the value of NPL predicted by the present analysis and that
obtained from the experiment 1is excellent. o S

- Slnce Equatlon b recommended by ASHRAE, is for openings-5£~two levels
only, it was not® possLBle to compare it w1th the present results;,

L SR &

"¢ From an ovérall examination of the results discussed’ above, it is found

. that thet analytical model - for the ‘predictiohn of NPL must “consider the actual

v fiow conditions closely, “including *flow channel® geometry. The " significant

disagreement between the results obtained from the ASHRAE recommendation and

the present study may be attributed to ‘the fact that Equat;on 1 is derived for

k invigcid fiow,‘thus negIectlng the ef{ecb-of flow resrst;ncesfalong_ the
P v T e e g et

d ‘“Thei ASHRAE recommendhtion overly s1mplit1es the - Eactors ‘that must be
“iconsidered® im - actual 51tuat10ns and cannot be an accurate method for the
upredlctlng ‘the! value of - NPL in' reallty “It leads to a conclusion ‘that .the
effect of fléw resistance’ on the value 6f NPL is not negllgible and should be
taken into the consideration for the “accurate - prediction of = the value of NPL,
hence for the prediction of the pressure differential induced by the thermal
effect.

Effect of Opening Distributions . w2

A series of tests was performed to 1nvest1gate the influence and
sensitivity of the vertical distribution fof .Ydpemings on  the value-of  NPL,
Figure 7 illustrates one of the test results obtained in the exper;ment for

: variods opening modés: whlle the temperature dlfference acrOss the test section

wall was. kept*constant B : =

' - Y AR s L TR . . - :

Figure 7 reveals clearly that’ ' the effect of "the openlng conditions on the

value of NPL strongly depends on the opening mode imposed. Test Numbers 1 and

12 in Figure.?7 ‘represent’ the profile- of- pressure dlfferentlals for the cases

‘with openlngstatutep or -bottom levél only, respectively. Thls coincides with

ithe:-results, that - ‘can'® be predicted from Equatxon 10 and demonstrates the
accuracy:of the Experlments executed
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The same‘ﬁrends *were obsetved in all bther tests,f“ o il y
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Effect of Temperature Difference

Equation 9 expresses that the pressure differentials induced by thermal

effect are proportional to the difference of the reciprocal of the 1ns1de and
the outside absolute temperature for a’fgiven value of -NPLy; - - & - ==siw

- In iorders to study the efféét of temperature differences on the value of
. NPL, .a-series’ ofLexperlmehts was conducted for various temperature differences,
whilé: the ‘opening  condition’ was kept" constant CA typlcal set ‘of these test
resules. ;i@ pshown it in Figure "8, “From' the flgure, it can be seen that the
pressure differentials induced by thermal effect are proportional to the
difference of the reciprocal of the inside and the . outside absolute
-temperptuge’ as 'expectdd ‘from Equatlon 9, " but ‘the value of NPL is hardly

fﬁlnfluenced by temperature:differendes”for the given vpening conditions.

3



. In all other tests, in which the opening condition was_kept constant hut
temperature differences imposed were varied, the samé trends wére observed as
in Figure 8. -This trend can be also. supported by .the result of the field
test conducted by Tamura and Wilson (1966) in a commercial bulldlng.

From the above observation, we may conclude that the absolute magnitude
of temperature difference (within a realistic range) across _the exterlor wall
of building does not have significant eEfect on the value of NPL but the
thermal effect is mainly decided by the difference of the re61prpcal of the
ingside and the outside absolute temperatures for a given opening ‘mode.

Effect of Physical Dimensions

As has been demonstrated above, Equation 10 derived from the.
consideration of the actual flow conditions asséciated with openings, shows an
excellent agreements with the measured test results in all the cases studjed.
It is therefore possible to evaluate the effect of the physical-dimensiens—of
buildings on the value of NPL from Equation 10. Only the case with openings
at top and bottom levels was considered here.

= 4 & A

In the analysis, the length and the inside diameter of the test section
used in the experimental program, 18.3 m and 50.8 mm, are used as the
reference dimensions of L and D , respectively. 7 - -

Figure 9 illustrates the effect of the vertical ,dimensions of buildipgs
on NPL, where the elevation of NPL is plotted as a function of the
dimensionless building height, (L/L ). The value ,of NPL. seems, Lo . be cqnstant
for the cases of opening ' conditidns studied when the value of the ratio,

(L/L,), is greater than about 0.3. § gpe: o wce 3 <ol o o ocpgr 0 o= 4

,,,,,

Figure 10 shows the effect of the lateral dimension ..off buildings an the
value of NPL, where the ratio of the lateral dimensions of buildings, (D/D ),
is plotted against the dimensionless height for..a.given condition.. It can’be
seen that the effect of the ratio, (D/D ), on the value of NPL is
insignificant when the value of the ratio, fD/DO), is greater thap about 0/,4.

‘It may be concluded from Figures 9 and 10, that the effect . of -the
physical dimensions of buildings on the value of NPL is negllglble when the
values of the..ratios (L/L }tand.gbﬂDd)dvareﬁgrg@gep‘tn@gdpbggg 0.5 and ;Qy4,
respectively. . ‘ ' B )
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Based on the present analysis and experiment, the following congclusions maycbe
drawn: S o

l. The stack effect equation, derived from equation of “static fluid and
state of ideal gas, is applicable for the prediction;.of, the pressure
differentials induced by the thermal effect, prov1ded the value of NPL is
known correctly. R T AT e W s

2. The pressure differentials caused by the thermal effect is shown to be
linearly proportional to the difference of the reciprocal of thelabsolute
temperature of the inside and the outside of bulldlngs. T

PO vy T ot Ree LT =

3. The effect of flow resistance in the flow paths of the openings on the
value of NPL 1is appreciabley,..and its  effect  should, be :takem into
consideration for the accurate prédiction of the thermal effect.

TR
4, The value of NPL is significantly 1nf1uenced by the dlstributlons of the

openings in buildings. MRS 8 ) O



Subscripts

. a

o b

[od

d

Si The effect of the dlfference between the inside and outside temperature of
’ bulldlngs on the value of NPL is negligibly small for a given
distribution of the ;racks and openings, within a practical range of
temperature variatiom. 1
6. f The effect of the physical dimensions of buildings on the value of NPL is
) shown. to be insignlficant where the dimensionless parameters, (L/L ) and
T (D/Ir ), ere greater_than about 0.5 and 0.4, respectlvely. for thé case
' studled o
7. The existing method recommended by ASHRAE to predict the value of NPL is
shown to be inadequate for the accurate prediction of NPL in actual
situations in reality.
o G b
' NQMENCLATURE '
A = area of openings
Vg 578 coeffiéient in Equétiog 3 o
D = diameter of openings
£ = ,friction fact::orj - .
“g 2 acceleratlon of grav1ty
H = height of building from bottom opening
K. = the form Ioss“factdt Fooaues
Kl',s constant in Equatlon 9
"L = the*length*of flow path
‘n’ U= total number of openlngs - e 5
S0 P = Ly o - 3 i3 r
‘NPL =% ‘the elevation of neutral” pressure level from bottom dpenlng
P = pressure
P° = the standard aﬁmospheric pressure
R = gas constant of air o
‘Ré" “= ‘Reynolds number at openings
T = :>temperature
Vi o= flow velocity = &
. & ' 1 iz [ : L
VA = elevatlon of opening from ground

w LRy - {5 $ > z ot ok

LE s Loes e 7 Lgeia n { It vy %
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e = sudden expansion of flow area

f = friction; friction factor

fl1 = form loss

i = position of openings below NPL
in = inside

j = position of openings above NPL

K.E.= kinetic energy

. Y/
out = outside N

e | il - e st 4 A s -

re = reentry section of flow area !
|
X - local; develobing . |
1 = top level i
i
2 = bottom level ? ' ‘
- S A ;
) e N . 1y Lo
Greek Symbols ! T
. . i <
o= dynamlc viscopity
L
o = fT“TH deﬁ?ftr“““' et 8 '"“**?vtﬁrjqff“ T
0 'waﬂ"'“ ERUCIATO o o
© vl 2 5. L BeE .
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