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Effect of airflow direction on human perception of draught
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Laboratory of Indoor Environment and Energy
Department of Energy Engineering
Technical University of Denmark

Abstract

Forty subjects, 20 women and 20 men, were exposed to airflows from five different
directions: horizontally towards the front, the back, and the left side and vertically upwards
and downwards. The subjects were exposed to stepwise increased air velocities ranging from
less than 0.10 m/s to 0.40 m/s at three temperature levels 20, 23 and 26°C. The results showed
that airflow direction has an impact on perceived discomfort due to draught. At 20°C and
23°C, airflow from below was perceived as most uncomfortable followed by airflows towards
the back and front. At 26°C airflow from above and towards the back caused most
dissatisfaction due to draught, but generally only a few of the subjects perceived discomfort at
this temperature. Discomfort due to draught was most often felt at the body regions directly
exposed to the airflow. These were the legs, the feet, and the lower back at airflow from
below; the neck, the shoulders and the hands at airflow from above; the neck, the back, the
shoulders and the legs at airflow from behind; the knee and the arm facing the windbox when
exposed to air movements directed towards the side; and the hands and the knees when
exposed to air movements towards the front.

Introduction

Draught, defined as an unwanted, local convective cooling of the skin, has been the topic of
numerous studies in laboratories and in the field throughout this century. Nevertheless,
draught is still one of the most frequent causes of complaints of the thermal indoor
environment. It has been documented that human perception of draught depends on the air
velocity, air temperature and turbulence intensity (Fanger and Christensen 1986; Fanger et al.
1988; Mayer 1987, 1992). The turbulence intensity is defined as the ratio of the mean air
velocity to the standard deviation of the air velocity. Based on experiments with human
subjects, a model has been developed that predicts the percentage of persons dissatisfied due
to draught as a function of mean air velocity, air temperature and turbulence intensity (Fanger
et al. 1988). The model is valid for sedentary persons, dressed in normal indoor clothing, and
has been included in European, American and international standards for the indoor
environment (prENV 1752-1994; ASHRAE 55-1992; ISO 7730-1994). The model predicts
the draught rating for persons exposed to air movements from behind.

In a previous study, Mayer and Schwab (1988) exposed 50 subjects to horizontal airflows
towards the front and back and vertical upward- and downward flows at one temperature level
and one (low) level of turbulence intensity. The study showed that the neck was more
sensitive to air movements than the face. In addition, more subjects complained of draught on
the face at upward than at downward flows.
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The air movements. in a space (depend. on the ventilation system, and .on the interior: of the
space. In mechanically ventilated spaces, the type of ventilation system is decisive for the
airflow characteristics and the direction of the air movements in the space. With traditional
mixing ventilation, the air is typically supplied through inlets located near the ceiling. Thus,
the occupants in the space will be exposed vertically from above or horizontally from an
arbitrary direction. With displacement ventilation, cool air is supplied near the floor, directly
in the occupied zone, and exhausted through outlets located near the ceiling. The supply air is
dispersed along the floor and rises upwards in the space. Underfloor ventilation is a rather
new, and still not so common, method of ventilating spaces, where the air is supplied through
the floor and exhausted near the ceiling. Several other types of ventilation system exist, which
all cause different airflows from different directions. The selected type of ventilation system
therefore determines the flow path of air from inlet to outlet, which will influence the comfort

conditions for the occupants in a space. Furthermore, the interior of a space, i.e. the location
of furniture in'telation to the air anm]v devices, nncmhlv 1mm\rf< the airflow conditions in the

space.
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The purpose of this study was to investigate the effect of the airflow direction on human
perception. of draught, i.e.-to investigate whether the relationship between ‘percetved discom-
fort:due: to draught.and air- velocity, air temperature and turbulence intensity-is the same for
airflows from different directions. sieme ey pense g o b, B el

Method

The present research a"dd:resses persons occupied with ofﬁéeiwork. In all experiments, the
subjects therefore were seated at a desk, at which they could read or write. All subjects were
exposed to stepwise increased mean air velocities from five different directions: horisontally
towards the front, the back and the left side and vertically from above and below. In the single
expetiment, the airflow direction and the air temperature were kept constant. The aim was to
attain a neutral overall thermal sensation, i.e. the subj ects should feel neither too warm nor too
cold. During the first 45 minutes of an experiment, the subjects therefore were encouraged to
modify their clothing in order to-feel thermally neutral. In this period, the subjects were
exposed to a constant air velocity of 0.2 m/s. In the remaining 75 minutes of the experiment,
the subjects were exposed to stepwise increased air velocities as shown in Figure 1. All
experlmentq were carried out m a climate chamber in which the air and radiant temperatures
were equal. The background ‘air velbmty il thé éhamber was ‘about 0.06 m/s directed from
floor to ceiling. i R
Air movements ClC :

The subjects were exposed to controlled air movements from five' directions at two identical
workstations.” A workstation consisted of a windbox containiri'g two " cross-flow fans, a
dummybox with no fans, a desk, and a chair made of a mesh to' prevent blocking of the air
fnovements. To’mask the applied airflow direction for the subjects, the windbox and the
dummybox appeared identical on the outside. At exposure towards the front, the back and the
side, the windbox was set on end while the subject was snttmg on the dummybox as shown in
Figure 2. At exposure from below, the wmdbox was placed honzontally on the floor of the
climate chaniber W1th thé Adummybox sét on end. The mean air velocny at'thé position of the
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subject was controlled from outside the climate chamber by adjusting the rotational speed of
the fans A1rﬂow from above was generated by rec1rculat1ng part of the dir exhausted from the
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Figure 1: Planned mean air velocities in the experiments.
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chamber The recirculated: air.;was led:;through:a: duct systenvy conta1n1ng a fan in front of the
inlet through the ¢eiling inthe.¢limate chamber. Theitemperatureiincrement of the: air when

passing the fan and the duct system was negligible. T B B TR
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f“lg[d're 3} The subj ect s pos1t1on on' the windbpx and op 5 lt,he dummy bog(., respectlvely,,
accord1ng to the airflow direction. P )
Measurements and data collection

Air velocity, turbulence intensity and air temperature were measured at heights of 0. 1 m, 0 6
m, and 1.] m between the w;,ndbox and the subject at a distance of approximately 0.2 m from
the sub}ect The %me par,arneters were measnred at.a he,lght of 1 7 m at a position above. the
subjects bead The alrﬂpw charagtenetlcs werg. measured with. a Dantec Multlchanne,l, F.low
Analyzer iype 54N 10 with on}mdlrecthnal temperature- compensated probes with a time
constant of 0.1 s. Alr veloclty and a1,r temperature were regxstered twice per, second throughout
successwe perllotls of %20 5 From the. reco;;ded values, mean air, veloclty and turbulence
mtens1ty vyel;e calculated fo: the peuords 0f-220 s aqd mo,mtored ,w.lth the air temperaturg, onja
computer located ‘outside the climate chamber. The mean air velocity at the position of the



subject was controlled and adjusted by the experimenter. It was attempted to expose the
subject to an airflow with minimum horisontal and vertical variation in velocity. Nevertheless,
the air veloclly proﬁle at the iposition of the subject was not complelely uniform, and it was
therefore necessary to control the airflow according to the air velocity measured at a reference
point. At horizontal exposure] the mean air velocity was controlled according to air velocity
measurements 1.1 m above the floor, at exposure from below accordlng to measurements at
0.1 m, and at exposure from:above'according to measurements 1.7 m above the floor. The
turbulence intensity was not controlled, but varied in the same range 'independently of the
airflow direction, at equal niean air velocity. ST

Subjects ‘ ( |

Forty subjects, 20 women and 20 men, participated in the experlments The subjects were
mainly students . who were paid;to participate. Each subject: participated in'15, experiments.

The: cnhmr‘tq were told to wear their .normal indoor olnthmo when narhmnqtmo in an

cxperiinent. No boots, high-collar swcatcrs or-other garments, .thatv would;protcct the su,chcts
from the air movements were allowed.
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During the first 45 minutes.of an experiment, the air velomty was kept constant at 0.2 m/s, th1s
being the approximate average of the air velocities, applied during the remaining 75 minutes
(Figure 1). At intervals of 15 minutes during the first 45 minutes, the subjects were asked to
assess their thermal sensation on a seven-point scale ranging from cold to hot, and to modify
their clothing if they were not feeling.thermally neutral, In five successive 15-minufe periods, -
the subjects were exposed to stepwise increased mean air velocities O 05 m/s 0. 10 m/s 0.20
mechamcally ventllated spaces. “At each level of ait veloclty, the subjects assessed ‘their
thermal sensation. threg times, by means; of questionnaires, and indicated whether they had
sensed air movements during the last five minutes, and if so, whether the air movements were
uncomfortable and where they were felt. '

Daga processing o -, o, aoeud oL b :

The analysis,of the questlonnalres regardlng dlscomfort due to draught was mainly based on
two questions to;the subject: did you feel air.; movements (,dur;ng the last fi f ve mmutes? and g,f
so, were.the gir,movements, uncomfortable?:, An air velocity. was des1gnated to cause draught
when two out .of three ratings, in. any. 1S—mmute velocity period were uncomfortable
Continuous, normally distributed variables with equal variance were compared by analys1s of

variance. All differences were accepted as si gmf' cant at the O 03 level.. .
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The average mean air. veloc1ty 1n each of the ﬁve lﬁ-mrnu,te velocny perrods 1s shown in
Table 1 for the five airflow directions. For all d1rect10ns the. measured mean air ve1001ty was
«close to the planned value ~except withr alrﬂow from above, Where the convectlve flows above
the persons distprbed the mechanlcally generated flows at low planned mean a1r veloc1t1es
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Planned mean s Measured mean air.velocity ! .c
i rair velocity | i< s - (m/s) . <, ; 0%
ot /i o ¢ (m/s) .ol Below  Above 'Behind  Front . Side
53 ! 0.2 00l w021 ¢ 7021 - 02000 020 15 10.20
‘ <0.1v .. [r0.05 0.16;¢  0.07w..0 :0.06 0.07
i@l 1 0011 0.16 .. 0125+ 011 « 0.11
0.2 0.21 022 1i0.20 w11 0.19° 0.20
0.3 0.30 0.31 0.29 0.30 0.31
0.4 0.41 0.41 0.39 0.40 0.40
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Table 1. Plamfed mean -ajr: V61001ty and correspondingtmeasured:mean air velocity. in all .13~
minute velocity 'periods: at the five airflow directions.®At horizontal airflows, air .velocities
measured at 1.1 m aboveé théfloot: are! showny from:below at 0/1 m-and:from above at.l Jm.
sl o M . B d w P
The ranges of the turbulence intensities measured for each direction is shown in Table 2. The
turbulence intensities were lowest at airflows from below and slightly higher.at airflows
towards the back; front and side. The turbulence intensities measured at airflows from above
were relatively high due to: ml'xmg\ -of the nsmg, convectlve ﬂow and the countercurrent
alrﬂow from the inlét'in the.ceiling.. < = 1w o e T B £
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Table 2. Ranges of measured turbulence’ mtensxtles‘.‘ at! each of the five apphed airflow
directions. A ol A0t T ; - :
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Overall thermal sensation

Figure 3 shows the average of the sub_]ects thermal sensation vote as a function of time
elapsed at the temperatures 20, 23, ‘and 26°C,- ‘Tespectively. - «The “thérmal sensation' votes
decreased during the last 75' minttes of the expeﬁments concurrently with' the increase iri'air
velocity. Partlcularly at 20°C,"the thermal serisatlbn Votes decreéased to between slightly ‘cool
and‘cool at the end of the'éxperimental peridd. On average thie subjects voted bétween neutral
and ‘slightly cool at:20°C-(-0.2 to'-1: 3), bétween' neutral ‘and’slightly cool at 23°C (0 to -0.6)
and between neutral and slightly warmi at 26°C" (0 to 1). No significant ‘effect of the airflow
direction on the overall thermal sensation vote could be documented.

Sensitivity to draught o

Figure 4 shows the percentage of subjects reporting discomfort due to draught at one or more
arbitrary body site at 20, 23 and 26°C, respectlvely The draught ratings are shown 'as a
function ‘of 'thie Mean air'velocity. At expostre from below, the/ pércéntage of subjects fecling
draught is related to mean air velocities'measured 0.1 m above the floor, at exposure 'from
above to measuremeénts performed at 1.7 m, and at airflows towards’ the front, back and side to
measurements performed 1.1 m abdve thé floor. The percentagé of subjects feeling discomfort
due to draught increased with increasing air velocities and with decreasing air temperatures.



The airflow direction clearly had an impact on the draught rating. At the air téfhperatures 20°C
and 23°C, most subjects felt discomfort due to draught at airflows from below. At airflows
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Figure 3. Thermal mean vote (n=40) as a function of time at airflows from five different
directions. Top: 20°C; Middle: 23°C; Bottom: 26°C.
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towards the front, back and side, an almost equal percentage of subjects felt draught, whereas
considerably fewer subjects felt draught when exposed to airflows from above. At 26°C,
airflows from above and behind caused the highest draught rating, but in general, only a few
subjects reported discomfort at this temperature level.

Discomfort due to draught was predominantly felt at the body regions directly exposed to the
air movements or where the clothing did not cover the skin. These regions were feet, legs and
lower back at exposure from below; neck, shoulders and hands at exposure from above; neck,
back, shoulders and legs at exposure from behind; face, hands and knees at exposure towards
the front; and the knee and the arm facing the windbox- at exposure towards the side. No
subjects reported draught at body regions not facing the windbox, i.e. the chest at exposure
from behind. ; g B 1

M) i o 9

Discussion

The study showed that thér ‘airflow (lijilr”ec't’i(;ri had an effect on the perceived discomfort due to
draught and also that the relationship between airflow direction and draught depended on the
temperature level. At the air temperatures 20°C and 23°C most subjects reported discomfort at
exposure from below, whereas airflow from above caused least discomfort: Yet, at 26°C most
subjects reported discomfort when exposed to airflows from above. The temperature
difference between the surface of a:person and the surrounding air causes a layer of rising air
around and above the person due to natural convection. At the applied temperature levels, the
convective flow increased with decreasing air temperature. When exposed to. airflow from
above, the rising convective flow will counteract the downward ventilative airflow and reduce
the forced convective cooling of the skin.- Thus, discomfort due tondraught at vertical
downward airflows is reduced to “some extent depending on the temperature difference
between the surface of a perSon hid the surfoutiding air. At 20°C and 23°C the average of the
thermal sensation votes when subjects were exposed from above were slightly higher than at
the other airflow directions, although not statistically significantr This supports the
assumption that. forced convective cooling from .abeve is ;reduced at rfl)oderately low air
temperatures.

Even though the subjects at regular intervals were encouraged to modify their clothing, it was
not possible to attain a neutral thermal sensation throughout the experimental period. At 20°C
the average of the thermal sensation vote decreased to about slightly cool, between neutral and
slightly cool at 23°C, and between neutral and slightly warm at 26°C. Earlier studies have
shown that persons feeling slightly cool or cool are more sensitive to draught than thermally
neutral or warm persons (Pedersen 1977; Toftum and Nielsen 1996). It is likely that the
percentage of subjects feeling discomfort due to draught at 20°C and 23°C in this study are
higher th%nocould be %xg)ected with thermally ne{l‘ltral persons.

To no surprise, the subjects complained of dfauéht at the body parts directly exposed to the air
movements and not covered by clothing. In agreement with earlier studies, the head region
(neck-face iand upper back) was one of the regions where draught complaints were most often
observed (Pedersen 1977; Fanger and Christensen 1986; Fanger et al. 1988). A latge number
of complaints of draught were also observed at the feet and lower leg at airflows from below
and at the hands at airflows from above and towards the front.
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The present experiments may be cons1dered as-an extension of the study on which the draught
model was based (Fanger et al. 1988). In combination with the results of the present study, the
draught model can be further developed to include also the airflow direction in, predicting the
percentage of dissatisfied due to draught. For thermally neutral, sedentary persons dressed in
normal indoor clothing, the draught model predicts the percentage of d1ssat1sﬁed due to
draught at the'head region. The model is valid for airflows from behind. The mathematical
expression for the model is:

= (0.37-Tu-v + 3.14)- (34 - t)- (v - 0.05)°¢ %) *

where DR is the Draught Rating (percentage dissatisfied due to draught),

v the mean air velocity (m/s),

Tu the turbulence intensity (%), and

t, the air temperature
In Figure 5 the percentage of dissatishied dic to draught, predicted by the draught model, is
compared with the observed percentage of dissatisfied due to dra‘ught,ar the head region at
airflows trom-behind’ T B g BT O o
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Figure 5. Comparison of predictions made by the draught model and observed \‘drai;ght rating
at the head region at airflow from behind.

The figurc shows a rclatively good correspondence between the observed and predicted
percentage of dissatisfied due to draught for subjects exposed to airflows from behind. Yet, at
23°C and 26°C, the model predlcts a higher percentage of dissatisfied than was observed. In a
subsequent paper,” the' ratio between the” percentage ‘of dissatisfied at an arbxtrary ﬂow
direction and at airflows from Behind will be tised o extend the draught model to predlct
draught ratlng at arbltrary flow d1rect10ns ' _
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Figure 6 compares the percentage of subjetts sensing draught at the head as observed by
Mayer and Schwab (1988) and in the present study. The companson is made for the face at
alrﬂows froti below; dbove’ and towards the front and tor the neck at alrﬂows from behind. In
contrast to the present’ "results’ Mayer ‘and" Schwab observed a hlgh percentage of subjects
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complaining of draught at the head at airflows from below. Generally, Mayer and Schwab
observed a higher percentage of dissatisfied, independent of the airflow direction. &+
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Figure 6. Compa{nson of draught ratlngs at the head observed in the present experiments_ at
23°C and by Mayer and Schwab (1988).

Figure 7 compares the percentage of subjects sensing draught at the head observed by Mayer
and Schwab (1988) with the percentage of subjects sensing draught at one or more arbitrary
body sites as observed in the actual experiments.
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Flgure 7' Compans n of overaf[ draught ratmg observed 1n the present expenments at 23°C
and draught ratmgs at the hcad as obserqu by Mayer and Schwab. (1988).. .
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Except at exposure towards the front, Figure 7 shows a relatively good correspondence
between the two studles In fact, this. - was surprising ag, Mayer and, Schwab based the
percentage of subjects sensmg dra fht on the draught rating at the head, whereas in the
present study draught ratmg 1s 1nc1u ed mdependent of body regton Also, the questionnaire
used dlffered n that Maypr and Schwab asked for sensation , and pleasantness of air
moVenfient. I the actual expenments, the sub]ects were asked 1f they perceived the air
movements as uncomfortable. The latter procedure implies that those persons sensing air

1:



movements and perceiving these as uncomfortable add to the percentage of drssatlsﬁed Us1ng
the first procedure, the persons not petceiving the air movements as pleasant'of comf()rtable
do not necessarily find the air movements uncomfortable. The basis for _calculating the
percentage of dissatisfied is therefore different in the two studies. Finally, the procedures for
measurement and control of air Velocities differed. Mayer and Schwab adjusted ' thé air
movements without subjects present, whereas in this study, air velocities were observéd and
controlled during the expcrlmcntal period with subjects at the workstations. In spite of the
discrepancies in the apphed expenmerlltal methods the results from the two studies show a
good correspondence. M | R B " IS
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Quantitatively, the effect depended on the air temperature LAt 20°C and'23°Cs 't most sﬂBj'éCts
perceived discomfort when exposed to air movements from below, whereas at 26°C most
subjects perceived discomfort at air movements from above.

The study showed that airflow direction had an effect on discomfort due to draught. The
current design guidelines for air movements in spaces do not take the airflow direction into
account. Thus, it is essential in future guidelines to specify more detailed draught criteria,
which include the airflow direction in the evaluation of draught risk in spaces.
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