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FIELD MEASUREMENTS OF CHARACTERISTICS OF TURBULENT AIR FLOW 
IN THE CX::CUPIED ZONE OF VENTILATED SPACES 

H.Hanzawa,. A.K.Melikow, P.O.Fanger 
Lab�ratory of H�atin9 & Air Conditioning 

Technical University of Denmark 
Lyn9by , Denmark 

Draught, defined as u.nwanted local cooling of .the human body caused 
by air movement, is one of the mo�t conunon causes of complaint in ventila
ted . or air conditioned spaces. 

The air flow in ventilated spaces is usually turbulent, i.e. the 
air velocity is fluctuating. The fluctuating air flow may be characterized 
by the mean vel9city and the turbulence intensity, i.e. the standard 
devi.atio.n .of the velocity devided by the mean velocity. Fanger and Peder
sen ( 1), exposing subjects to well-defined periodic velocity fluctuations 
in a climate chamber, found that the mean velocity as well.

' 
as the velocity 

fluctu�tions can cause disc9mfot. In real spaces, however, velocity 
fluctuations are not perioci.i�, but random. This was de1110nstrated in 
a field study. by Thors-9auqe (2) who measured velocity fluctuations in 
several venj:i,lated �paces with no or low thE1rma;l .l;oad. He found a linear 
relationship .between the mean velocity and .the standard deviation of 
the velocity. The turbulence intensity was 20-SO\. Fanger and Christensen 
(3) exposed later one hundred subjects. to an air flow with similar .. fluctu
ations and

· 
established a. draught chart predic

0
ting the percentage 

. 
of . 

dissatisfied as .a function of air velocity. and temperat;ure. It is essenti,-, . . � -
al to study whe.ther the turbulence ,intensity and .other .flow charac;teri.fl-. 
tics vary more in practice than assumed in the drau9h.t chart. 

It was therefore i:Jecided in this study to invest.iqa�e the chaocteris
tics. of turbulent. air flow occurdng ·in a wide. range, of sp�ce• with · . .  

different ,size, thermal, load and. air distribu�ion system, utilizing . 
modern 111eas�ring technique. 

Experiment.al 9onditions 
I 

The- mea�ureme�t..s were performed. in diffe�ent .ventilated spaces 
at different·· condi,tiona,. · The · spac.Ets )olere selected to ·cover typical-:.l:oca- .. 
Uons and kinds of i'Utlets: and exh•ust devices_ in ventilated. spaces . _ 

in practice.· .The main, characteristics of the .. ventila·t·ad spaces are give.n·-·. 
in Table 1. 

· · 

In each _space,· veloctty probes· �ere: p.laced at least in six locations· 
in .�.he �cupied: ;one. At eactt,.loc•.tion:, mea111µrements were taken �t four.-,,·_. 
heis�t•·� .. 0.1;. 0.6, ;1.1 and 1, 7 m Above· .the · Uoor: 1-evel as recommend�d"': 
in the: �$0: •tand4,r.d (:-4 I • 

... ... .. 

. ... .-. 
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Table 1. Main characteristics of the various ventilated spaces. 

t.·.: Type of Sp.ocl! . ,Type of .ventilation Syst-
1 '"lte..n Velocity V0 iand Tucbu-
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1&81.nar flow 
i:oi.tuuJ'[roaa. wl.th ' iO· 

• �.�rb,��.i?�fii.: L�.;:;i::.: �:� �'" � .·d, 
, na 

�. · .. L.:.-1 __ .i....t_..:.,;��--·,:..· .!.' .:·-...1--r;o..,....,:.:L-,,..,-="-'"'":".-:.-:.�. --:;,:-i,;rir:---.....,.:-;,-: .• ;. ,:-: .• -.--:.:-:.:----� 

· ;j :.;., ,.tf 
...... -:..,'.� E.e>q:· •:· �: ':..:··;;- ..::.;:· }-!�·-�'. J. � � r..; =�"-._,('· 

I .::, ·' ' �Ji 

;]-.;.:, -;�;�'�"�����:�m�n��-1were �erfo�med utili:.d.riJ a new DANT�C- Multichannel 
flol:o';i a,r.i 1¥J�. i:. tye� ����� �nd a new Brilel & Kjaer lnd;>or Climate analyzer 
- type. 1 2 1J . The two in$truments work witfi omnidlmens�Onal temperature . .ji. 
comp_��-�� t�1f proP.e�. Th,i,rtee� probes were. 9�i°i.l;5dted · lly�the producer 

• ... • *  • It J. l 1 - .(j {I '" ' firms·� .nie signa l.s, J_rom the_�!< prob� �qci, some- of. th!:. DANTEC probes 
:W.eF,e recorded ?f' a,1 �� tapei�C;�r�.er,,. .:.,..'typ� 

· 1p�f.. and :d �cu�a�ed by a 
._,, B&K signal an_a,lyzer - typ� 2931. WHh�_

this e<]ui:pme�t'. �he mean velocity, 
th� _standard d�viation of th� .. veloCitf, a· histogriuti• df the velocity, 
trc:%�ncy sp���.ra of the v·eJ�f ity tr.uctuab on� · an�f the .H.i;11'temperature 
were measured. ' · 9 ·1 ·· ;;.;ii"··' '·"' 1 . 
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Results 

.. T.his paper presents preliminary data on mean .velocity and standard 
· ' dtllviation of the veloctty. Measurements in more than 500 points in the 

investigated spaces were taken. Twenty percent of these measurements 
had a mean velocity less than 0.05 m/s, and they were ignored since 
the calibration of ttje r· probes does not apply at S\.l\;h low velocities. 
The standard deviation as a function of the mean velocity in all investiga
ted places at head l'eve.l ( t. 1 ml and ankle level (0.1 m) is shown in 
Figs. t•_and 2. Symbols of each investigated sp<ke are shown in Table I . 
It is obvious that there is a substantial variability in the turbulence 
intensit�� At head level the turbulence intensity varied around 20-55% 
w hic h is sl . .i,ghtly lower than Thorshauge found and lower than in the 
draught experiments of Fanger and C h ristensen (3). At the ankle level 
t he turbulence intensity v aries more, up to 70%, but the regression 
line fits ��11 with the previous studies of Thorshauge (2) and Fanger 
and Christens·en.T3l • . Tile regres!:;_ion equations on the relationship between 
standard dev.i&Cipn and mean velocity at each of the four heights are 
shown in Ta�hf·."2. · 

' · 

.. ' � I 

Discussion 

--
The. �e-s'er:rr·study comprises ·around 500 velocify rtreasurements in 

a W,fde rrnge of S,P.aces 'Ventilated in different ways. It provides comprehen
si�l informa.tic;m��n the m�an velocity and the turbulence intensity occur-

. ring_J.n practice. T.he r�gres.?.i on line for head height ( 1.11 ml in Fig. 
1 pa•s�es nearl-y through the zero point· indicating that tne standard 
devi•ation of the .. ve'.l;ocity is proportiona,\ with t,he mean velocity. This 
is more li!,c._e!.¥� than'' the regression line of Thorsha uge ( 2) based on fewer 

- �-points and .sbow.·.ng a .. sli9ht:ly high_�r_surb�l�mce intensity. The regressiOn 
·· � line for the<r.ti.nkf-e level ·fit.& .. well with th; �x�

.
�,i;ime�fii of Thorshauge. 

Both for the ank�e and head le':"el th� va"tiralbiil':it·y ' Qf the turbulence 
-- _ ·-±nterlS'ity �-exil es�ed• by 'the co:t-relatiP.lk�o�,;i}.cient were similar in 

;- . · ·.-� ��e-·two - �rudies. · I t"'rs--obvio!-ls · f:�a-ta . . �e&e-w,a;s. a_consideJ?�ble variation 
rt ill •the :t<1.1.�l[tfC'Ei� int�nsi�y� £roll), _space t�_;?pa·;�; . and !rotn .point to point. 

, At head l,ev�l. �e 1 tt.jrbuleoce·.inp.ensi�y VA&j�ct� -fftween 20 ·and 55% , and 
.,ehi-s is·::qui,t,e .. 11.i. .. 1n.i. 1 4 r ) to the· cohaitions ·d\J!'.'ing .:.:Ame• expariments of. Fanger 

. ���� ·· Ch��t-ens:���·-(�� )--i::61s!Ali:tilg.. .. �:'..tbe...i 4l".iJ..ll1ttJ.t:" -��i �.'..�;·�-ankle level the 
. , ;: tui--b4lencS\7Tntens ty reached va1ues .·up to 7,Q%. · · · 

,,. ,, .., 
• I .. I • • � . • :- f �� ;t .:. 

' !". '. .:: ·�. • : .. },At 1 ' 
• 

• • �1 · ,� • •1 : · '.,:� · I ' • •-: .r • ..1. 
•.• • "'-�· ·•�w.. 

Ttle-.a�Mt• : ch�rt . was 1.based.,on • studies1.wne-I1e, s_ul;>j_ects • .. were�expesed 
.� ' · "-�6'1rveloa'i•ties ·fluc�uating ·in a"manner whtch '$lis �--sirpillar •to the pi::actl:aal 
· · .... ... -. cOnditi.ons ident:iftE;;d �.in ·the ::·presen� ··f-ie1d. ;stJudY�· i.Stil� the impact' ·of 

twrbulence 'intensity as such on man's sensation of 'draught has not yet 
been determi;ned • ."Such studies where subjects ai;e ex.posed to turbulence 
inte�sity up to'7�% at the same mean,veloc;ity •ai::e.recommended . 

. • ' ' ' • ' I• ' ' , ' : � : '' .. 
Th� i'1ves�igatf:!cl spaces may be '�lle�.lira'\::ed roqg.l\ly 1in t'wo groups. 

The fir.st gi;,oup with :the air flow ·dil:\ected · tangent.ilal ,into the space 
( case,s 1 , 2, j. 3 I , (J 5; 6, 7. 1 0. 1 3'. from Table' 1 ) arid the secoll'd group (cases 
9, J 12 f�om T�bie· 1) ·:where th� a'ir is flowing more directly towards 
tb� -.'..pcs:r4pi�� �Qn�. rn the spaces_· of the first group decre'asing. of the 
�eani!�el�S�tJ .. ,- p9- increasin� of' tne turbulent intensity when'·the level 

I .�?Om_the.;;q;por in�reases wer"e observed. In tile >Second group increasing 
l!>f the mean velocity and decreasfng of the turbu1,ent intensity when 
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-:.� - lltOtllHA� ·;c 
- • - PAllGER AMO CHRllTENIUI 

-- -IENT llEll&.fl 

.. 

0,05 0,10 

;11 

0,15 0,20 
MEAN; VELOCITY 

0,25 0.30 m/I 

Fly�, 1. Standard deviation of the velocity as a function of the mean 
vela.city at head level ( 1 /1 m above floor). Fm:: comparison is shown 
th� regr.e:s� ion l me� for the field study of Thoi.<shauge ( 2) and the line 
showing 'f'i{e conditions to which Farig·er and Gh·ris-te:nsen1'.E! (3) subjects 
were exposed. 

-, 

> r. �:� .. _;·t;\..,.. _,c;, 
5 ·-:IJ!/I ... 
0 - - - THORlffAUGE 
..J - · - PA-R AMO C-IHNUN 
g;! -- l'llllNNT MIUL Tl 0,15 
LI.. 0 
z 0 0,10 I= 
� > 
� .:;..: 
c 0,05 
a: < C: z 

--

< 
� ���J:1�,-,,Cltl?.51 0,15 0,2b' 0,25 

---·- ---- MEAN. VELOCiTY 

'· 

0,30 m/1' 

._,, � : � �'(-'1 i::'ig • o/: . ·s"t,�it&ar<FooVi,-a.ti-fon lfof� t h"E:·;""\t&W.<lii. � tf.!.'S, C\ t{ unct!�PP,i, qf . t,he mean 
" • .. ., 'velbd �Y ·a�. aJik,lf!' levetn1nK·1 im a·b'Qlltli::ifi:lo��) ._. Fqr: · t:;�P•F:i.�C)� .i,� showil 

the. regression: line for: the field· stud�'fo .. Ttlo.r;.���i;ige . (,f,t a,fl'<l .. the line 

.. , sh,owing. the conditions.to wl:iich Fanger and'•Christensen's (3) subjects .--. 'lkr'e•' eltpc»s-ed.'fJ '' · > . ': · � ·'· · :;?-1 :kic · : •. /\·'. .. T , , .. rl�;·�· .. -.. L C'.�:' .' ':-r;:.. •_1.:,,1·,{: t�.'> l:,J. � ,:·.�-.:/,c: .. . c�· 1r-:: ·A 
f�_•::t;�_'. _i; ·;?·"· ;:.iTaRJl.<�'.'\�o,;· Regx;�!"}�-W,n11�ua. � ... �ps_ cal.fula.ted .. for t�e standard deviation 

.:c;;·· • .. pf t;be,:.i�oc;ity (RMS)-.as a functian bl- the nieart"ve'loc-i.ty. (V.). " - �:- .. t � I� 1 ' ... · ·-· · -- � ,: .. 1 • .: .. 
Medsuring height Regression. equation Cbeffielent·� of/, c;orrelation 

•:!!. ,i;t ! (} .• 1.-, m ') MS·= 0,.191.·ii + 0 .007/j._. 0.6680 . ,, . .. .- , . 
'J . , .. 

Riis .... tf. 330 .,y�, :.+>� i1i•oo·211: 0.6 m ,,, . ;, 0. 9).2� 
1.1 m RMS .. 0.328·V + 0.0021 0.8372 
1. 7 m RMS = 0.266·ii + 0.0032 0.8199 
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the-.-�level from th.e floor increa�_es _(from 0. 1 m to 1. 7 m). Further studies 
are recommended on the impact of the air distribution system in the 
space on the turbulence intensity and other characteristics of the air 

. . fil• flow in the occupied zone. 

The frequency analysis of the velocity fluctuations revealed that 
the turbulent energy was spread up to 10 Hz in dependence of the ventila
ted space. This together with turbulent length scales in all ventilated 
spaces will be analyzed in a future paper. 

Conclusions 

Air velocity characteristics were measured at 500 points in the occupied 
zone of ventilated spacesi.-. Ttie. relationship between the mean velocity 
and the standard deviation was found at four heights. 

The turbulence intensity varie.d:;,�rom 1'0% to_ 70% at ankle level (0.1 ml 
and from 20% to SS% at head level (1.1 m). This is similar 'to the experi
mental condit·ions during which the _draught chart by F"ahCjer and Christensen 
(3) was established. 

The impact of turbulence intensity on_tbe s.§.Ill?�·t;i:_on of draught should 
be studied by exposing subjects to air flow with 'c6i'i'stant mean velocities 
and turbulence intensities VJil.-X:ying up to 70%. 
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SUMMARY 

It .fl,rnzdw�A. K .Mel ikow 1 P .o. ranger: Field measurements of characteristics 
0_turl)ulent ah flow in th• occu£ii e d zone of vuntilated spaces. Chara.cte-
1·i!>ties of the air velocit)' were measured at 500.points in the occupied 
zone ot 20 typically v entil ated spaces. A relationship between the mean 
velocit y and the standard deviation was found �t [ our heights ab9vo the 
I lour. 'rhu turbulence i nt ensity varied lrum 10.tu 70'1. at ankl e level 
10.1 111) <;ind fr·um 20 to '.>5l. at head levL'l. This ie �imH<lr to th(! experimen
tal conditions under which the draught chart by �·anyer and Christensen 
was established. The impact of turbulence intensity on th� sensation 
drauyht should b" studied by oxpo!ling subjects to air flow!1 with constant 
mean velocities and turbul ence int•nsity varying up to 70%. 

KURSFA5SUNG 

11.llanzawa, A.K.Melikow, P.O.Fanqer: Feldmessunqen von charakteristika 
�er turbulenten l u f tst ri:imunq in dem besetzten Teil von beHifteten Raumcn. 
Charakteristika der Luf tstri:imungsgeschwindigkeit wurden in 500 Punkten 
im besetzten Teil von 20 normal belufteten Rii,umen geme,,;sen. Eine tteziehung 
zwischen der Durchschnittsgeschwindigkeit und der Standardabweichung 
wurde in vier Hohen uber dem F.ussboden f estqe st e llt . Die Turbulenzintensi
tat laq in Fussknochelhohe .(O, 1 m) zwischen 10 und 70i und in Kopfhohe 
�wischen 20 und 55\. Dies entspricht den Versuchsbedingungen, unter denen 
<las Zugdiagra!IUll von Fanger und Chri sten�en erstellt wurde. Die bedeutung 
<ll'r Turbulunzintensit§t fijr die Z�gempfindung sollte dadurch untersucht 
wecden, dass man Versuchtpersonen Lu f tstromunqen mit konstanteo Durch
schnittsgeschwindtgkeiten und Turbulenzintensitat bis zu 70\ aussetzt. 

R£SUM£ 

l!:!!�.�1zawa, �.K.Mel ikow1 P.O.FangeN Ml:.'sures de champ des caracteristiqut.?s 
�u courant d'air turbulent dans la

-
zone occupe� d'e�paces ventilees. 

LL!S caracteristh1ues de la Vitess e de l'air ant ete mesurees a 500 points 
<fons la zone occupee de· 20 espaces typiques ventiles. On a trouve une 
rl'l.1t iun untru la vitesse. moycnne et la dcvi,1tion standard a t.JUatru nivcaux 
,1u-dessu:. du pl.ancher. L' intt!nsite de turbulence a varie entre 10 et 
70'& all n1veau des chevilles (0.1 ml et entre 20 et 55% au niveau de la 
ti>te. Ccla est ·s-imilaire aux conditions d'essais dans lesquelles a ete 
�t.1bl i le dia.•rranuue de.· couqint d'air, par. Messieurs .Fanger et Christensen. 
[,I a.:li On de I" intenSl t:e de t.UCOU lence SUr· la Sensation de CQUrant d I air' 

devait etre etudiee' en exposant des sujets a des courants d'air a des 
v1tcs�es moyennes constantes et a une intensit_c de turbulence variant 
jus11u. a 70� • 

.. 


