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To p~~i~Uhe performance of a natural'ly ventilated building, estimnf~s of the wind-inq~ced ~urface pressure distribu
tion tire.needed. In urban environments, where buildings are groi1ped closely together, tltese surface pressures will be 
strongly iriflueoced. by the s~rrounding s~ctures. In addition... the sh.eltetmg effect of t!1e ~Llr:omtding b~1_ilt-1~,P envi
ronrtlerit can make 1t more dtfflcult to obtain large enough·pressure differences across a butld1ng neciy:;sary ta·produce 
adequate natural Vt\ntilation airflow rates. This po per describes the results of a wind tunnel ihvestigtftibn of wind pres· 
s·i1re distributions over an a(tached two-story shop or housing unit cot*tined in long building rows of.tl1e vnrie~ thnt. · 
are commonly found in densely populated commercial ~enter~ of So.utheast Asia (shophousc) and nther \l ban· settings 
(British row house). Surface pressure measuremettts were tnnde on a 1: 125 scule model ns a function of .;.,iih<J· direc· 
tion, spacing between adjacent building rows, and building geometry. Simplified correlations ·nre deve4oped; i<t predict 
che measured surf~ce pressure coefficients. The jack roof, a roof-lev~l ventilation device, is a key architebutal feature 
of the test model. ·Using the developed correlations, the characteristics of the ventilation pcrfonnance dftl1e jack root
nre discussed and compared to those for other flow configurations. The jack roof demonstrates significant potential to 
be an eff~ctive natural ventilation design for densely bu~lt-up urban areas. 

INTROOOCTION 

Buildings in hot and J)umi,d cl_imates have been traditionnlly cooled by ventilation. Ventilative air ni6vement ill the 
building interior acts tci.'cool _the occupants in two ways. ·First, it cools the·oecupRnt directly by inc.:rea,sing the cbnvec
tive an? evapor~t~ye hea~ transfer froi;i. the bodr. s.urface. Second, i~ c~?ls tlie occupant indim:tly ?Y ~emoving. heat. 
stored m the hmldmg srructure. Tradrnonal _bmld1ngs a:re operated 111 etther or b_oth modes depenq1 tlg on the cltmate. 
Internal airflows ifl such naturally ventilated buildings can be ( l') wind-driven ,'F.esultirig front the extermtl wind pre -
sure field , and (2) buoyancy4driven,-~sulting from the temperature difference;S betwee·n· the t?uikli ng interior and exte
rior. Even in ret~tively light windS,'llOdunder typical •interior-exterior t~thp~rature <!if(erenc.:es, wind pressure forces_,. 
ruther than buoyancy forces, are the domlilant cause of naturally drive1~ ventilation., , .. 

ln urban e11vironments, where buildings are groupe<:I closely 1ogc1hcr, the· wind-induced , tirfacc rrcssure distrihu-
1ion on a building, as well as the locul wihd Velocity field nround a given buildilig, will be s1ronJ:tly irlflucnc.:ed by the 
surrounding structures. In addition, the sheltering effect o( the stm·ounding built~up enviroritne1!t can make it more dif- · 
ficult fo obtain large enough' pressure differences across a bui.lding necessary to produce adt'.qunte ven,.til~tion liqlow 
rates. 

. Ptevious.relt.1ted .studitrs have l<;>oked at the effe<>t .of ve~_etalion win4breaks ~nc:\ fe:nces on wirtd ~res~ures and the 
res.~liing aif'. lnfiltnttio'n' energy losses/gains in rcsideriti!'l ·housit1g.• Th~ studies- wer:e &me at $1'11.tl(f settle in· it wjrid. 
tunnel (Mattingly., and Petets 1,917)·.and at' full scale 1·n .the fiel.d (M:itti,ngl y'\!t al. .19:79). t?etcrktl_ und Ceimalc ( (975) 
perfqrme?·.a wirtn·.tunnel study o/ .. wih~ velocities In the ':'Va~e~ :oJ fr~~stao.~il1g_ bl,i~d~n.~s. Tl1_e' ef.fed of a slng_le~adj~~· ' 
cent .upwm(i bul14rng,'O:n wi~~ pre-sstlr~s .011 a rectnngular ,_btulj:hng was ,the subject o~ n wlt1d. tunnel study by Peterka er 
al.. (197~). Aynstex .(19?9) d~?rib~d. 1h~. /~1fluynce of n s!ri&)e t1p~~i1:.<! ri;iw of h0t~~d~ oti ti~\.· _h!el\l \ vh1d.wa,rd and ~¢e
WJ!rd ~ur[iJ.ce .P_r~ss~.res ~fa hou~e ~or 11 limited nuln~er .. of Wmd d1rect1l~t1.s ?":di blJ lldttl jt;:it.J<l<.:11%'\: /\ thon)tigH ~evJ_ew _of 
recent w1nd t~l1nel $lud1es:of -~~nd lon~s oh,lo,w 1 rrse. b_L1Jldlr,1gS\vas ref)ol'tea -by 'H_ol~~s (19S3). · ·' · ' • • 
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The effect of a group of surrounding buildings has been studied in a series of wind tunnel experiments performed 
in the United Kingdom. Soliman( (I Q73) studied a 'cuboid and Lee et al. (1979) studiell a Tectangula.r model _at several 
geometric aspect ratios. In both studies, tl\e test model was surrounded by various arrays of idcmically shaped models. 
The results of Lee et al. give re~uctions in surface pressures on the test model as iHunction of building alongwind ·i 

spacing. the layout of the buildin.gs in ~he crosswind ~irection (two gria patterns were' examil:led), and the wind 
approach direction over either layout 'the results of lhe study show w ind pressure reductions of up to 90% resulting 
from wind blockage by upwind buildings. However, there is a variability of 80% depending on the configuration of. the 
buildings. Hussa!!1 and ~e (19~q), gre~en! ~ddi_ti.9.na~ wind, 1tµnnel . r~sults on the st1rface pressure fields and airflow 
re~ime.~ oe!ween ~µildings ~orr~cr~n·gu!at blocks-representativ~ ?f '(ow-ri~i~ buildin~s~'in suburban areas. · · ,. 

.W.ire~' (J 985) hµs perfqr~1~d ~n .ert·t~nsiv«?. wind. t ~;nnel study of 1he wind. press
1
ure effecis on a I· 1_12-s~ory, single-.

fam1ly house surrounded by'1dent1cal models m van.Q"us regular arrays. Measurements were made for an. isolated .. 
model, _rpodel wit'1 on& .\l. i;!~'\nd f[lodel, !]lQq~I with tw'o adjacen1 mo~~ls, and model' within a large gtoup of m6qt::ls. ;(Ji; 

Unlik~ ·1he preyiou$, .. flat-foofed models, the .m~del~ used in Wire j1 's study had a roof pitch ·111glc of 45 degrees. His " 
tests indi.cated that.t.he maxinwm reducti~~'iR' ventilation .·a_irflovl ate, ob~ained with hree rows of ~ louses surrounding ·· 
the test ~'ililsp,' w;1(abou.HO%: Th,e. apqv~ wind · tt}.~nel stMy was1 recently repeated f?,r two-storx te'rrace houses (Wiren -
1987) "; ' '" I 1 

., " '. " • ., . . . I, ,( . : ' '." ',./· 
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· Gi~~n a set of pressure distributio111 d~ta for a bJilding~; simplified ~alculation techniques exist ·for estimating the ·»i· · 
.amount of infiltration airflow through cracks or other smafl leakage areas or ventilation airflow ·through larger wall : 
openings. The internal airflow is driven by the pressure difference between surfaces containing flow inlets an?, ouflets. 
Ventilation airflow equations have been described by Aynsley (1982) for a series of openings without internal flow 
branching and by Vicke[Y (1981) for multiple openings ':"(ith significant internal f1ow branchi11$. The models make use 
of discharge coefficients derived from ventilation duct studies, obviously 'lui apprd imation for typical bi'1ilding venti
lation op~11i'ngs . As with tl}e current wind t~nnel. s1~1Qy, ,~ ,he vast majority of available surface press1,1re dat'a1have ~een 
collected for solid models. The presence 'offlov/'mlets' and outlets ,,Yill influence tn'e· 'urface' prc.sso!f<~ in the vicini1y of 
the opening. However, inves~igati<;>n~ by Vickef¥ e~aL (}983~ h~v~ ~l!own 'that tlie effect of mall openings (less than 
20% cf tctul. ·.v~ll :rreu) en scl!d-bu!ld1ng pressure; d~ta does not s?grn f1cant!y affec! !h_ accur~~cy of the ntiove flow 
models, if the openings are in walls. Vickery did find that the model predictions (based on solid-building pressure 
data) significantly overpredicted the measured internal airflow for small roof-level outlets. More work is needed to 
fully understand the performance of roof-level ventilation openings. 

Although the wind pressure will vary over a given building su1face, particularly near the edges, for low-rise 
buildings these variations will not have a significant effect on vcntila1ion airflow predictions. As a result, a single 
average pressure over an entire building surface is typically used in the above airflow models. Swami m1d Charidta 
~19~1> round that thf error. gr0d4~e4 br u~jpg Qverage vs. 1oc~1 pre~,~ure d~t~_was .~b. out 5,%.. s_ imitar1y, Wiren (1985) 
md1~~ ed an error o.t. _less.tha!) 19ro'.:i: · .· · . ' 

1 

• . • · .. ·'
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Corr<?i~tiqns .of the type' repott~d .,in t~e curh:nr ~tudx, alo1,1g with the appropriate ai_r0ow 111ode.ls, ciin be '~sefolly 
incorporated' into ventilation design manuals using manual methods or small computer ca,lculatio1d echniques. Manual 
design procedures for natural ventilation have been reported by Chandra (l 983), Arens"a1M Warannbe (1986), and 
Swami.&n4 Chandra Gl9:87.). Pre$~µre co~ff,icieot corre{ations can also .Qe added to large hourly simulation programs 
(e.g., ESP) con~ainipg IT/Pr~ ~oph,i.sti,cate:<i ihte.m.~ ajffl~w calculation sJbnJut.~nes (Clarke 1986). · .·. . . . - .. 

'i 

PRESENT INVESTIGATION 

The building to be studied is a narrow attached shophousc, cornmon.ly found in th_e densely populated commercial 
centers of Southeast Asian towns and cities, as well as other urban seuings (~.g . , i.he British rqw. house). Figure IA 
shows a perspective cut-away drawing of the shophouse model, which CO!J!lisls·9if two ~q~niic.~A·~wo-story units 
separated by a central walled courtyard. In the figure, the facing building anq c;O_l)rtya d W!•l!s are· removed. Each unit 
has a gable roof with a small raised roof vent structure Unck roof) at the roof pea~. ShopJ1ous.es are contained in long 
rows of identical units, each separated from its adjoining units by roof parapets'-(Figure 'l B) . 

. As de,~nped aJw.y~·Rrev,i,o~s . ~i1td _!unnel , experirrwnts .9n 1he_in fJ. ~1~,QCe (Qf surroundirig.9bstQt.CJions ,Q~Y.~ L!!H~ely 
(ocused·Ofl · t.~ ~ee-:di~el}~~or)uf '1'.1R9rls (typic; 1.1I J~: ct!.bip t}'iJ ,~l l<l!JC ) sun'oiimled ~~y, . clcmcnts ,< ,r idc1.1 Ji ~pl. si 7.c and -s li!.'rc in 
so~c; _s,gh .of:~riP lHatl~r;µ, ,Tp~. p1\~sept ~~.LJQY. ,>flll l;l.~ dre~~· . a ··.~ori9g1~ra~on itt whic~1 the .,te s ~ ~'u}l~ i qg .~rr,i iJ is loc!j.tscrriear 
the 1111dHl.cr q1f a J.~l'lg b.~ 4f1~g r 1w_! SUf!0~~9e~ ?Y:Plh.t?r , par!lll~~ bu1.J dm& rbws o.f, 1p~_oll <;a ! size ·a rt~ sh.ap~. In this _ 
arr.an~~e;n.t~ ,Wc!n4,rff.eq ts , ~ n: t\1¢ ~!fl'l'.l.~9~aJe)1\9.111.ll Y. C?f. th.e 1t~st_t110d~e.J .~. t 11, ~e Jargf !Y ipdtpcn?en (.~> f'. ~l_1 e:5 11ds o( the ... 
bllt~di~:g T.OWf .~p_ o~her w_0;rCjs, the .p1qs~1.9.n . B,f: ~~ e. uo1t wJtl)m1.tJ.\e I u1 j(JJ,r~g ;~ow ~tll np~ 9·e a s1gn1ffctl1H parameter, · : 
which 1s ~xpe~ tefj. ~o be t~e case f9r .,a'.J~g·e. n;lflJ<?X•!r of su~ l~ ~119:P; l1ou~¢s;~ .. '.. ,,· ~ · . : 

-, 



., 
A key archiiectural feature of ~he' shophouse design is the jack ro'of, designed to promole ventilation airflow 

through 1he building. Tbe position,ing of the jack roof at the roof peak is crucial to its ventilation performance, partic
ularly in built-up urban environme.ots ,where surrounding buildings can have significant shielding effects. Proposed 
correction factors bas~d on generalizyct shielding indicate that the ;yentilation airflow rates can be reduced by a factor of 
lwo to three in tyvical mb~1 setliug:s,. c.:ump';lfed Lu those for the same building iri :exposed, rural terrain (Sherman and 
Grimsrud 1982). . ~' · , . · .·. , .. 

' ·~ ' ,, 

As shown in the schematic flo.w 
1

diagrams of Figure 2, the Jack.roof can b~ ppera~~d~in ·several different m9oes.' 
With both sides of the jack roof open·, wind-dfiven airflow through the jack roof'wiH induce hir to be extracted from the 
building (Plgure 2A). The perfonnance of roof ventilniors using 1his principle has been studied by Wannenburg . 
(1957). If wind ent~ring the windward side of the jack roofis diverted dow·n into ,(he 'building .(Figure 28), its ventila
tion prin<?iple will resemble that of wind towers cominonly found it) Middle Eastern arc~!tedtur'e (I).ookhash 1981). If 
only the leeward side· of the jack roof is allowed to .b,e open, tb~ strong .negatiye ptessure's witr'r1~~niqte the suction of 
air out through this sur(ace (Figure 2C). One jack roof design of 1his 1'ype hlis qeen describtd hy f-'airey a1Jd Uettcn
court ( 1981). A model of a full-scl\le laboratory buil<!.ing in·corporating a j(lck roof hns beeh the ~ubjecf. of a, wlh~ .. 
tunnel investigation by Cermak et a1. (1981). Vickery et al. (1983) perfoniied Wind tunnel experiments to co01pare tlie' 
measured ventilation airflow rates through a ridge vent (located on the leeward side of a standard gable roof) with those 
predicted by a simplified model for cross-flow venrilation. When .little or no winqs are present, all jack roof configura-
tions are eff6';tive at pr;o~oting stack-driven ven~ilation (Figure .20). .. ., :._' ' , ' 

'· Tl~e objec.tives of the current studY. are to: . ' l •• t 
. ; ,. 

1. Determit;te average wind pressu'~s on 'tJJ.e' extei;nal surface's of a shophouse l0;eate'd iri a t,Ypical urba
0

n . . ' . .. , ~ . 
environment; . . · , , . . : 

2. Dev<?lop si!Tipli~ed ~OIT<flations, to_ predict ti e . average sur~ac.e. pre§~U~e . soefficients as i\ :function ?t building 
spacmg, ~md directton, and bmldmg geometry; and , .. ' 

3. Study the potential ventilation perfonnance of, the jµck roof desj~ni. .
1 

_,. ••• 
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EXPERIMENT AL METHODS 
.,. \' 

,. 

Boundary Layer Simulation 

The study was conducted in an open cir~uit, boundary layer wind tunnel (BLWT) lgca:ted in ·a uqiversity laborat6ry 
(see Figure 3). The building configuration under investigation in the current experiments can be characterized as ii'ldw ' 
urban environment with long rows of relatively closely spaced two- to. three-story buildings e,xtending for large 
distances in any direction. TIJe ~pproac)ling boundary layer flow was siqmlateq in !he wind tunne) ).!Sing techniques 
similar to 1hose described by Cook (1982). . ·· . ; . '. . · .· ·. . 

- .. I ~ . .. ~ ; 

Velocity and turbulence intensity profiles ~ere'measured in the wind tunnel at the:ftont e~tgeofthe ttfrntaBfo·to · 
document the approach wind conditions. These measured profiles' are presented In Figures 4A a1id 48. The velocity 
data were used to produce a regression fit with the logarithmic velocity profile for a thermally neutral atmosphere 
given below: 

U(z) = (u•/k) ln[(z-d)/zol ( {) . 

U(z) = me?n velocity at heig~.t z (mfs) 
u• = friction velocity (f!l/~) .. 
k .r= von Karm~n's r9DStant (0.4) 
z:o -= roughnes~ lengtb (m) 
d = displacer'nent.peight (m) 

1 
. 

:-1 
l· . : -. 

.-

The regression fit i~ , Figure 4A prqduced'a ro~lghness leng'1h (zo) .of o.'~9 in (4:ff m'm) (fufl -sca:le'Zo = 2.0.:fr(0.6 .mD 
for a displacement h¢ight (d) of2.0 in (50 riun) (foll-scale q = 20.5 ft ·r Q.25 m-1t .well , withi'n lire il<.:teP,teq rai'fge of . 
values prescribed by Engine~ring Sciences Dat.a Unit (1982; 1;974, 197~ , 1 .9~.~}~0r low qrb;tn..tc1·~:ri1i .S lrf Fi'g~ir~ ~B the 
measured turbulence intensities q~rrespo,nd well to va\ues recomm.eilded by E"St?l.J :(1984}', or11h.e lg w_ei: rygjon gf the 
atmospheric boupd~y layer. Th~ power·spectrum was me·: stired ilt a he'iglit of 5.9 in .( ~5(Vin 11) ,111cl 1fr11~tied 'to~that 
recommended by ESDU (1974, 1975, 1985). Using the nict!fotl described Q.Y_<:!o,QR 0978), tli l:"s.i. 1111ila

0

tl.:~ l'. 1ui'.Oul~nc~ · 
scale, and therefore the most appropriate model scale, was ·cnlcula1cJ to be 1:'130, hn 'exC'elk11t i11:11ch wi1)1 ·1fie•motlel 
scale used. 



Building Models · 

A model containing t~o identical building units was fabricate<;l ~ut of 1/8 in {3;m) acrylic sheet at a scale of 
1:125, based on the typical shophouse configuration shown in Figure lA. The ~-.yo model uni\s were connected by a 
central courtyard area and, together, represent a single attached ~hophouse unit located yvithin a Long double row of 
similar building units. Each double row is separated from adjac~~1t identical double rows by a ~p;1ce representative of a 
street or alley (Figure lB). The key architectural features of the shophouse model ru:~-;as follows: . 

: ·' · " _ 'J 1 · . ·< ·_, . .;·r ,_. 
-- The pverall dimensions of each model unit are H ,= 3.1 in (80 mm), L = 3.1 i1Ji(80 mm), and W = 1.6 in (40 mm), 

representative of a two-story shop house, 33 ft (IO m) high to the top of the jack roof, :n rt (JO m) long, and 16.5 
ft (5m) wide... . "·:·,!. , , 

-- The roof pitch angle (ex) is fixed ai. 20 degrees. . . , . r " . , ,, 
-- A 0.24 in ( 6 mm) high jack roof (215.;n [O. 7 5 m] full s~ale) i~ l<~cated at the rpof peak and covers the top tijird of . i 

the roof. '.' . i . '. · _ '..' . . I : c . 
-- Parapets, equal in height to the jack roof, extend along both sides of the pitched rqof, s~parating;c;ach adjacent . "' 

shophouse unit. 
-- Both the jack roof and parapets are remQvable, all9wing altema~e roof configurations to be inve~tigated. , . 1 
-- Each central courtyard is separated from adjacent courtyards by walls of variable height . 

The surrounding building models were all constructed from extruded polystyrene foam board. The 1: 125 scale 
model produced a maximum wind tunnel blockage of 4.9%. No corrections were made to the pressure measurements . · 
obtained with this configuration. · · 

When the height of the surrounding envirof1ment (adj~e11t stn~ctures, tree~, et<::.) is on the same order as the.heigh 1 

of the subject building, as in .the current; study. th¢n the surrounding; buildings mus~ _also be modeled in-detai~ For lo,w-' 
rise suburban terrain, the extent of this modeling is recommended to be a radius of ten building heights (Ayns!H>I 1983), 
T ... •L.- .,,..,. ___ .. --..J-1 ............. _ ...... --...... ...1!-- 1... ... !1...1!-,...., ........ - .... --...J,...1..-.....l ........ 1 ........... ..J ....... ..... C .. t.. .... •··-•.-..1.....1 .... l .. ~···: ........ ,. -,.A! .......... & 'l 'l C .. /1 
J.11 uu;. \..IUl.1\;-JU U.lUU\;o.l il\..11.U}I, ilU.11.UUUUJ.115 uuuu.1115.3 VV\..-.1\, UIVU\..-.1\..-U l.V Lii\..- \...UO'-' VI. Lii\; lU.lllLUUI\..-, llllV.1115 a 1aU.lll.3 VJ. ...J.J u. \1. 

m). Further upwind of the turntable, general roughness'"t:lements on the wind tunnel floor were used to simulate the 
characteristics of the approaching boundary layer flow. 

. . •'' 

None of the ventilation inlets and outl~ts (e.g., window~ or jack roof openings)was inclucl~d in the ~od~i~. 
Rather, pressure taps were installed at the appropriate locations on the solid model surfaces. Figures 5A anfi 5B are~ 
exploded plan views of the two models showing the pressure measurement (tap) locations for the standard roof and the 
jack roof designs. During all tests the models were configured such that Model #1 was the upwind rriodel aryd Model 
#2 was the downwind model. For each model unit 18 taps were monitored for the Standard gable roof model, and for 
the jack roof design~ an additionaH taps for a tot1tl of 22 taps were monitored. Tap locations were sel€9ted t_p allow the 
measured pressures to represent ,averages over areas of equal size on a given model surface. · 

. :(._ ,\ , 

Pressure Measurements 
\)1 -;;..: 

Pressure measurements were made with two differential pressure trar~sduc.eijs. Om;;transduccr monit.ored the pres
sure taps on the model surfaces. The taps were connected via equal lengths of 0.063 in (1.6 111111) O.D. vinyl tubing to a 
pressure switch.that allowed up·to48 pressure lines to be connected to a single trµnsducer. The second·transducer 
monitored:the dynamic pressure·at the referenGe location. A pi tot tube suspended f1pm the ceili11g (see.,Figure 3) was 
used to measure the. reference conditions. With a me<IO .refererwe velocity at the pilot tube of 17, I 0 fprn (8.7 m/s), each 
pressure measure.ment consisted of sim.ultaneq,us readings from the two pressure transducers. The trnn~ducers were 
sampled at a rate .of 30 readings per second for a duration of 3.0 seconds. ·Upon switching to a new port location of the, 
fluid switchwafe{!;·a·defay of 15 seconds was implemented to allow the line·pressur,e to stabilize at its new mean value. 

In the ~u~enit :study the pressure. coefficients were normalized by the dynarm~::p.re~~ure ~t the equivalent 33-foot 
(10-meter) height, the most common weather station height. This allows the results t.o be r~lated to full-scale condi
tions. Since simultaneous measurements at the 10-meter full-scale reference height (80 mm at wind tunnel scale) could 
not be made wiithout disturbing the. model measurements, th~: pres·sure coefficient wa$· detennine9 in two. stag~~ .as 
definedbelowf ::::1, .,, ... , J c;:·1 '• .. · · ·· . ;',~'. " . :·. 1; •. 

.. 
' ~ j : l '\ r I 

('~·~ .- "~ •,: ... .-, :! ;, ·q,, ::Z:.(P~Ps)/(0.5pU102) · · ··r; '. I 
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Cl' =mean pressure coefficient normalized by dynamic pressure at equivalent 10-mcter height 
c;,,ref =mean pressure coefficient normalized by dynamic pressure at stationary reference pitot tube 
P =mean pressure at building surface (Pa) · 
P, =mean static reference pressure (Pa) ,. 
Pt1 =mean dynamic reference pressure= Pi-Ps (Pa) 
P1 ~ mean total reference pressure (Pa) , 
p = density ofair (kg!m3) 
D = dynamicpressure height correction factor (9.47) 
u 10 =mean velocity at equivalent 10-meter height (m/s) 

In Equation 2, Cp,ref was measured directly as described above. The dynamic pressure height correction factor, D, 
was determined from a separate measurement with a. hot-film anemometer placed at the equivnlent 10-met~r height (3.1 
in [80 nim]). The static pressure was assumed to• be· constant at both the reference and 3.1 in heights, and no static 
pressure correction factor was applied in the equati9n. All mean surface pressure coefficients presented in this repbrt 
are of the form defined by Equation 2. " · · 

Full details of the experimental methods are described in Bauman et aL (1988). 

PROGRAM OF STUDY 

Building surface pressures were measured-in response to a number of parameters varied over the ranges defined below. 
R~fer to Figures 6A, 6B, and 6C for illustrations of the typical model layout, roof configurations, and courtyard 
configurations. . . f ·. 

•' . 
1) wind direction (0): 

2) spacing between double rows (s): 

3) courtyard spacing (sc): .· I • 

4) courtyard wall height (he): 

5) roof configuration · 

= building height 

. .. 
"· o·, 1,5", 30°; 45", 60"~ 75", 90° from tionnal 

S = s/H = 0.5, 1, 2, 3, 4, 5 
;f' ' 

Sc= sJH :::;0.25, 0.5, 1 

He = hJHc ::::; 0, 0.5, 1 '· 

a) without jack roof, without parapet (NJ;NP) 
b) with jack roof, wit.hout parapet (J;NP) 
c) with jack roof, with parapet (J,P) 

:. 

H 
He = eave height (maximum courtyard height) • ~ f • ' !~·. ·' 

: . 
" . '· 

·. 

" 

... 
For each of the above three roof configurations, seven wind directions and six row: spacings were investigated for a 
total of 42 measured pressure distributibns. During each series of tests, the courtyard was he kl at a; fixed configuration. 
For the standard· gable roof (without jack roof, without parapet), this was Sc= 0.5 and He = (•). f'or the two jack roof 
configurations, thi;s was Sc= 1, He= 1. Variations· in the courtyard spacing and geometry ·wcrc studied only for a fixed 
upwind row spacing of S =· 1 and for thejack roof with parapet roof configt1ration. These prrn:edural simplifications 
were justified (I) due to the ·observed insensitivity of courtyard sllrfoce pressures to variati1111s iJi ni.w spacing (S), 
(2) due to the relatively small effect of roof configuration on courtyard surface pressures, (3) due to the very repeatable 
dependence of courtyard surf ate pressures on wind direction, and (4) in the interest of redu~i ng the number of wind 
tunnel tests to a manageable number.,. . ' ;. ·!, 

I , 

In the current study, for each of the major ventilation surfaces (i.e., smfaces :where ver1t_ik1tion inkts and outlet$'' 
would typically be located), a single surface averaged pressure measurement is reported. Due to the largely two
dimensional geometry of the long building models, pressures showed little variation laterally across the front and back 
facades of the models. For these surfaces, a representative average pressure could be obt~ined from the two centrally 
located taps. In addition, localized pressure coefficients on both vertical smfaces facing the central courtyard were 
found to be very.similar in magnitude for all model configurations.tested. For ·this f6ason a single average courtyard 
pressure coefficient is reported. The individual taps used to produce the average pressure for each surface are 
identified in Table 1. , , · 



RESULTS AND DISCUSSION 
J :H"' .. 

Correlation Development , , 
l • - • ; ~ ' 

~ ' . ' ' "}. ' :. " ) '; ~ :. ' : 
The pressure measurement results have been analyzed using ·~ ·PC-bas~d data anaJysis :u~d grnphics program. 

Using a step-wise multiple Ho.ear i::egressiQn fittiqg routine, simplified correlations have been clcveloped, as~ func.ti,on 
of wind direction and row spacing, which predict the average pressure coefficients for many of the surfaces with a high 
degree of accur@Y. AU cottela.tion equatiQfls .took:the same g~neral form that is giyen below: , , 

f; 

(3) 

: · q (i ·= b, l , •.. ,N) are constants d~fined iri ·Ti{-bies. 2 11:1nd :f 1 
• 

L Fi (i, = 1,2,. . .,N) .~~ functions detJ;neq,.,in Tables .2 and 3 . . •. '- . . 
.'. 

,, .. . • • • . / • ~I, ,. • • 

Table 2A preseni$ the correl11itions for tl;ie stanoard gable' roof building (NJ,NP); Table 211 presents the results for 
the two jac~ roof bui(dings ((J,NP) ario (J,P)); 'and Table 3 pre epts t~y re~\Jl!S for the variable courtyard configqtation. 
It was .found that for mo~t buildin.g sH:rf(~es the; pressur~..roefficie~ts ~oij1d. oe correlated with only three or fewei
tem1s m the above equation (all s1gmficance levels were< 10·4). One t~rm (Co) was a con tant. The "cos20' tem1 was 
use.d to account for winµ angl~ depe,ndence . . The ",cos9 * S" and "cos0 j* ln(S)" tef0'!$ account for the dec.:reasirig.effect 
of spacing at larger wind angles, when ~he wind.is chan~eled down the streets. The "cos2(0-rr/4)" term r'eflectS'the 
observed. peak pressures on the front jack roof near a w,ind angl.~ of 45,·,. The "He * ~c" term in Table '3 atcomus for lhe 
increased sensitivity to courtyard wall height wil'h'increasmg coi.inyatd spacin~. In 'the correlation table~ .. and following 
figures, the model configuratiops are identified ricc.ordi.ng to .the key ~hown i(I Table 4. 

' . . .. 

Pressure Distribution on Model #1 
. . ~' }_ . ) ~ . ! . ' 1. 

•1r, d'" •· • i I • • i· ' , . ,, . ,"' 
Figures 7 A and 7B illustra.te the characteris~ic~ pf \he pr,essure ~istribution over Model #I (upwind 111odel). for ony . 

mo~eJ CQ~figuration: jac~ roof with parapet and ·.up.wj ~~. spa_~ip~ of$ = 2. Figure}~ shows mean ptessi1re co~f(icienr~;; . 
as a function of tap location for the front of Mooel)O ,.anq Ftgpfe 713 shows the results for the tmck of the model. The 
results are show.n for1three ;.>Jind directiQns (0°, 45°.'.and,90"). Note t!JJH the lines on both figures do not rcpres:en~ · 
measured ct11,ta but are .shoy.in onJy to iUustrate the trends in t.h~ 'resu)Js,. The observations are as follows: ~ ·' ''· . ...... . . . . . . . .. ,, 

1. Pressures on the windward side of the model exhibit large differences Between individual surfaces. ·This ls' due 
to the stn>ng/.'ncjdent winds op .someiof the surfaces, along with flow. S(!P,;tration. nt several locations,(front edge 
of lower.,roo ' top of jack roof and, for wind angles "of :.;i.s·. a11d 90·. top of pa~apets) . i ... 

2. In. contrast: the press~res· on the leew¥El. ~isfe of the .rnod~f.are nearly con~cari'( q.t ~II fa~: loc!'l,iQ_p-. t'&· a ~iven 
wmd .~ng.le. This cleartx qe~9nstrat~s"~ow the wa~e ~eg1qn ·,~n~ompass~~ the en ~tre . lee.w:\f'd s1,de of the model. 

3. At 90 wmd angle, the pressure coefficients for both sides of the model are very net\rJy eq1.inl and ·1pproach zero. 
This is an expected result as the wind is channeled between building rows on boih sides of the moael. · · 

4. The largest pressures op the wiridward side. of tt\e model are obtained fqr .a wind direction of 45· on rhe low1r 
front roof (taps #8 and #9), and on half of the front jack' roof (tap# 12): In both cases, the presence of the para
pets strongly i.nfluences the pressures at these locations. These roof pressures wHI bt; inllucnc.:ed by changes in 
the roof slope (a= 20· in current study). . . 

5. The largest negative pressures on the leeward side of the model occur on the jack roof, due ro its close proximity 
tp the s.tro~g separation from the roof peak.1 , • , , • 

6. For the o· w.ind ~n~le, all pressure poefficients on the windward sid~ of'.the model i1r6 negat ive or zero. This , 
i~diP.ates l.liat _yven ilt an upwind' rpw sp'acing of S = 2, 1h1; front of t\1~ niodel 'lies in 1111.: wake regiun of the 

.. uif v,;inq nio,del. 
1 

• 
~ • • .. I' • 

• . ,, :·j :: ' 1( ' . ·• ·· 

Figures 8A and 8B present two exadJples bf n1easured dab a'.nd 'tf1eir c~mpariso'fi to the bor:relatlon predictions of 
Table 2. Figure 8A presents results for the front facade of Model #I with the jack roof but without parapets (J;NP). , . 
The observations are as follows: · · - · · ' 

1. The results follow similar trends for all three roof dis'lg;it ' · , · · :_ ' : ' 
2. Pressure increases with increasing spacing. At small spacings and small wind angles, !111.: front facade falls in 

the wake region of the upwind building row, as indicated by the large negative pressure coefficient's. 
3. As expected, as the wind direction approaches 90°, the wind is channeled down the streets between the building 

rows, resulting in similar surface pressure coefficients for all three model configurations. The results approach 



) 

zero at 90" for all spacings. --
4. For the two models with the jack roof, the existence of the parapet had very little effect, as a single correlation in 

Table 2B was used to fit both sets of data. 
5. The model with the standard gable roof (NJ,NP) showed slightly higher pressures comparedito thel_'wo jack roof 

models. This was particularly evident at small wind angles, where the shielding effect of the taller upwind 
building row (with the jack root) was strongest , ·' 

6. Excellent agreement (R2 = 0.95) was obtained between the measured data and correfation predictions . 
• /, ,! { ) ; ' 

Figure 8B presents the measured results and the correlation predictions:fot the frontjack' rnof for Model #1 (J,NP). 
The observations are as follows: 

1. The results are much less sensitive to upwind spacing than the front facade, as the jack roof is more consistently 
exposed to the ambient winds. 

2. At o· wind angle, the pressure coefficents are either negative or clC?se to zero, demon~<>trating the sheltering effect 
of the upwind building row. . · .· . ' 

3. The figure indicates that for spacings in the range of 2 to 3, th1e measuted presstiri!s are approaching their maxi
mum values at a wind angle of around 45". Increasing the upV'ind spacing any further does~ not produce a 
Significant increase in pressure on this Surface. If a .design OOjective i1s fo' maximize preSSllr!f'Oll the f~nt of the . 
jack roof (presumably to increase the inquc;~d volume of ,airflow from the bujld!ng interior o'ut the back of the 
jack roof [see Figure 2A]), a spacing of S ;f 2, to 3 may be close to an ~pdm~ri cho~ce in urban areas where large 
spaces between buildings are not an option. ·. - .; · ' · . : ·. · 

4. A corripariso~ '?f.the data in Fi~ure 8B with results for the, fronl jack f9'?~ frof.11 the p1odel h<~~ing par~pets (J,P) 
found the sut]msmg result that, although local pressures were strongly influenced; the surfac'e-ayeraged pressure 
coefficients were quite similar in ~agnitude. A s~itglle co~!elation fort~~ frontjackroo'f (with and wi,thout para-
pets) is reported in Table 2B. _ · ; ·· . · . · . · · " ·" 

5. The influence of the more complex geometry of the jack rdof made it rriore difficult to achieve as 'accurate of a 
correlation fit (R2 = 0.84), although reasonable agreement was obtained between a single correlation and the 
results of both jack roof model tests (with and without parapets). 

Measurement results for the other three surfaces (back jack roof, back facad~. and courtyanl) are not pi::esentecL, 
here, but the correlfl.tion equations in Table 2 indicate similar trends for all of them: Since. these surfaces were within 
the "_Vake region ,of.the !mmediate ~P.-"".'ind building, ~ll e~erie11c.~'~ lar?~ negative P.res~ures a~ ndr~al wind ~ncide~ce, 
making them good chq1ces as venulat1on outlets. Pr~ssure co'efflc1ents in·creased with mcreas111g w1pd nngle, · . 
npproaching zero at 90°. Pressures were found to be 'virtti~lly independent of upwind row spacing (S) for' both the b'ack 
jack roof and back facade, as excellent correlation fits (deI)endent only on wind direction) were obtained. Courtyard 
pressures were only very weakly dependeqt on spacing. 

. - . , .' . ,; 

Table 3 presents the correlation equation for the couriyard pressure coefficient in r~s1\(l11sc '10 variatio'ns in court
yard wall ~eight (~c) and cqurtyard ~paci'n.g (Sc). The resulis"were obl~!ined fr;>r an upwiud 1-0.\y spacif!g of Sb 1 and 
were foun~ to be only wea.kly de.p.~ntlent on the cour!yard g\!omctry. A ful'l ~ height. courty1trd wall (He =- 1) does pro
vide some .amount of protection in the coµrtyard, 'slightly redu.cing the pressure coe'fficier1ts fdi-, II wind diW~ctions, 
especially for larger-sized coudY,'ards. ' .. - , . 

I 

All measurement results and further discussfons &re c'o.htained in Ba ti man et !ii.. ( 1988). 
I \ • - . I - ~. . , j ~ ' 

Use of Correlation Tables 
. . ( 

The correlation equations contained in Tables 2 and) cun be used to predict averag~ pi-dsun!.'cocllicfen'ts'bn' 
similar full-scale long building row~. - Th~ ,predictions rite applicuble to building u'nits locatt;tf 11wl

1
1y_ from the influence 

of the ends of the building rows. For all surfaces ex.cept the courtyard, average pressure cocf!icier'lts ca11 b~ d1~tllated 
directly from Table 2 for the given building configuration. For small row spacings, 0.25 $ S $ I, use the' appropriate 
correlation with S = 1. 

Example 1: Find the average pressure coefficient for the front facade of a building witii a jack rC>df-'(With .Or wit hour 
parapets) for a wind angle of 45" and an upwind rqw spacing of 2. 

' ' ' ' - ··; i 

From Table 2B: ,. · 'I ', " . _ .. ~ .. ' - : -. ·< :; '. ! 

c;, = 0.062 - 0.945(cos 45")2 + 0.237(cos 45")~2) 
I ' r f · 

c; = -0.015 
. ' ,f• 

,-
" ! . 



The combineddfects of courtyard configuratio,n (Sc, llc) and upwind spacing ~S),.can be computed using both 
Tables 2 and 3 as explained below. In performing this calculation, it is assumed that these effects .are additive. · 
(I) Use Table 3 to determine the value ofCp for the given values of Sc and He. (2). Add the additional contribution due 
to the effect of upwind row spacing (S) Jr9m Table 2. This. corresponds to only the one term in 'fable 2 dep,endent on S 
and only for the contribution for S > 1, the value of S for which Table 3 was derived. (3) Add the results from steps l 
and 2. 

" ' , ~ . ' . ~ 1' -

Exa~ple 2: Find the average courtyai;d pressure coeffii:;ient for: the following configuratio11: 
8=25°,S=25,H~=0:5,-Sc=0,7~. . , .. .,. ~. · . 1 

•; . , •I I 

(1) From Table 3: c· • ,j ' ; " . I . 
.. ... ' ; • !• 

.1 _y · 
,_, ·,1 Cp(l)= -0.47l(cos 25°)2 - 0.147(0.5)(0.75) 

'l [> :;1 ;. j 
I > • ~ \~ 

Cp(3) = -0.442 (' 

(2) From Table 2 (spacing contribution only): 
r . 

Cp(2) = -0.057(cos 25°)(2.~ - l;) 

.r · . ·1 

I' 
., 11 

(" 

... 
1 .. .· 

Cp(2) = ·0.077 
.. T ', I 

,.!• f 

(3) Total pressure coefficient: ·' ,i(' 

' ...... 
Cp = Cp(3) + Cp(2) = -0.52 

- !! l, .... 

'"'~ _ ..:1 n _________ T'\.!rr _________ "IT ___ ... !t_ ... ! ___ n_ ... __ ... !_1 
vv lllU rrc;:s:surc; u111c;1c;11~c;:;; v CllLUi:lUUll rULCllUi:ll 

Given a set of pressure distribution data for a building, simplified models can be used to estimate the arttoufit of 
cross-ventilation airflow through inlets and outlets located on the building walls. The equation for calculating the air
flow through.a cross-ventilated building with one effectiyejnlet ~nd Qne effec;Hve.outlet is given below (Swiµni and 

1 1 . 

Chandra ~981). · . . ; ·· ·: ' i: '"'! .. - · . , · ?r • . , .. 

·1 : 
Q = Cd~eUrer(LlCP)°ti2 ,; 
. , 

j l.J ::/ 

=airflow (m3/s) 
= discharge coefficient 

'· 

. ,, 
' 

=effective area of inlet!l;fld o_utlet (m2), .. , 
= pressure coefficient :dj(f~J]!nce across th~ inl~t a~nd ou~let 

, • 
.. 

J 
I . 

. ' 
'.I 

: . i 

\ 
.; ' 

• ... '. ·:' • . ' ' .•. - - "f-

Using Equation 4 as.a· guide,. the relative ventil'cltion effectiv~;wss 9f vari9us com°bi'qations ·~f stiff aces has been: 
compared by calculating the square root of the mean pressure coefficient differences between the selec_ted surfaces. · 
Although: the specific-values of the. discharge· coefficient, inlet and out!~~ areas_,.and reference velocity will directly 
infh~en~e; the obtaine~ airflow volume, ~n anal_ysis· of.(Llq,)112 hel,ps to. clarify ~~1e characteri :; t ic performance of the 
venulat1on configuration. In the followmg senes of figures, the quantity (6CP)/16G-l:12,. based on the developed• 
correlation predictions, is plotted for select~d pairs of surfaces on ,the front and1bac~ jack roof ar~d front and biick 
facades of Model #1. By using this quantity, negative values represent a reversal of the flow~,<)ircction through the 
building. Note< that the back facade of Model #1 is part of the courtyard. 

~~· i .... : / l . . :. , : . -1.: . (J '. ., . ~I' , .. , . r • ~-

Figure 9 presents the pressure difference coefficients between.the front and .bitj{ f ~~ades or :t'~e n;iodel wi_th the 
standard gable' roof (NJ,NP); Witho.ut·a ventilation opening on theroof; .. this is)he mos.tnppropriate wind pressure 
difference to drive cross-ventilation of the building., As expeGted, the pressu,r.~ difforence increases with increasing 
spacing. At upwind spa,~ings·.of S ~' l ,:the .ventilation potential ris negligible due to tlw strong-she~ter1~g effect: of the 
adjacent buildings. . 'J'J : • l' · .' 

(4) 

Since the back of the jack roof tends to have the li\rge·iH 11eg~t•yerpres~mre~:-fpr all le1::,ward l~u.iklipg surff\c;es,,usirig 
this surface as the ventilation outlet will improve the potential ventilation airflow (see Figure 2C). Figure lOA shows 
pressure:c;tiffer'imce tesults betwe~.1 theJropJfacade and back. Qfi H~e j:wk ·.r~,p(.:_: :l;~e pr\!SS!Ir:e di !.'('lfl"e!lq~~'Jare quite,' ' 
comparable to the previous results for front to back facade (Figure 9), although larger values a{e obtained at the 1snrnll
est spacing (S.::;;l).r Figure lOB ,shows pressure difference:res.ulJs:bctwe~r;i, t.he back fat:ade and 1 he ,back pf thejac~ r,<?,of. 
The lower pressure differences are indicative of the fairly u11ifom1 pressure dis.tributiqn oyer all leeward surfaces of the 
builmng, although.someyentilation potential does ex:i&t. ·~ .,, i }' , .i .,. . · 

~ i . ) . · I 
: 1i '}! •• ,• ·' .. - I :1:_ ' 



· In the above flow configuratiqns as well as others 'incorporating the jack roof, it must be kepit in mind that the 
accuracy of Equation 4 for roof-level openings may be unreliable (Vickery et al.1983). In additinn, the smaller size of 
the jack roof compared to typical windows in the building walls could reduce the effective inlet/outlet areas. However, 
in the example discussed above (Figures IOA and lOB), both the front and back facades of the building can act as flow 
inlets. ·· . " . 

If the front of the jack roof is used as a ventilation flow inlet (Figures 2A and 2B), generally higher pressure 
differences will be produced at small row spacings, as this surface experiences.higher ptessure·s than the more shel
tered front facade of the building. Figure l IA presents the pressure difference results between ·the front jack roof and 
the back facade, and Figure 11 B presents results between the front jack roof and the front facade. In both figures, it is 
seen that higher pressure differences exist at small spacings compared to the previous flow configurations discussed 
above. In fact, che pressure differences between the front jack roof and the front facade attain their maximum values at 
the smallest row spacings, when the front facade is heavily sheltered (Figure 1 lB). For the jack·roof .fo be used effec
tively as a flow inlet, the roof slope must be large enough (20• in the present study) to produce positive pressure differ
ences between the front (windward) jack roof surface and the surface(s) containing ventilation outlets.'.. 

Figure 12 shows the pressure differences between the front and back of the,jack roof. A strong airflow directly 
through the jack roof could be used to promote ventilation of the building by entraining air from the spaces below the 
jack roof (Figure 2A). If air is diverted down into the building, the ventilation principle would resemble that of a wind 
tower (Figure 28). The cross-ventilation flow model (Equation 3) would clearly have limitations if applied to either of 
these two flow configurations. Nevertheless, an important performance characteristic of the jack roofdesign can be 
identified, as the results of Figure 12 are very insensitive to building spacing. This has important implications for use 
of the jack roof design in urban environments where buildings are often located quite close to each other. If an 
adequate ventilation airflow can be achieved for this configuration, the jack roof may be quite consistent in its ability to 
provide ventilation over a wide range of building spacings. · : , ., 

' ·~ , ... n· 
CONCLUS~<?NS 

. .. 
Wind tunnel measurements have ~been made of the wind·pressure distributions over an attached two-story. shop or 
housing unit contained in long building rows for a range of wind directions, building spacings and building· geome1 
tries. Simplified correlations have been developed, which quite accurately predict the average pressure coefficients for 
the configurations tested. The results have been analyzed to assess the nature of wind pressure effects caused by sur
rounding building rows of the same size. The jack roof along with the choice of inlet and outlet locations have been 
discussed in an effort to identify promising naturally ventilated designs in closely spaced buildings typical of urban.,_. 
environments. The major conclusions are as follows: -r 1 

1. The jack roof has the potential to be an effective ventifation desig~''for· urban settings. :: ;, 
2. Compared to standard cross-ventilation designs, the jack roof '1emonstrates improved ventilatiqr\. potential at the 

Sf11all building spacings typically found in urban areas. . 
3. At. small building spacings ($ ~ 1), cross-ventilation designs showed no potential for providing: airflqw th:rm.igh 

the building. · · · ·· · · ' ' : ~ ' ·, :1 ':<" ,, 

4. Since the jack roof element is located at the top of the building, for the building configumtions!tested it is more 1 

consistently exposed to stidnger wind conHitions! As a result; the performance of thei jack roofis less dependent 
on variations in building spadp,g. ,, , - , , .. : ' . , - . 

5. Strong negative pressures were consistently' obtained on the back of th~jack'roof, making ir-a goodichoice for a 
ventilation flow outlet. ' · · .. •' 1 

6. The results indicate that to achieve optimal performance of a ventilation design incorporating a-jack roof, differ
ent operating modes may be necessary. In other words, the best choices of flow inlets and outtets may be 
dependent'on building spacing an'd wind dfrection. '' ' ·-·.. ' ;" i . ' • . ' ' 

7. The entire courtyard area was found' to consistently falhvithin the wake flow region oflhe upwind building row. 
This was because the largest-cdurtya'rd sp'acing tested was S~ = I~ - '· ! ) ' ~· · · ·~·.· . . : i: 

8. Pressure coefficients oil all leewardisurfaces' and the'tourtyatd were found to be practi<.:ally independent oh 
upwind row spacing and dependent only on wind direction. · 

Future;related work is.needed to address the following important ateas·: I ' II •• · 1 . ". 
. ' l ' , ' , \ '. " • ' ' { ; • .J • I 1 • • , ' I' I .JJ ( ' I f 1 • · :,I -

1. Development of algorithms fo pre~ict' internal ventilation 'airflow for configurations using ;roof-level inlets and 
· outlets. - , ·,: · · · ·· •. ·_, :;: ·, . " _: , ; . ' i. ' • • . ;·., ,, ; ' .. .. r: :·' :· •· ,, 

. 2. Investigations•of the effect o'f internal-partitions and: obstructions on internal airflows, :Ind incorporation.of these 
' ' results into airflow prediction algorithms. . t i - f ', • ' ', ,. ) ' : ' : • 

3. Measurement of building surface pressure distributions for other important building configuratiol1$ fot'nattiral 
ventilation design. 

4. Determination of microclimatic effects on ambient wind conditions. 
5. Development of design methods, tools, and guidelines for natural ventilation design. 

, . . , 
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TABLE 1 
,, L 

.. .. 
, I 

-" 

Tap Locations for Average Pressure Measurements 

.. T:ip l.ac~tions- ' ; 1. ·• , , • • •• 

Model'#! · · ' Mb<ld·#2 '' 
: 

Surface 

Front Facade · ' 3'+ 6 : .. 27 + 30 
Back Facade I ;;:.19 +·'.2.'2 1 ' 43 +'46 ;_J/ 

Front Jack Roof 11+12 35 + 36 
Back Jack Roof 13 + 14 37 + 38 

Courtyard 19 + 22 + 27 + 30 

- ~- l { 1 , . , 

./ . 

, .. 

.. 



TABLE2 

Correlations For Avernge Surface Pressure Coefficients* 

N 

Correlation Equation: Cp = Co + L q.Fi 
••• 

A) Model Configuration: No Jack Roof and No Parapet (NJ,NP); Sc= 0.5; He= 0 

Independent Front Courtyard Back 
Variables Facade Facade 

(Fi) Ci ·- ~i- - -~i 

Constant 0.095 0.107 
Cos2e -0.519 -0.436 -0.602 
Cose* s -0.067 
Cose* Ln(S) 0.571 

R2 (ADJ) 0.980 0.982 0.990 

" 
B) Model Configuration: Jack Roof (J,NP) and (J,P); Sc= 1; H~, = 1 ' ' 

Independent Front Front Back . Courtyard 
Variables Facade Jack Jack NP 

(Fi) Ci Ci c Ci 

Constant 0.062 -0.240 0.091 
Cos2e -0.945 -0.098 ' -{}.832 -0.512 
Cose* s 0.237 -0.057 
Cose* Ln(S) : 0.095 .. 
Cos2(e-45°) '· ' 0.539 

R2 (ADJ) 0.954 0.843 0.985 :: 0.958 

1) Roof slope is ex = 20°. 
2) Refer to Table I for definitions of surface tap locations. 
3) Correlations for Front Facade and Front Jack, are reported for Model #l only. 
4) Correlations for Back Jack are reported for Models # l and #2. 
5) Correlations for Back Facade are reported for Model #2 only. 
6) Ranges of applicability for these correlations are: 

0 s es 90° 
1 s s :s;;5 

p 
c 

-0.082 
-0.512 
-0.057 

0.986 

Back 
Facade 

c 

-0.690 

0.993 
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TABLE 3 

Correlation For Average Surface Pressure Coefficients : Courtyard Effects* 

N 
Correlation Equation: Cp = Co + 2. Ci.Fi 

Joi 

Model Configuration: Jack Roof and Parapets (J,P); S = 1 

Independent 
Variables Courtyard 

(Fi) Ci 

Constant 
Cos20 -0.471 
He* Sc -0.147 

R2 (ADJ) 0.989 

1) Roof slope is a = 20". 
2) Refer to Table 1 for definitions of surface tap locations. 
3) Ranges of applicability for this correlation are: 

o s es 90· · 
0.25 ~Sc ~ 1 
0 ~He ~ 1 

., 

.TABLE4 

Key to Figures and Correlations 

#1 ·:·Model# 1 ·or· Windward Model 
#2 - Model # 2 or Leeward M~~el 
P - with Parapets 
NP - without Parapets 
J - with Jack Roof 
NJ - without Jack Roof ., 

.: 
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Figure la Shophouse lest model 

Figure lb Tesl unil i11 row 
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·. 
,.-. ''· ., ('Y T~rpugh-flow (ind.uclion.4fect) 

. .. ":.. . . 
(b) Diverted through-flow 

~· ' . 

. " · . .-
(c) Suction effect 

Figure 2 Jack roof flow configurations 



} I 

Fan l Turntable 

• ; 

_ .. , 

Wood Block,s.. 

Filter and Flow St raightener 

,_. 

[ 
.~ m 

Turbuleoci: Gria~ 

Trip Fence 

3 m 

, ' Bricks on :; ide Bricks: on end I Bellmouth Roughness Elements 

Figure J Bqundary layer wind tunnel configuration 
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(a) With jack roof and parapets 
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·(b) With jack roof, without parapets 

Figure 6b, Roof con/ igurations 
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Figure 6c Courtyard con/ igurations 

( c) Without jack roof, without parapets 

( c) Full height wall (He = 1) 
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