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Abstract 
Local exhaust (LE) ventilation is a ventilation technique where contaminated air 

is locally extracted close to the contaminant source usually with the purpose to reduce 
the exposure of workers to dust, fumes or vapour, which can be hazardous to their 
health. The performance of a LE installation depends however on many influential 
factors, and there is not yet an international standardized way to test LE constructions. 
The present study is the natural continuation of some previous studies at the University 
of Gävle that aimed at contributing to the establishment of such tests.  

The study entails full scale experimental measurements that include 3-D air 
velocity measurements and tracer gas tests in a controlled air turbulence environment 
generated through physical movements of a vertical, human-sized cylinder. These 
measurements were focused on human exposure, which was analysed by means of a 
seated human simulator for different configurations in which the exhaust flow rate, 
turbulence level, the exhaust hood arrangement and the measuring/injecting distance 
varied.  

The use of a sonic 3-D anemometer, that yielded both magnitude and direction 
of the air movement, proved very useful in analysing the generated air turbulence. As a 
measure of the LE performance, PNV value (Percentage of Negative Velocities) was 
used. This measure represents the percentage of time when the air flow at the measuring 
point in front of the exhaust hood is directed away from the nozzle, i.e. when the 
velocity component in the direction towards the exhaust hood opening is negative. 
Regarding the results obtained, in an otherwise undisturbed environment, measurement 
data showed that the natural convection from the human simulator sitting in front of the 
LE introduces some disturbances of the air flow in the suction region, proportional to 
the exhaust flow rate. However, when additional turbulence was generated through the 
controlled movements of the human-sized cylinder, thus creating a controlled 
turbulence setting, natural human convection leaded to a lower percentage of negative 
velocities (PNV) in comparison with the case in which human simulator was not 
present, especially for low exhaust air flow rates and when the exhaust hood was raised 
from the table.  

The tracer gas tests implied injection of a neutrally buoyant tracer gas through a 
perforated sphere placed in front of the exhaust hood. The amount of tracer gas that 
escaped from the suction flow was measured both in the room air and in the breathing 
zone. The first measurements yielded a sensitive method for measuring the capture 
efficiency (CE) of the exhaust hood. The CE is the percentage of injected tracer gas that 
is directly captured by the exhaust hood. This parameter showed that although the  
convection flow generated by the human simulator leads to low PNV values, it seems 
that the tracer gas is not actually being captured, but trapped in that convection flow. As 
a consequence, PNV and CE get a strong correlation, which is even more intense when 
injection and capture point are closer together. Hence, PNV represents a good 
alternative to tracer gas measurements only if the relationship between the correlation of 
PNV and CE with respect to the distance from the injection to the capture point is 
known. Finally, measurements of tracer gas in the breathing zone showed random, short 
and high exposures when turbulence was generated and those exposures got worse by 
natural human convection. 
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NOMENCLATURE 

A Area of the exhaust hood opening [m2] 

CE Capture Efficiency – fraction of injected tracer gas directly captured by the 
exhaust hood [%] 

LE Local exhaust 

LEV Local Exhaust Ventilation 

PNV Percentage of Negative u air Velocity [%] 

HS Human Simulator 

Q Air flow rate in exhaust pipe [m3/s] 

QG Flow rate of injected gas mixture (here N2O + He) [ml/min] 

QTG Flow rate of injected tracer gas (N2O) [ml/min] 

QTGC Flow rate of injected tracer gas (N2O) that is directly captured by the EH 
[ml/min] 

QTGE Flow rate of injected tracer gas (N2O) that is escaping from the direct 
exhaust capture air flow and spread to the room [ml/min] 

V Air velocity, absolute value [m/s] 

Vav Average air velocity in exhaust pipe (=Q/A) [m/s] 

u Air velocity in x-direction, horizontally aligned with the exhaust pipe, 
positive towards its opening [m/s] 

v Air velocity in y-direction, in the horizontal plane perpendicular to u, 
positive in “left” direction when seen from above [m/s] 

w Air velocity in z-direction, positive vertically upwards [m/s] 

x Horizontal distance, direction aligned with the exhaust pipe, positive 
towards its opening [m] 

y Distance in the horizontal plane, perpendicular to x, positive in “left” 
direction when seen from above [m] 

z Distance in the vertical direction, positive upwards [m] 

Δt Movement interval of the movable cylinder 

τ Time of tracer gas injection [min]  



 

2 

 

1. INTRODUCTION 

In a first approach, a reflexion needs to be done about health problems related 
with work. In nowadays society, people spend approximately one third of the day 
working [1] which might have some consequences to their health that they are unaware 
about [2]. Most works involve exposure to different pollutants, but industrial ones to 
higher concentrations and to more harmful contaminants [3]. Focusing on industry, 
there is an evidence of employees contracting occupational illnesses and diseases 
developed because of breathing too much dust, fumes or other airborne contaminants at 
work. Many industries can be affected, including chemical processing, pharmaceutical, 
biotechnology, woodworking, welding, paint-spraying, stonemasonry, engineering and 
foundry work [4]. 

In the last years, consciousness about the preceding problems has led to some 
measures. Hence, there is a hierarchy of control measures that must be considered, 
commencing with the elimination or substitution of the hazard but, where these options 
are not possible, the hazard must be controlled by engineering means. Among all the 
engineering control options that may be used to remove contaminants and prevent 
employee exposure to vapour, mist, dust or other airborne contaminants, the present 
thesis focuses on local exhaust ventilation, with a special attention on human exposure.  

Local Exhaust Ventilation 

According to the Health and Safety authority [4], local exhaust ventilation 
(LEV) is an engineering system to protect employees from the exposure to hazardous 
substances by containing or capturing them locally, at the emission point. Adverse 
health effects can occur when employees are exposed to occupational hazards such as 
dusts, fumes, vapours (chemical or biological agents) or other airborne contaminants. 
The effects of exposure to a hazard depend on the frequency, duration and degree of 
exposure: some substances can cause immediate health effects such as carbon monoxide 
poisoning, while others, such as asbestos, can have a long latency period.  

In order to avoid such exposure, most LEV systems are formed by the following 
five elements (Figure 1): 

� An inlet/enclosure/hood where the contaminant is captured and enters the 
LEV. 

� A ducting that conducts air and the contaminant from the hood to the 
discharge point. 

� An air filter that cleans the extracted air. (Not all systems need air 
cleaning). 

� An air mover: The fan and motor that powers the extraction system by 
creating a negative pressure in the duct. 

� The discharge or exhaust that releases the extracted air to a safe place. 
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Figure 1: Elements of a LEV system [4]. 

Many studies have proved, using different methods, the effectiveness of local 
exhaust ventilation in reducing human exposure [5-8]. However, the problem that arises 
with LEV constructions is the multiple influential factors that make each 
implementation unique and challenge the existence of an international standardized way 
to test them [4, 6, 9, 10]. Contributing reasons for the former are difficulties to state and 
generate typical characteristics of important influences like physical movements and air 
turbulence in the nearby zone around the LE.  

In his study Mattsson [9] faced the preceding problem, trying to state a 
standardized method for LEV by entailing full scale experimental measurements that 
included 3-D air velocity measurements, tracer gas tests and controlled generation of air 
turbulence through physical movements of a vertical, human-sized plate. 

The present thesis, in conjunction with Aguirre’s one [11], continues those 
studies but making a deeper analysis, including also human exposure. In the previous 
study turbulence was generated by a flat plate moving perpendicularly to the exhaust 
hood suction direction: this intended to mimic the effect of a person walking. However, 
in both new theses, turbulence has been generated by a cylinder as it was demonstrated 
that the flat plate generated higher turbulence than those produced by a real human. The 
new turbulence generated may affect not only the capture efficiency but also human 
exposure, which has been studied by means of a heated human simulator seated in front 
of the LE. 

Effect of the presence of a person in an air flow 

The presence of a person in a flow has an undeniable effect. In general, when a 
fluid flows past a blunt obstacle at a sufficiently high velocity, the flow separates from 
the body surface forming a wake region downstream of the obstacle (see Figure 2) that 
is associated with periodic vortex shedding. In the particular case of a human, its body 
in a flow creates a wake that transports mass (such as an air contaminant) back toward 
the body, counter to the direction of the free-stream or main flow. This physics of flow 
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around the human body creates a challenge to ventilation designs aimed at reducing 
breathing zone concentrations of air contaminants, as if a contaminant source is located 
in this recirculation zone of the wake near the body, then some contaminant is 
transported towards the body even though the free-stream direction would tend to draw 
the contaminant away from it [12-15]. The transport behaviour of the wake depends on 
the size and shape of the body and characteristics of the free-stream [12].  

The former wake is due to the fact that a person locally acts as an obstacle to the 
general flow field that may cause the contaminant to entrance humans’ respiratory 
system from a distance exceeding half a metre. Nevertheless, there are other reasons 
why flow field is also disturbed by the presence of a person [3]: 

� The excess surface temperature of the human body generates a 
convective ascending air current along the body that disturbs the local 
flow field. This convective flow may entrain a contaminant in the lower 
part of the room and transport it to the breathing zone. In that way a 
person may be exposed to a concentration deviating substantially from 
the general concentration in the breathing zone height in other parts of 
the room.  

Moreover, this convection current may cause the contaminants to 
disperse in the room instead of being captured. Nevertheless, this effect 
of convection is only appreciable for low air flows as although free 
convection caused by a worker's body has a strong influence on an 
indoor environment and can cause transport of contaminant into a 
worker's breathing zone, the reverse flow due to the blockage effect is 
thought to be dominant in contaminant exposure because thermal effects 
may act as a transport medium only when the worker stands in a 
relatively low-speed flow field [17, 18]. 

� When a person is moving the local flow field and the local contaminant 
field may also change significantly. The effect of the ascending air flow 
in the human boundary layer will decrease according to the movements. 
The movements may also affect the general flow field and, therefore, 
indirectly the local field and thus the personal exposure [18].  

� If more persons are located near each other they may also affect the flow 
field and, furthermore, the exhalation from one person may penetrate 
another person’s breathing zone and cause exposure [16]. 

Hence, the mere presence of a human in an air flow causes disturbances in the 
flow that affect human exposure. However, human exposure is conditioned by other 
multiple factors as has been analysed in numerous papers [2, 12-19] and that complicate 
its study [15]. Some of them are, among others: 
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� Working position: The relative orientation of the worker in relation to the 
direction of the flow is an important factor in determining worker’s 
exposure because blockage of the flow by the worker’s body can cause 
contaminant recirculation into the breathing zone depending on the 
orientation. When the worker is placed perpendicular to the flow, 
removal of contaminant from the breathing zone is almost ensured by the 
flow at sufficient velocity. On the other hand, the worker standing with 
his back to the uniform flow causes reverse flow (Figure 2).[2, 16-18, 22]  

 

Figure 2: Effects of air displacement in ventilation seen from above [2]. 

� The distance between the contaminant source and the worker: According 
to different studies the contaminant transport into the breathing zone 
depends strongly on the location of the release point. Hence, the 
breathing zone concentration decreases rapidly when the distance of the 
contaminant sources from the body increases [14, 19]. It is also important 
to keep in mind that the further the LE capture point is from the dust 
source, the higher the required airflow for the same hood [2, 4]. As was 
demonstrated by Mattsson [9], the air velocity decreases inversely 
proportional to the square of the distance to the exhaust hood, thus 
validating the previous statement.  

� Increasing air flow also affects, as adjusting the velocity affects wake 
transport and, therefore, exposure. Some researchers have found that it 
modifies the turbulence and vortex formation that carry the contaminant 
into the breathing zone [12]. 

  



 

6 

 

Effect of convection 

In this section, the convection generated by human heat is studied more deeply 
as human exposure would be analysed by means of a heated human simulator. A person 
produces heat according to the metabolism, which depends on the activity level. This 
heat production is either stored in the body or it is dissipated to the environment through 
the skin and the respiratory system. As an example, according to Fanger [26], the total 
heat loss from the body may vary from about 100 W at sedentary activity level to more 
than 1000 W during athletic activities. 

 

Figure 3: Modes of heat transfer from a person. The net amount of heat is either stored or 
transferred to the environment [3]. 

In many cases, the body heat loss is simulated by using a uniformly heated 
model, for instance, a cylinder (as in this case). However, as shown in some articles [3, 
22], there are some complex aspects of human body that cannot be reproduced as the 
thermoregulatory mechanisms, which can alter the heat loss by changing the surface 
temperature, or the effect of movements such as the pendulum produced by the forearms 
that generate a different air flow pattern from the one found assuming uniform 
translation during movements.  

Regarding the effect of human convection, many studies suggest that its effect is 
only appreciable with low air flows, i.e. lower than 0.3 m/s [17, 18]. Nevertheless, 
related with this topic it is worth to mention the report of Li, Yavuz et al. [22] in which 
they show the differences on the exposure caused by a heated human simulator and by a 
non-heated one. Hence, they observed that the effect of the ventilation velocity on the 
exposure levels with an unheated mannequin exhibits a simple pattern: as ventilation 
intensifies, exposure declines. However, for a heated mannequin they observed that 
although the effect was more appreciable with low air flows, there was an inverted V 
relationship between exposure and velocity. Hence, exposure level reached its 
maximum at a ventilation velocity in the range of 0.15-0.3 m/s where, presumably, the 
buoyant force balances the inertial force. Nevertheless, at low ventilation velocity 
(range 0.05-0.1 m/s), the buoyancy was dominant and a plume formed and blocked the 
transport of contaminants from the source to the breathing zone, leading to a lower 
exposure level than at a medium ventilation velocity (Figure 4). This suggests that the 
heat flux from the body has a significant impact on the concentration levels and should 
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be considered, especially when the convection induced by the buoyancy dominates. In 
this case just medium velocities (0.15-0.3 m/s) have been analysed. 

 

Figure 4: Turbulent kinetic energy contour and pathlines and concentration contours in the 
middle plane at different ventilation velocity with unheated and heated bodies with its back 

towards the air flow [22]. 

Scope of the thesis 

As has been explained, occupational illnesses are a reality that local exhaust 
ventilation systems try to reduce. However, there are multiple factors that affect human 
exposure and that cause difficulties in establishing a standardized method to test them. 
In his study Mattsson [9] proposed a method to test this kind of system and that was 
found promising by three different LE manufacturers, who served as interested parties 
and reference group, together with representatives from the Swedish standard institute. 
The method consisted in both air velocity measurements and tracer gas tests in a 
controlled turbulence environment generated by the movement of a flat plate. 
Nevertheless, as the turbulence generated by a flat plate was considerably higher to that 
generated by a real human, the report suggested in its discussion that other shapes of the 
moving object should be tested. This topic of interest has been deeply studied in Mikel 
Aguirre’s thesis [11], in which he has investigated if a cylinder causes turbulence 
similar to the human one. Achieving that milestone allows a better analysis comparing 
to reality, thus contributing to a standardized method.  

The preceding papers only consider how general room air turbulence affects the 
performance of a circular flanged exhaust hood. However, the presence of a human has 
an undeniable effect on the flow field and therefore, on human exposure. Hence, the 
overall aim of this thesis is to analyse human exposure at local exhaust ventilation in a 
controlled turbulence environment. Below, the specific objectives and research 
questions that the principal aim of the project involves are shown: 
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� How does the presence of a human in front of a local exhaust system 
affect? Does it change the capture efficiency? Does natural convection 
have a special effect? 

� How is human exposure of a person in front of the LE hood? Does it 
differ if compared to general exposure in the room? 

� How do the different turbulence conditions affect human exposure? 

In order to answer the preceding questions a 95 W human simulator has been 
used. The human simulator was placed seated just in front of the exhaust hood 
simulating the presence of a person working and both velocity measurements and tracer 
gas tests were performed in a controlled turbulence environment. In parallel with the 
work by Aguirre [11], turbulence was generated by a movable cylinder which was 
computer controlled through a stepping motor.  

Firstly, velocity measurements have allowed analysing the first point of 
questions. Initially, without turbulence generated velocity measurements have showed 
how the presence of the human simulator affects both when it is heated and when it is 
not. Nevertheless, when turbulence is generated the presence of the human simulator 
may have other effects, as it can damp the turbulence generated behind it. This analysis 
has been evaluated as to the quantify Percentage of Negative Velocities (PNV) [9], a 
parameter derived by Mattsson and that it is explained in the next section. 

Secondly, the next aim bullet has been analysed by tracer gas tests. This gas was 
emitted just in front of the exhaust hood, and with two different gas monitors the 
concentrations in the breathing zone and in the room have been compared. Tracer gas 
tests have been numerically represented with the parameter Capture Efficiency (CE) as 
Mattsson did [9]. The comparison of both parameters, PNV and CE intends to reveal if, 
when a person is present, the good correlation between PNV and CE that was shown by 
Mattsson is still true.  

Finally, the third bullet has been analysed in both velocity measurements and 
tracer gas tests. It is important to remark that there are a lot of factors that affect human 
exposure. However, in the present study just the effect of the different turbulence and 
the air flow is analysed for different configurations. 
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2. MEASURES OF LOCAL EXHAUST PERFORMANCE 

In this section, two measures of local exhaust performance derived by Mattsson 
[9] are explained: the percentage of negative velocities and the capture efficiency. 

Percentage of Negative Velocities (PNV) 

As was analysed in Mattsson’s report, the generated turbulence may cause 
occasional negative velocities in the suction direction, implying air movement in 
opposite direction to the intended suction flow. Hence, since these occurrences appear 
to be particularly risky as regards failure of the exhaust hood to capture contaminants, 
the percentage of negative velocities in the suction direction was used as a potential 
measure of contamination risk. The measure is denoted PNV, percentage of negative 
velocities, and represents the fraction of time when the movable cylinder is in action 
(including the rest time) that the suction direction velocity is negative. 

Capture Efficiency (CE) 

The capture efficiency of a LE device is here assessed through tracer gas 
measurements. In deriving the calculation formula for it, a certain time period τ is 
considered. In this period, it is assumed that there is a steady exhaust air flow rate, Q, 
and a steady injection flow rate of tracer gas, QTG. However, due to the turbulence in the 
room, a fraction of the QTG flow rate, QTGE escapes from the direct exhaust capture air 
flow and instead mix with the room air. The other fraction, QTGC, is directly captured by 
the exhaust hood. Thus: 

TGETGCTG QQQ +=  (1) 

The capture efficiency, CE, of the exhaust hood is defined by: 

100
Q

Q-Q
100

Q

Q
  CE

TG

TGETG

TG

TGC ⋅=⋅=  (2) 

Hence, if QTGE>0 (i.e. CE<100%) there will be a tracer gas concentration, Cr, in 
the room air, which is assumed well mixed outside of the exhaust zone. Mass balance 
for the tracer gas in the room leads to: 

rsTGE
r CQ-CQQ  

dt
dC

Vol ⋅⋅+=⋅  (3) 

Where Vol = room volume, t = time and Cs is the tracer gas concentration in the 
supply air to the room, if existing. Assuming Cs = 0 and integrating Eq. 3 yields for the 
concentration in the room after the time period τ: 

( ) ττ
τ

⋅⋅ ⋅+−= n-
0

n-TGE
r eCe1

Q
Q

C  (4) 
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Where n is the air change rate in the room, n=Q/Vol, and C0 is the initial tracer 
gas concentration in the room, if existing. Eq. 4 takes care of the fact that, during the 
time τ, some of the escaped tracer gas, QTGE, will be extracted through the exhaust 
hood, and that any initial concentration in the room, C0, will decay exponentially. Eq. 4 
yields that after a long time the concentration in the room will be Crτ = QTGE/Q, as 
would be expected. Rearrangement of Eq. 4 gives: 

( )τ
ττ

⋅
⋅ ⋅−⋅

−
= n-

0rn-TGE eCC
e1
Q

Q  (5) 

Finally, with use of Eq. 2, the capture efficiency can be attained from: 

( ) ( ) [%]100eCC
e1Q

Q
1CE n-

0rn-
TG

⋅







⋅−⋅

−⋅
−= ⋅

⋅
τ

ττ  (6) 
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3. METHOD 

In this section both calibration and measurement procedure are explained. There 
always exists an uncertainty about measurements taken, and therefore, calibration is 
important in order to reduce this uncertainty. After the calibration, both velocity and 
tracer gas measurements were taken. The measurement method used was in essence 
similar to the one in the already mentioned Mattsson’s report [9], which was proposed 
as possible standardized method for testing local exhaust devices. The method resulted 
from discussions with three different manufacturers and the Swedish standardization 
authorities. Hence, it can be conceived of potential standard testing method. In this 
thesis, the method followed was similar to it, and therefore, all the different experiments 
have been performed in the same test room, generating controlled turbulence in a 
similar manner and measuring the values of interest using the same kind of sensors. 
Nevertheless, in this case turbulence was generated by a cylinder and as the main topic 
of interest is human exposure, tracer gas measurements in the room have been 
complemented by measurements taken directly in the “breathing zone” of a human 
simulator. 

Calibration 

Calibration has been focused on one of the main instruments used: the sonic 
anemometer (Figure 5), since the rest of the instruments had been already calibrated 
recently. The anemometer was used for measuring air velocities and is a 3-D sonic 
anemometer of model TR92T/DA650 (Kaijo Sonic Inc.). This type of anemometers 
uses ultrasonic sound waves to measure air velocity. Hence, depending on the time of 
flight of sonic pulses between pairs of transducers, wind speed is measured. In the Kaijo 
anemometer, samples of the air velocity in x, y and z directions (u, v and w 
respectively) are obtained at a frequency of 20 Hz thanks to three pairs of transducers. 
This temporal resolution makes them suitable for turbulence measurements as it is 
necessary in this particular case. However, their main disadvantage is the distortion of 
the flow itself by the structure supporting the transducers, which requires a correction 
based upon wind tunnel measurements to minimize the effect.  

 

Figure 5: 3D Sonic anemometer and its directions. Model TR92T/DA650. (Kaijo Sonic Inc.) 
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The mentioned correction was calculated in the calibration room situated in the 
lab hall at the University of Gävle. This room is provided with a 1740 mm long and 400 
mm diameter rig with an aperture of 230 mm in which real velocities are known (Figure 
6). These velocities depend on the pressure drop (Appendix 1), which can be measured 
with a pressure calibrator PPC500 (Figure 7) and adjusted with an electronic control. In 
order to avoid air flow interferences, the ventilation system of the room was annulled 
and a screen was also positioned between the aperture and the people in the room. 

 

Figure 6: Rig used for the calibration of the sonic anemometer. Sonic Anemometer positioned 
with Z direction going inside. Screen on the right. 

Since the turbulence was annulled, the velocities measured could be compared 
with the “true” ones in order to create a correction formula. It is important to note that 
the speed of sound varies with temperature. Therefore, before starting doing the 
measurements the temperature sensor integrated in the sonic anemometer was set with 
the actual temperature measured by the more precise temperature sensor Systemteknik 
AB S1220 series (Figure 7). 

 

Figure 7: Pressure calibrator PPC500 and temperature sensor Systemteknik AB S1220 Series. 
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After that, the different axes of the anemometer were adequately positioned in 
front of the aperture so that the correction curve could be formulated. In this sense, the 
velocity of the fan was gradually increased until the pressure drop corresponded to 100 
Pa, since the highest velocity expected in the turbulence analysis was about 1.5 m/s. The 
different measurements lasted about 2 minutes in order to be accurate. Furthermore, in 
the case of x and y directions, the correction curve was also calculated for negative 
velocities as the disposition of the prongs affect the flow differently. In the case of z 
direction, for negative velocities the body of the anemometer interferes and as the 
correction can be considered small, same correction has been taken for positive and 
negative velocities. The correction curves are represented in Appendix 1, as well as an 
analysis of the effect of the prongs (Appendix 2).  

Measurements  

The study of ventilation requires a good understanding of fluid dynamics. 
Hence, in this sense, modelling and simulation have become important tools to aid the 
understanding of the complex flow patterns in ventilation system. The difficulties arise 
because there are multiple factors that may affect worker’s exposure such as the 
configuration of the facilities, the contaminant material, size, location and momentum, 
worker’s motion… [22]. However, in this study those factors were fixed. In this part the 
different conditions of the experiments, the different devices as well as the 
measurements themselves are explained. 

The test room 

All the different measurements have been performed in a test room (Figure 8) 
located in the same lab hall that the calibration room at the University of Gävle. The test 
room is one of three rooms in a test building (Figure 9). A drawing of the test room and 
its surroundings is shown in Figure 10, in which it can be observed both the location of 
the control room and the supply air flows.  

 

Figure 8: The test room with the local exhaust, the human simulator and the movable cylinder. 
Set-up for test Case B. 
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Figure 9: The lab hall enclosing the test building.  

 

Figure 10: Drawing of the test room situated in the test building and its surroundings. Supply 
air flows indicated by broad, dashed arrows. Measures in mm.  
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The characteristics of the room can be summarized as follows: 

� Ceiling height: 3.00 m. 

� Volume: 54.7 m3. 

� Envelope (including inner walls) consists mainly of wooden boards 
with 5-10 cm mineral insulation between. 

� The temperature of the lab hall was maintained at about 20ºC. 

� Except ceiling lightning and measuring equipment there was no 
heating in the test building. 

The unique form of ventilation of the test building was through the flow of the 
tested local exhaust. The air to the control room was in turn sucked in from the lab hall 
through a 130 mm hole in the ceiling, as represented in Figure 10. Three air inlet 
openings (550x100 mm, indicated as broad, dashed arrows in Figure 10) were located at 
ceiling height between the test and the control rooms. On the test room side, a 500 mm 
high plated, extending across the whole width of the room, deflected the incoming air 
downwards (Figures 11 and 12). With this arrangement, an inlet air flow that causes 
very little air turbulence in the test room, especially in the area around the local exhaust, 
is achieved. Anyway, some air is likely to have entered the test room also through minor 
leaks e.g. at the doorways, none of which were close the local exhaust installation. 
During the tests, all doors were closed. Therefore, fairly controlled turbulence could be 
achieved by running the movable cylinder. 

 
Figure 11: Side-view of the air inlet to the test room. Measures in mm. Slot width = 100 mm. 

 

Figure 12: Rear side of the test room, with supply air deflecting plate visible at the top and gas 
sampling point in the middle. 
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The exhaust air flow through the exhaust hood was regulated by the speed of a 
fan placed outside of the test room (Figure 13), eventually discharging the exhaust air 
directly to outdoors (as tracer gas used is not contaminant there was not a filter nor a 
scrubber). The exhaust flow rate Q, was measured through the pressure drop over an 
orifice plate (Standard ISO 5167:2003) of diameter 68.5 mm in a straight duct of 
diameter 104 mm. And this pressure drop was measured with a newly calibrated 
differential pressure gauge (SwemaMan 80, Swema AB, Farsta, Sweden), yielding a 
total uncertainty of the flow rate of about 2% (Figure 13). 

 

 

Figure 13: fan placed outside of the test room, electronic control for fan speed, orifice plate and 
pressure gauge. 
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There was also an electronic control for the fan speed (Figure 13), so that the 
desired exhaust air flow rates were attained. The used Q in the tests and the 
corresponding average velocities in the exhaust pipe (Vav) are listed in Table 1, where 
Vav is calculated as Q/A (Area of the exhaust opening). 

Table 1: Exhaust air flow rates, Q, used in the tests and the corresponding average velocities in 
the exhaust pipe. 

Exhaust air flow 
rate Q [m3/h] 

Exhaust air flow 
rate Q [L/s] 

Average exhaust 
velocity Vav [m/s] 

50 14 3.1 
100 28 6.3 
150 42 9.4 
200 56 12.6 

 
Exhaust device 

At local exhaust ventilation, there exist multiple exhaust devices whose shape 
varies depending on the application. In the present thesis, it was continued the study of 
Mattsson about the circular, flat plate flanged type exhaust hood. This local exhaust 
device consists of a 400 mm long straight aluminium cylinder with an inner diameter of 
75 mm. The exhaust inlet opening was equipped with a 300 mm wide and 200 mm high 
flat plate, centred onto the inlet, thus forming a simple, exterior, flanged exhaust hood. 

 The former was placed on a table (900 mm high, 1640 mm wide and 1220 mm 
deep) and two different vertical distances, h, between the exhaust hood centre and the 
table surface were tested: 

� Case A: h=100 mm (flange plate in contact with the table). (Figure 14). 

� Case B: h=500 mm. In principal constituting a free-standing exhaust 
hood. (Figures 15 and 16). 

 

Figure 14: Case A: exhaust hood centre and sonic anemometer placed 100 mm above the table. 
Distance between them: 150 mm (2D). 
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Figure 15: Case B: Exhaust hood centre and sonic anemometer placed 500 mm above the table 
(free-standing exhaust hood). Distance between them 150 mm (2D). 

For both cases, two different distances between the centre of the exhaust hood 
and the instrument (sonic anemometer or tracer gas injector) were tested: x=150 mm 
(Figures 14 and 15) and x=225 mm (Figure 16). These distances correspond 
respectively to two and three diameters of the exhaust nozzle. As it can be appreciated 
in Figure 17, the distance between the place of air velocity measurements and tracer gas 
injection is always the same with respect the human simulator and the movable 
cylinder.  

 

Figure 16: Case B: Exhaust hood centre and sonic anemometer placed 500 mm above the table 
(free-standing exhaust hood). Distance between them 225 mm (3D). 
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Figure 17: Side-view of the exhaust hood and movable plate arrangement. Place of air velocity 
measurements and tracer gas injection marked with an “x”. Measures in mm. 

In all the cases the table was in contact with the wall. In contrast to the report of 
Mattsson, the alternative of separating the table from the wall was not considered in this 
study, as it was demonstrated in that report that the effect was small; instead a deeper 
focus was put on human exposure. 

Turbulence generation 

One of the most important aspects of the experiments lies in the issue of having 
controlled turbulence. As has been already mentioned, the test room has been built in 
such way that the inlet of air causes very little turbulence in the zone of the exhaust 
hood and it is also considered that the turbulence caused by minor leaks in the building 
envelope are also negligible. However, in order to standardize the method the 
turbulence generation must be controlled.  

In Mattsson’s report, in order to induce room air turbulence for challenging the 
contaminant capture efficiency, a vertical flat plate (Figure 18) was set into motion in 
front of the exhaust hood table. This movable plate had the approximate front-view 
dimensions of a grown-up human being (1900 mm high, 400 mm wide and 20 mm 
thick) and was placed upright on a carriage with its lower edge 200 mm above the floor 
level (same construction as specified for use in test of fume cupboards, SS-EN 14175-3 
2004). The carriage was connected to a timing belt, driven by a computer controlled 
stepping motor. When executing movements, the movable plate moved perpendicularly 
to the exhaust hood suction direction, and the speed of the plate as it passed in front of 
the exhaust hood was 1.0 m/s. This corresponds to a relaxed walking pace of a human 
being. 
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Figure 18: Movable plate used in Mattsson’s report [9]. 

Nevertheless, when comparing the results of the movable flat plate with those 
generated by a real human being walking at the same velocity and moving his arms, it 
was found that the plate generated more turbulence. Therefore, in this case instead of 
using a flat plate, a cylinder was used in order to observe if the results are more similar 
to those generated by the real human. This cylinder was set into the same carriage and 
had similar dimensions: 1900 mm high and 400 mm diameter (Figure 8). 

In most of the cases, the span of movement was 2800 mm, centrally positioned 
between the two side walls. The acceleration and retardation of the movable objects was 
2.0 m/s2, resulting in the sustained speed of 1.0 m/s prevailing over a 1800 mm distance, 
preceded by a 500 mm acceleration distance and ended by a 500 mm retardation 
distance. However, due to technical problems with the control of the stepping motor, a 
few cases were performed with lower acceleration and others were not exactly centred 
(differed about 65 mm) and had 2900 mm span. Nevertheless, these differences are 
considered practically negligible.  

At each test with the object in action, it was programmed to make repeated 
moves with different time delays, Δt. These time intervals represent the time from one 
start of the cylinder till the next one, and the ones tested are listed in Table 2. A 
“movement” here means one passage across the room.  

Table 2: Movement intervals of the movable cylinder.  

Nominal 
movement 

interval, Δt [s] 

Actual movement 
interval [s] 

Movement 
frequency [min-1] 

 

4 4.4 14 (=Continuous movements) 
10 10.4 6  
30 30.6 2  
60 60.8 1  

120 121.2 0.5  
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The shortest movement interval tested, Δt=4 s, implied a nearly continuous 
movement, with the movable cylinder just resting a few 10th of a second at each 
endpoint of the path. Successively longer Δt were tested in order to find an interval 
where the air turbulence had time to abate enough between the movements for them to 
be considered “single moves” in undisturbed room air. Initially it appeared that 60 s 
would be enough for this, but later on it turned out that at least 120 s seems to be 
needed. In this last case, the movable plate thus starts its movements every 2 minutes.  

Human simulator 

As the main topic of interest in this thesis is human exposure, a human simulator 
has been used in order to analyse how it affects (Figure 21). The human simulator used 
is made up of textile covered metal tubes and it is electrically heated in order to simulate 
the heat emitted by humans. It is composed by two different cylinders set into a human 
“seated position”: one straight cylinder representing head and trunk and another bent 
cylinder imitating the legs and the feet. It has a total surface of 1.69 m2 (±0.02 m2) and 
it was covered by a cotton based textile fabric, mainly for the purpose of attaining a 
realistic radiation emissivity of its surface, but also to give it a nicer appearance.  

The heat emission of the human simulator was 95 W (± 1 W), that is 5 W lower 
than the heat loss for a person working, and the heat energy was electrically delivered 
inside the human simulator via five power resistors, distributed as in Figure 19.  

 

Figure 19: From Mattsson [25], drawing of a human simulator. Measures in mm. The five 
power resistors are marked with “x”. 
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With the former configuration, it was demonstrated by Mattsson [25] that a 
fairly even surface temperature distribution is attained. For doing so, with an infra-red 
camera, thermography pictures of the temperature distribution of the human simulator 
were taken (Figure 20). In order to get acclimatised, both objects had been seated for 
about 20 minutes before.  

The temperature range of the clothing appears to be roughly between 26.0 and 
30.5 °C for both the human simulator and the man, with the estimated mean value being 
around 0.5 ºC higher for the human simulator. However, the temperature of the exposed 
skin at the man’s head and hands was however markedly higher: between 31.0-34.5 °C. 
Anyway, the extra heat loss (per unit area) of the man’s head that its high temperature 
caused, was to some extent compensated on the human simulator by its larger “head” 
area. 

 

 

Figure 20: From Mattsson [25], thermography pictures of the surface temperature distribution 
of a human simulator and a living man (wearing cotton shirt and jeans). Air temperature: 23°C 

(stratification < 0.3 °C/m). Heating power to the human simulator: 95 W. 
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In all the test cases, the human simulator was placed in a 400 mm wide and 750 
mm height chair. The seating surface was at a height of 460 mm, so two wood boards 
were positioned in the human simulator’s feet in order to avoid its inclination. With 
these boards, the total height of the human simulator was 1370 mm, 30 mm under the 
centre of the exhaust hood for case B (Figure 16). 

Regarding horizontal distances, the human simulator was placed 30 mm away 
from the table. This corresponds to a distance of 190 mm between the table and the 
centre of the cylinder, which can be regarded a fairly normal distance for a person 
working.  

Furthermore, as it has been mentioned, the exposure in the breathing zone of the 
human simulator has been also studied. For that purpose, it has been supposed that its 
breathing zone is located at a height of 1200 mm, a typical height for a seated grown-up 
human being. 

 

Figure 21: Human simulator placed in front of the exhaust hood for Case A, 2D.  
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Air velocity measurements 

The air velocity measurements are given special attention in the thesis of Mikel 
Aguirre Sánchez [11], as turbulence is his main topic of study. In the present thesis, 
despite human exposure being the main topic of interest, air velocity measurements are 
also interesting as they allow observing the effect of the presence of the human 
simulator as well as it may be possible to relate them to human exposure. 

For measuring air velocities, the already explained 3-D sonic anemometer has 
been used (Figure 5). The distance between the sonic sensor-parts that constituted the 
measuring volume of the sonic anemometer was about 30 mm, and in the direction of 
the expected main air flow the length of the measuring volume was 12 mm. The sonic 
anemometer was always oriented such that the expected main air flow direction – 
towards the exhaust nozzle centre – implied that no prongs were situated “upstream”, 
since they would then partly obstruct the measuring volume (Appendix 2). Therefore, 
the x, y and z directions of the air velocities measurements are defined as it is 
represented in Figure 22. 

 

Figure 22: Definition of directions relative to the exhaust hood. View from above, z direction 
positive upwards. 

The velocity tests that have been performed and that are of particular interest for 
human exposure are related with the effect of the presence of the human simulator. 
Hence, in a first approach, with no turbulence generated, exhaust air flow rate was 
gradually increased for the distances between the exhaust hood and the sonic 
anemometer mentioned: x= 150 mm and x= 225 mm, corresponding respectively to two 
and three diameters of the exhaust nozzle. The sonic anemometer was always placed at 
the same height above the table as the centre of the exhaust nozzle (both cases A and B). 
In these tests, the air flow rates listed in Table 1 were maintained for 2 minutes and the 
change between them was about 1 minute.  

Regarding having turbulence, the same cases that as the reports of Mattsson and 
Aguirre were performed with the human simulator heated in order to be able to compare 
the PNV (Percentage of Negative Velocities) and relate it with the capture efficiency. 
Furthermore, for the most turbulence sensitive case (Case B, 3D), the tests were also 
performed with the human simulator not heated in order to see the effect of the human 
convection. Hence, for the different configurations and for the different air flow rates 
listed in Table 1, the movable cylinder was set into regular motion according to the time 
intervals listed in Table 2. The durations of the tests are listed in Table 3. 
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Table 3: Movement intervals and time of action for the movable cylinder.  

Nominal movement interval Δt [s] Time of action [min] 
4 6 
10 7 
30 8 
60 10 
120 22 

 
Finally, since the sonic anemometer produced a noise signal of random 

fluctuations within about ±0.02 m/s, which was considered influential on some of the 
data analysis, the raw air velocity data were after-filtered using the Matlab (MathWorks, 
Inc.) function “filter” set as low pass filter with a time constant of 0.2 s (Appendix 3). 
The correction function (Appendix 1) was applied to the filtered data. The measuring 
uncertainty of the sonic anemometer, after data filtration, was estimated at ±10%. 

Tracer gas measurements 

Tracer gas measurements were of particular interest in this study as they allowed 
comparing human exposure close to the contaminant source to the general concentration 
in the room. Tracer gas was injected through a sphere (Figure 23) with a diameter of 40 
mm (standard size table-tennis ball of celluloid, Stiga competition, Stiga Sports AB, 
Eskilstuna, Sweden). The sphere was perforated with 14 evenly distributed circular 
holes of diameter 1.0 mm. The tracer gas used was N2O (laughing gas) mixed with 
Helium at a ratio He/N2O =0.613 to achieve a gas mixture of neutral buoyancy.  

The gas injection sphere was always placed at the same height above the table as 
the centre of the exhaust nozzle (cases A and B). The same two distances from the 
exhaust hood as used with the sonic anemometer were used for the tracer gas injection, 
i.e. x=150 and x=225 mm, corresponding to two and three diameters of the exhaust 
nozzle respectively. The total flow rate of the injected gas mixture was 0.66 L/min. This 
flow rate was motivated by yielding capture efficiency measurements of good accuracy 
without consuming excessive amount of gas, at the same time it resulted in a nominal 
gas velocity (flow divided by cross-sectional area) of 1.0 m/s in the holes of the 
injection sphere. This gas velocity is the same as the speed of the movable objects. 
Thus, in origin, these velocities were of the same magnitude. 

 

Figure 23: close-up view of the tracer gas injection sphere.  
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The N2O and He gas flows were measured with rotameters (Rota, Wher 2, L 
2.5/100 and Fisher 2-A-150 3109. Fisher Controls Ltd. Crydon, England, respectively) 
which had been calibrated against a bubble flow meter, yielding a flow uncertainty of 
about 3%. The rotameters are shown in Figure 24 with the gas monitor. The gas monitor 
(Innova 1412 Photoacoustic monitor, LumaSense Technologies A/S, Ballerup, 
Denmark) measured the N2O concentration in the middle of the test room through a 3 
mm Teflon sampling tube, with a dust protection filter at the end (Figures 8, 12 and 18). 
Also the concentration in the control room was measured, for background checking. The 
gas monitor was set up to measure also the water content and to cross-compensate the 
N2O readings for this. The sampling interval for each point thus became 70 s. The 
detection limit for N2O was 0.03 ppm, and the estimated uncertainty of the N2O 
measurements was about ±2%. 

 

Figure 24: Gas monitor and rotameters. 

In order to measure the human exposure, another gas monitor (Binos 1, Leybold-
Heraeus) (Figure 25) measured the N2O concentration in the breathing zone of the 
human simulator through a similar sampling tube that the one used with Innova gas 
monitor (Figure 16). As has been commented, the breathing zone height was 1200 mm, 
a typical height for a seated grown-up human being. The distance between the sampling 
tube and the vertical surface of the simulator was approximately 12 mm. 

The Binos was very sensitive to humidity. Therefore, it was necessary to reset it 
for every measurement. Data was acquired by a Labview program connected to Agilent 
Data Acquisitor (Agilent Technologies, Santa Clara, CA, United States) (Figure 25), set 
to take measurements every second. In this way, Binos showed the fluctuations much 
better. 
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Figure 25: Agilent Data Acquisition Switch Unit and Binos gas monitor. 

The same tests that were performed in Mattsson’s report were repeated. These 
tests were performed with the movable cylinder in action in a similar manner as at the 
tests with the sonic anemometer. Hence, the movable cylinder was set into regular 
motion at the different time intervals Δt listed in Table 2 (except Δt=30s) and for 
different exhaust air flows. 

As happens with Mattsson, when testing without any movable cylinder 
movements or other intentional turbulence generation in the room, practically no escape 
of tracer gas could be detected. Because of this, tracer gas injection through the 
injection sphere could be started a bit before of the start of the movable cylinder 
movements. Tracer gas was then injected throughout the time of action of the cylinder. 
However, in the two cases of long movement intervals, Δt=60 and 120 s, the tracer gas 
injection also continued after the last movement another half time interval, i.e. Δt/2 s 
longer. This was done in order to reduce the risk of the very last movement being too 
decisive for the total amount of tracer gas escaped. Hence, the total time of injection τ, 
which was inserted into Eq. 6 for calculating capture efficiency, was as listed in Table 4. 

Table 4: Time of tracer gas injection at different movement intervals of the movable cylinder.  

Nominal movement 
interval Δt [s] 

Time of movable cylinder 
action [min] 

Time of tracer gas 
injection τ [min] 

4 6 6 
10 7 7 
60 10 (11 moves) 10.5 
120 22 (12 moves) 23 
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The stopping of the tracer gas injection was done by moving the sphere into the 
exhaust hood nozzle by the use of the mechanism shown in Figure 16 that was activated 
from the control room. Since there continuously was some air suction in the exhaust 
hood, no tracer gas could escape to the room when the injection sphere was inside the 
nozzle. The alternative to just cut the tracer gas flow might result in some tracer gas 
remaining in the sphere continuing to diffuse out of it for a while.  

Directly after having stopped the tracer has injection, the room air was mixed by 
switching on the three mixing fans shown in Figure 26, and at the same time the exhaust 
air flow was reduced to about 40 m3/h. Thus a homogeneous concentration of any 
existing tracer gas in the room was attained, and this was used as Crτ in Eq. 6. The 
mixing fans had a power of 30 W and tracer gas measurements indicated full room air 
mixing within 1 min when running these fans.  

 

Figure 26: 30 W fan used for mixing room air.  
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4. RESULTS AND ANALYSIS 

Effect of the human simulator 

Without physical disturbance 

In a first approach, the effect of the presence of the seated human simulator has 
been analysed. For this purpose, with the human simulator (HS) heated and no 
turbulence generated, air velocity was measured while the air flow was gradually 
increased. Each of the air flows listed in Table 1 was maintained for about two minutes, 
and the transition/stabilization between them was approximately one minute. As it can 
be seen in the figures 27-28, the presence of the human simulator heated, with no 
turbulence generated, creates some additional disturbances.  

Since the suction direction is x according to Figure 22, the air velocity in that 
direction, u, is analysed more deeply. Hence, it can be observed that the heated human 
simulator generates more disturbances when the exhaust air flow rate is higher. On the 
other hand, when the exhaust hood is further (x=3D), the disturbances are always 
higher, but the presence of the heated human simulator increments them in a similar 
way to case x=2D. This also happens when comparing cases A and B. In the former, as 
it simulates a free-standing exhaust hood, the disturbances are greater. Nevertheless, the 
presence of the heated human simulator always introduces the same additional 
disturbances, which are increased with the exhaust air flow rate.  

In the case of v velocity, the heated human simulator also introduces more 
disturbances at higher velocities. This velocity should remain null, as y direction is 
perpendicular to the suction one. In situation A, it remains almost zero when the heated 
human simulator is not present. However, its presence introduces greater disturbances 
that increase with the exhaust air flow rate, similarly to u, but that are higher than in x 
direction. 

In situation B, it is needed to have in mind that as it represents a free-standing 
exhaust hood, it is a more unstable configuration. Hence, v velocity suffers more 
disturbances even without the presence of the heated human simulator. When the HS is 
present, it happens the same as in case A, the increase of disturbances is related to 
greater exhaust air flow rates and they are also greater than in u velocity. 

Finally, regarding w, it occurs the same as with v: since the direction is 
perpendicular to the flow rate, the average velocities should be null. In fact, their 
behaviour is similar. w fluctuates around 0 (more fluctuations in more extreme 
configuration), being more disturbed when exhaust air flow rate is higher. Nevertheless, 
the relative amount of increase of disturbance is less than in y direction. 
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Figure 27: air velocities for case A, with no turbulence generated and increasing air flow. Left graphs with no human simulator, right ones with heated HS. 
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Figure 28: air velocities for case B, with no turbulence generated and increasing air flow. Left graphs with no human simulator, right ones with heated HS. 
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On the other hand, it can be appreciated that w velocities in those cases where 
heated human simulator is present, are a bit higher due to the simulator convection. 
However, this effect is not very evident. In order to analyse it more clearly, the same 
experiments have been performed with the human simulator not heated in the most 
turbulence sensitive case: free-standing exhaust hood (case B) and x=3D. 

As can be deduced from Figure 29 and Figure 28 (bottom right), it is not the 
presence of the human simulator that is responsible of the increase of disturbances, but 
its convection when it is heated. Hence, the presence of an unheated human simulator 
did not tend to cause much additional turbulence.  

 

Figure 29: air velocities for case B, x=3D when the human simulator is not heated and no 
turbulence are generated.  

With physical disturbance 

As analysed above, the presence of the human simulator when is heated, creates 
some additional disturbances. Now, following with the work of Mattsson and Aguirre, 
the effect of a controlled source of turbulence is studied. Hence, as has been explained, 
a human-sized cylinder was moved in a controlled way behind the human simulator. 

When the human simulator is placed, as can be observed in Figure 30, even in a 
sensitive case (Case B, x=3D, Q=200 m3/h and Δt=4 s), the presence of the heated 
human simulator does not affect as observed when there were no turbulence. In fact, the 
human simulator seems to act as a barrier, leading even to fewer disturbances in some 
cases.   
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 Figure 30: air velocities for case B, x=3D, Q=200m3/h and Δt=4s. Left graphs with no human simulator, right ones with heated HS.  

 

Figure 31:u velocities for case A, x=2D, Q=100m3/h and Δt=60s. Left graphs generated by a real human [9], right ones with the movable cylinder. 
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In order to have a better perspective of the former, PNV was calculated and 
compared with those in Mattsson’s and Aguirre’s reports. One of the discussions of 
Mattsson was that the movable plate generated a turbulence pattern substantially 
different that the one generated by a real human walking. Because of this, he proposed 
performing the test with another profile of the moving object. This has been performed 
by Aguirre in his thesis in which the turbulence generated by a movable cylinder have 
been analysed. As shown in Figure 31, turbulence generated by the cylinder is similar to 
that generated by a real human (1.78 m high, 72 kg weight, 0.45 m width with forearms 
swinging slightly during the walks, which could be performed in a relaxed manner). 

Comparing PNV results from Mattsson and Aguirre (Figures 32 and 33), it can 
be seen that the more aerodynamic shape of the cylinder not only produces a turbulence 
pattern more similar to the one generated by a real human, but also leads in general to 
less percentage of negative velocities (PNV), being more appropriated as this 
measurement is used as a potential measure of contaminant risk. Now the question that 
comes up is: how does the human simulator affect? 

The answer to this question can be observed in Figure 35 where the general 
trends enunciated by Mattsson are confirmed, with one exception. These four trends 
stand that the PNV value gets higher by: 

� A lower exhaust flow rate Q. 

� A shorter movement interval Δt. 

� A longer distance to the exhaust hood (2D vs 3D). 

� A higher altitude with respect to the table (Case A vs free-standing case 
B). 

It can be seen that trends 1, 3 and 4 are also true for this case. However, when 
the distance to the exhaust hood is x=3D, second trend is not fulfilled: when Δt=10 s, 
PNV is higher than when Δt=4 s. This also happens when the human simulator is not 
present. Therefore, it seems a consequence of the cylinder aerodynamic pattern. 
Mattsson had previously studied the velocity pattern of a moving cylinder [23], and then 
stated that when the time interval is shorter, disturbances are “added”. Hence, when Δt= 
10 s, this is critical. 

Now, in order to analyse the effect of the natural convection, the reverse way of 
reasoning to that of the no turbulence section could be applied. Hence, first the situation 
in which the human simulator is cold is analysed (Figure 35). In a similar manner to the 
former section, tests with the human simulator cold have just been performed for the 
most extreme case: Case B and x=3D. As deduced from the figures, if comparing with 
the case in which human simulator is not present, the presence of the human simulator 
(when it is not heated) decreases the capture considerably at lower air flows (higher 
PNV values). When the air flow rate increases, this difference disappears having almost 
similar values of PNV. However, at low flow rates the presence of the not heated human 
simulator decreases the capture efficiency. 
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Figure 32:PNV values in Mattson’s report [9]. Turbulences generated by flat-plate and no seated human simulator. 
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Figure 33: PNV values in Aguirre’s report [11]. Turbulences generated by cylinder and no seated human simulator. 
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Figure 34: PNV values with turbulences generated by cylinder and seated human simulator heated. 
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Figure 35: PNV for Case B, x=3D when the seated human simulator is not heated. 

If human simulator is heated (Figure 34), it emits some heat creating a natural 
convection air flow. In those cases where the exhaust hood is on the table (Case A), this 
convection would have less effect than in Case B, as the table acts as a barrier. Hence, 
in case A when the exhaust hood and the human simulator are closer (x=2D), the human 
simulator causes slightly larger PNV values. Nevertheless, the bigger difference of 
values is 1.05%, i.e. an almost negligible difference. This is due to the fact that the 
present case is the most favourable one, having the exhaust hood and the sonic 
anemometer close and with the table acting as a “protector”. 

With the same configuration, maintaining the human simulator and the sonic 
anemometer in the same position, but the exhaust hood furthered 1 diameter (x=3D), the 
same effect of the human simulator appears. The natural convection of the human 
simulator now seems to contribute to lower values of PNV, but the difference is 
practically negligible. 

In case B, due to the higher altitude the human simulator convection is more 
appreciable. With this configuration and with a distance between the sonic anemometer 
and the exhaust hood of x=2D, the convection is only appreciable at low air flow rates 
(which is consistent with the literature review) and low movement time intervals, where 
it reduces the values of PNV. However, due to its proximity, when the air flow rate or 
the time intervals increase, the difference is practically negligible. 

If the exhaust hood is distanced, the convection contributes more gently to 
reduce the PNV values with respect the situation in in which human simulator is not 
present, and therefore favouring the contaminant capture (velocity measurements 
confirm that the hood is suctioning). Anyway, as happened before, when time interval 
or the air flow are increased, the effect is reduced. 
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Tracer gas tests 

Tracer gas tests were performed in order to quantify the capture efficiency (CE) 
of the exhaust hood, as regards capturing a contaminant of neutral buoyancy emitted in 
front of the exhaust hood, such that the contaminant does not escape to other parts of the 
room. Besides tests with no intentional turbulence generation in the room, tests were 
performed with the movable cylinder in action in a similar manner as at the tests with 
the sonic anemometer. The different time intervals of the movement of the cylinder and 
the injection are the ones represented in Table 4. 

In an extension to the Mattsson [9] tests, the concentration in the human 
simulator’s breathing zone was also measured. Hence, for each test case, concentrations 
both in the middle of the room as well as in the human’s breathing zone were taken, 
since, as has been explained, the heat convection from the body may affect worker 
exposure in three possible ways [22]: 

� It can transport the contaminants from the waist to the breathing zone by 
the action of buoyancy. 

� It may intensify or damp the turbulence in the flow field. 

� It may cause contaminants that are trapped in the recirculation region 
near the breathing zone to rise out of that region into the room. 

thus leading to different concentrations in the vicinity of the exhaust hood near 
the worker and in the middle of the room. 

Concentration in the middle of the room 

As explained in the method, for each test, concentration in the middle of the 
room was measured before and after the movement period. These measurements 
allowed the calculation of the Capture Efficiency (CE) parameter, in which all the terms 
of Eq. 6 are known. The results can be observed in Figures 36 and 37.  

 

Figure 36: Capture Efficiency for Case B, x=3D and not heated human simulator.  
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Figure 37: Capture Efficiency when the heated human simulator is present for different configurations. 
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When the exhaust hood is located on the table (case A), capture efficiency 
values show the same behaviour as those obtained with velocity measurements (PNV). 
Hence, when the exhaust hood and the injection sphere are closer (x=2D), capture is 
better as the air flow and the time interval of the turbulence generated increases. 
Nevertheless, even in the worst case capture efficiency is quite high. 

When the exhaust hood and the sphere are separated further (x=3D), the 
behaviour is also similar to the one obtained with velocity measurements. Hence, 
capture efficiency improves when the air flow rate increases and when the time interval 
of the turbulence is higher. However, as it happened with velocities, for Δt=10 s capture 
is lower than when the movement is continuous (Δt=4 s). 

On the other hand, when the whole system is raised (case B), it can be said that 
the local exhaust system would be effective only if the air flow rate is considerably 
high. For instance, when the injection point is closer to the exhaust hood and for Q=50 
m3/h the capture efficiency oscillates between 40 and 90%, which are not considered 
sufficient, as just a single movement would lower the capture efficiency considerably. 
Furthermore, in the case of Q=100 m3/h velocity measurements showed that practically 
all the velocities were positive, thus indicating almost 100% capture efficiency. 
Nevertheless, tracer gas tests show that the capture efficiency is considerably lower than 
the expected. 

In the case of separating the exhaust hood from the injection sphere (x=3D) with 
the whole system raised (case B), the ventilation system is neither enough as the tracer 
gas that escapes into the room is considerable, especially at low flow rates and with a 
high rate of turbulence. With case A and x=3D it happened that velocities showed a 
peak with Δt=10s that was also visible with tracer gas. In case B and x=3D, velocities 
showed that peak but with a lower steepness, the same that happens with tracer gas 
tests. 

As with velocity measurements, for the most sensitive case (case B and x=3D) 
measurements with the human simulator not heated were also taken (Figure 36). Hence, 
with velocities it was shown that human simulator not warmed leaded to a higher 
percentage of negative velocities. However, in the case of capture efficiency, when the 
human simulator is not heated the amount of tracer gas in the room is lower, thus 
confirming that convection makes the tracer gas rise out and spread into the room. 

Concentration in the breathing zone 

Concentration of tracer gas that escapes to the room is important. Nevertheless, 
another important factor is the actual amount of tracer gas that the real worker is 
breathing, since as has been explained, the presence of a person may cause that the 
concentration in the breathing zone of the worker differs to that in another point of the 
room at the same height. 
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In the next figures (Figures 38 and 39) some cases have been selected in order to show the difference when the human simulator is heated 
to when it is not, as well as to relate the results with the ones obtained in the middle of the room. 

 

 

Figure 38: ppm of N2O measured in the breathing zone for Case B, x=3D, Q=50 m3/h and Δt=60 s. Each movement of the cylinder is represented by a vertical 
line. 
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Figure 39: ppm of N2O measured in the breathing zone for Case B, x=3D, Q=100 m3/h and Δt=120 s. Each movement of the cylinder is represented by a 
vertical line. 
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As can be observed, tracer gas concentration in the breathing zone of the human 
simulator is more difficult to analyse as there is neither a clear tendency nor correlation 
with the movements of the cylinder (each vertical line represents a movement) (Figure 
38). Hence, in general it can be shown that there exist some peaks of different amplitude 
and that its location during time does not follow a clear pattern. In some cases, these 
peaks lead to instantaneous exposures much higher than is attained in the middle of the 
room. Furthermore, there exist peaks even when the capture efficiency is 100% 
although these are less sharp and appear with less frequency (Figure 39). 

When comparing the peaks with the human simulator warmed with those when 
it is not, it can be observed that not heated simulator tends to lead to a lower amount of 
peaks. This difference is smaller when the air flow and the time interval decrease, and 
corresponds with capture efficiency results. 

Comparison between PNV and CE 

Finally, in a similar way to Mattsson, the comparison between PNV and CE has 
been analysed. In his report Mattson observed that there was a strong correlation 
between PNV and CE that was significantly negative, since as PNV increases, CE 
decreases (Figure 40). He also observed that the correlation was linear and the slope 
was similar for all test cases (except Case B, 3D) with CE roughly decreasing 5%-units 
for every 10%-units increase in PNV. 

 

Figure 40: From Mattsson [9], relationship between PNV (Percentage Negative Velocities) and 
CE (Capture Efficiency) at different test cases, x-distances and exhaust flow rates, Q (m3/h). 
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Figure 41:Relationship between PNV (Percentage of Negative Velocities) and CE (Capture 
Efficiency) at different test cases, x-distances and exhaust flow rates, Q (m3/h), when the human 

simulator (HS) is present (both heated and not heated). 
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way, it can be observed that when the human simulator is not heated, the correlation is 
still linear and maintains roughly the same slope as that attained in Mattson’s study. 
However, when the human simulator is heated, the slope increases. This slope is not 
similar in all the cases. For x=3D, it can be observed that the CE linearly decreases 
approximately at the same percentage-rate as PNV does. In contrast, when x=2D, the 
linearity is less clear and there is a more marked steepness, leading to low values of CE 
with low PNV.  
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5. DISCUSSION 

The present study has shown that the presence of a human-like object in front of 
a local exhaust ventilation system has an effect on the capture performance. This effect 
correlates with other studies presented in the literature review, where different effects 
have been reported. Firstly, it causes a wake in the flow field that may let a contaminant 
enter the human’s respiratory system even though the ventilation system is working 
correctly and trying to extract the contaminant in order to avoid exposure. Secondly, 
another important effect that the human has is that due to its metabolism, there is a heat 
loss producing a natural convection current that can disperse the contaminant into the 
room instead of being captured, or can make that a contaminant raise directly to the 
breathing zone. These two effects are the main ones that have been analysed in 
conjunction with the effect of different flow rates, time intervals of the turbulence 
generated and distance of the exhaust hood. The first effect was appreciable in those 
cases where human simulator was not heated, since just its presence affects, while the 
second one has been analysed when the human simulator was heated, as is explained in 
later paragraphs. However, other important aspects that also have a considerable effect 
have not been analysed, such as the movements of the seated worker, the presence of 
another person, inhalation and expiration, distance between the contaminant source and 
the worker, orientation of the worker with respect to the flow, distance of the worker to 
the table… These conditions, that have been maintained fixed in this study, allow 
deeper studies in such a complex area like this.  

Furthermore, another condition that has also importance and it is worth to 
mention is the shape of the hood. At local exhaust ventilation configurations, there exist 
multiple possible shapes of the hood that alter how contaminants are captured. The type 
of hood chosen depends in each case. Hence, another interesting study would be the 
effect of changing the shape of the hood as was done in other papers [21, 24]. 

About this thesis, as was mentioned it represents, in conjunction with Mikel 
Aguirre’s one [11], the natural continuation of the study of Mattsson [9]. In the latter 
study it was shown that the turbulence generated by a flat plate was considerably higher 
than that created by a real human, although the human was moving his arms gently. 
This suggested the analysis of the turbulence generated by an object with another shape, 
namely a cylinder. This analysis has partly been done in the present thesis, but the 
turbulence issue has been particularly studied in the thesis of Aguirre [11]. As he 
demonstrates, the velocity measurements performed with the cylinder correlates well 
with the human ones, the cylinder-induced turbulence being even a bit smaller. This 
difference can be due to the absence of arm movements at the cylinder.  

As a natural consequence, when comparing the PNV values for the flat plate and 
for the cylinder, those obtained with the cylinder are lower. The tendency is that the 
proportional reduction in PNV is higher when the sonic anemometer and the exhaust 
hood are closer together. However, when they are separated by x=3D, PNV values 
obtained with the cylinder are higher than those with the plate when the turbulence is 
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very intense (short Δt) and at low velocities. Further, due to the aerodynamic 
characteristics of the cylinder, the PNV at Δt=10 s, is a bit higher than at Δt= 4s. This 
can be motivated with the report of Mattsson and Sandberg [23], in which they stated 
that previously generated turbulence (from recent movements in the room) have an 
appreciable effect, especially at low Δt. 

The previous studies only face how turbulence affects the performance of a 
particular exhaust ventilation system for different configurations. However, those 
systems are usually installed in order to avoid the exposure to hazardous substances of a 
person working in front of the LEV system, and the presence of the person has an effect. 
In order to analyse it, different velocity measurements and tracer gas tests have been 
performed. In a first approach, dealing with air velocity measurements, when no 
turbulence is generated by moving objects, it was observed that the presence of the 
human simulator has an effect due to its natural convection when it is heated, which 
introduces more disturbances. This effect is higher when the exhaust air flow increases, 
and it is probably due to vortex shedding that occurs as air passes the human simulator 
convection flow: A higher exhaust air flow rate generates more vortices, which in this 
case is practically the only turbulence generation in the room, and these vortices are 
disturbed by the natural convection flow, thus leading to higher disturbances when the 
air flow increases. When the seated human simulator is present but not heated, the same 
vortices are generated, but as there is no natural convection, the vortices are not affected 
and the disturbances generated are practically similar to those when human simulator is 
not present. 

Nevertheless, the disturbances generated when the human simulator is heated are 
not of great magnitude, and when external turbulence is generated by a moving object, 
they are practically unnoticed. What’s more, in some cases, as turbulence is generated 
behind the human simulator, it seems to act as a barrier not only because of its presence 
but also due to the natural convection flow, leading to lower turbulence than when it is 
not present.  

Following with the analysis with external turbulence generated by the cylinder, 
if the values of PNV with the seated human simulator and without are compared, now 
natural convection has a positive effect. Hence, when the human simulator is present but 
is not heated, PNV values are the greatest ones, especially with low air flows. 
Nevertheless, when the human simulator is heated, the natural convection favours 
capture of possible contaminants and the PNV values are lower than even with no 
human simulator. The effect of the convection is especially appreciable for low exhaust 
air flow rates (which is consistent with literature review) and low time intervals of 
object movements. For the rest of the cases, values are almost equal. Hence, it has been 
demonstrated that the natural convection of a human body tends to be significant only 
for low exhaust air flows, in which it damps the effect of the wake created by the 
presence of an object in the middle of a flow: buoyant force balances inertial force, 
since just the mere presence of the human simulator worsened PNV values and 
convection improves them, being lower than even with no human simulator. In this 
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way, another possible continuation of the work could be testing lower velocities of the 
exhaust air flow in order to check if the inverted V relationship stated by Li, Yavuz et 
al. is true [22] and at very low air flows the exposure diminish. However, there exists a 
complication for this, since the tested air flow was not absolutely stable and introduced 
some fluctuation, especially at low flow rates. A closed-loop control unit could fix this 
and would allow achieving lower velocities and test the mentioned relationship. 

Regarding the tracer gas tests performed, both concentrations in the middle of 
the room and in the breathing zone need to be considered, since as was stated in the 
literature review convection can lead to different concentrations in the breathing zone 
and in the middle of the room. In this sense, it has been observed that the previous 
statement is true and concentrations in the breathing zone show some peaks that lead to 
short, but very high exposures. The frequency of these peaks is higher when the capture 
efficiency (CE) is lower. Nevertheless, even when the CE=100% there are some peaks, 
although with less magnitude. Regarding the distribution among time of these peaks, 
there is not a clear correlation with the movement of the cylinder: they seem to be 
random. Furthermore, when comparing these peaks occurring with the heated and the 
not heated simulator, it can be seen that the number of peaks is higher when the human 
simulator is heated, thus corroborating the mentioned effect of convection which 
transports contaminants to the breathing zone due to buoyancy. 

Another effect of convection that have been observed is that when human 
simulator is present, tracer gas is spread into the room instead of being captured: 
contaminant is trapped into the convection flow and spreads into the room, leading to 
worse values of capture efficiency in comparison with the case in with the human 
simulator was not present or was not heated. In this sense, it is worth to remember that 
the only presence of the seated human simulator (when it was not heated) leaded to 
higher values of PNV. However, although PNV values were worse, CE is better since 
there is no convection that spreads the tracer gas into the room. Hence, convection leads 
to better values of PNV, but the reality is that more tracer gas is spread into the room 
(worse CE).  

The former statement was also checked by comparing CE and PNV in the same 
graph. In his report Mattsson stated that there was a strong correlation between the PNV 
and CE in the room that was linear and had the similar slope for all the test cases: CE 
roughly decreased 5%-units for every 10%-units that PNV increased. Nevertheless, 
when the human simulator is present, this correlation only applies when it is not heated. 
Convection leads to steeper slopes, making that for the same PNV value, CE gets worse. 
Two different cases can be distinguished: x=3D and x=2D. In the first one, there also 
exists a linear relationship between PNV and CE, with the same slope being about 1:1 
(%-units). On the other hand, when the measuring/injection point is closer to the 
exhaust hood (x=2D), the correlation losses its linearity a bit and is steeper, leading to 
low values of CE with very low PNV. Hence, convection has two different effects that 
have been already analysed: on the one hand, it favours positive velocities in the suction 
direction (lowers PNV) and on the other hand, it makes that the contaminant is spread 
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into the room instead of being captured (air is captured instead). These effects are 
probably responsible for the steeper slope when the seated human simulator is heated 
and the difference in the slopes for x=2D and x=3D. In Mattsson’s report [9], although 
PNV was also lower when the sonic anemometer was closer, the slope was practically 
independent of the configuration. Therefore, it can be observed that convection have a 
strong effect.  As a consequence, there is a relation between CE and PNV that depends 
on the distance between the injection and the capture point. Therefore, PNV is not a 
representative measure of the performance of a local exhaust ventilation system when a 
human is present unless the exact relationship between PNV and CE depending on the 
distance between the injection and capture points is known. 

 A possible way to extend the study in this sense consists in varying the distance 
between injection and capture points in order to see if there exists any relationship 
between that distance and the slope. Furthermore, other distances can be also modified 
such as the distance of the human simulator to the table, in order to see how convection 
changes, and the vertical distance from the table to the exhaust hood, so that convection 
at different heights can be studied. 

In all the tests that have been performed in this study, care was taken to 
minimize the background effect level of air turbulence in the test room, such that only 
the disturbance by the controlled movable cylinder movements caused turbulence of 
importance for the exhaust hood performance. With only very low background 
turbulence level present, the capture efficiency of the hood was recorded to be 100% at 
all test cases when human simulator was not present. This seems to be a reasonable 
result, since in principal there are then no room air currents bringing the injected tracer 
gas in any other direction but towards the exhaust hood. When the human simulator is 
not heated, the former affirmation is still true. Nevertheless, as it has been observed, 
when human simulator is heated, its convection affect capture. Hence, when no 
turbulence is generated by moving objects and the system is located on the table (Case 
A), the capture is almost perfect with no turbulence. However, when the system is 
raised, even with no turbulence the capture is affected due to human’s convection. As a 
consequence, in order to avoid the effects of natural convection, a local exhaust system 
installed on the table is recommended, although with a sufficient air flow rate. 

Nonetheless, at real installations, the background turbulence level is usually 
higher, e.g. due to air jets from ventilation supply air diffusers. A possible extension of 
the present study, as well as Aguirre’s and Mattsson’s ones, could hence be, as 
suggested by Mattsson [9], to have a higher level of background turbulence, onto which 
additional disturbances like movable cylinder movements would be superimposed. But 
the level and characteristics of that background turbulence will then be very crucial for 
the results, and must hence be possible to be generated in a controlled and repeatable 
manner, and also possible to be described in a well-defined way. Such controlled 
turbulence can be a challenging task to achieve, and a suitable target level seems 
nontrivial to establish.  
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Regarding the tracer gas tests, these have been performed in sequences (the four 
tests for each air flow and configuration) without evacuation of all the tracer gas in 
between. Higher accuracy is however achieved when starting from zero concentration in 
the test room, since the baseline then is more certain. Additionally, when deriving the 
capture efficiency formula it was considered that the tracer gas concentration in the 
supply air to the room was zero. Nevertheless, measurements of the tracer gas in the 
control room have led to some concentration of N2O due to leaks. Hence, if this 
concentration is taken into account, result would be more accurate. 

Further, in the present study N2O was used as tracer gas. A common alternative 
in ventilation studies is SF6, which however is a very heavy gas that requires mixing to 
attain a neutrally buoyant gas mixture to inject. What’s more, test with particles may be 
also performed as it is a habitual situation in the industry. However, it is more difficult 
to simulate. 

Additionally, there are more limitations in the method that need to be 
considered. One of them is that the span of the movement of the cylinder was not 
maintained always centred and in some tests had less acceleration. This was due to 
some problems with the motor and its later adjustment. Anyway, these discrepancies 
were small and the velocity when the cylinder passed behind the human simulator was 
always 1.0 m/s. 

Another limitation is that in the velocity measurements achieving the 
perpendicularity of the anemometer with respect to the flow was difficult and that may 
affect the results. 

Finally, with regards to the human simulator, its heat loss is similar to a real 
human one. Nevertheless, there are a lot of factors of a human that cannot be simulated 
with this kind of simulator, such as the effect of the nose (it is another obstacle), 
inspiration and exhalation, movements, thermoregulatory movements… Hence, there 
are a lot of parameters that affect and that can be considered in future studies. 
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6. CONCLUSIONS 

The main conclusion that can be obtained is that the air fluctuation measure 
PNV is not always a convenient alternative to tracer gas measurements for indicating 
LE capture efficiency in the presence of a heated human simulator (HS). There is 
dependence between PNV-CE correlation, and the distance from capture to injection 
point. Hence, unless this dependence is known, PNV is not a good alternative. The 
former is a consequence of convection flow. When human simulator is not heated, this 
distance does not affect and PNV-CE correlation is independent to the configuration. 
However, when HS is heated, correlation between PNV and CE depends on the distance 
between injecting and capture points, since the effect of the convection is different. 

On the one hand, the only presence of a human simulator in front of the exhaust 
hood introduces some disturbances that increase with the exhaust air flow but that are of 
the same magnitude for each flow rate, even for different positions of the exhaust hood. 
Nonetheless, when controlled turbulence is generated through object movements behind 
the human simulator, these additional disturbances are imperceptible. Regarding the 
obtained PNV values, it can be concluded that the presence of a heated human 
simulator, due to its natural convection, reduces the percentage of negative velocities 
when the air flow rates are low and when the exhaust hood is raised from the table. In 
other test cases the effect on PNV is practically negligible. 

However, on the other hand, tracer gas tests have shown that in reality much 
tracer gas is not being captured, even when PNV values are close to 0%. This is 
especially true for the free-standing exhaust hood (raised from the table) and x=2D. In 
that case, the slope between PNV and CE is very steep. In contrast, when x=3D the 
slope is less steep and both measures change inversely in the same proportion: CE 
decreases at the same %-unit as PNV increases. Hence, it has been obtained a 
relationship between the measures that depends on the distance between injection and 
capture points when HS is present and heated. If HS is not heated, same correlation as 
found by Mattsson [9] is true. 

Regarding the exposures measured in the breathing zone, it can be said that there 
is not a correlation between each movement of the cylinder and the peaks. Hence, the 
worker is exposed to random, short and high peaks of contaminants. The intensity of 
these peaks is higher with the human simulator heated, which also can be explained by 
the effect of natural convection along its body. 

Finally, it can be said that human exposure is a complex topic that is influenced 
by many factors. Therefore, further tests in which different parameters are changed are 
necessary in order to know how each parameter affects. 
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Appendix 1: Calibration of the sonic anemometer. 

According to section 3, the calibration method for the sonic anemometer consists 
in obtaining a calibration curve comparing the “true values” of the velocity with the 
measured ones. In order to know the “true value” of the air velocity, a previously 
developed calibration routine for how it is related to some pressure drop in the test rig 
was used. This relationship, that can almost be considered constant with the 
temperature, is: 

� =  −5.41671 · 10� · ∆�� + 1.56230 · 10� · ∆� + 2.20828 · 10�   (20 ℃) (7) 

If the relationship between pressure and temperature is taken into account: 

∆� (�) =  ∆�(20℃) · (�/293)�.�� (8) 

In the present study, the variation with temperature has not been taken into 
account because for small pressure drops (as it is this case), the velocity does not 
practically change: 

 

Figure 42: Pressure vs velocity depending on the temperature. 

Comparing the measured velocities with the ones calculated according to Eq.7, 
the three different correction curves have been obtained (Figures 43, 44 and 45). In 
these graphs, the ordinate axis represents the measured velocity while the abscissa axis 
represents the error (true-measured). Hence, it is needed to add the value of the 
correction to the measured one. Additionally, it can be observed that at very low 
velocities, the measured values follow less the tendency of the rest of measurements.  

Regarding the corrections, both the x (Figure 43) and the z axes (Figure 45) 
show minor corrections if compared with y axis (Figure 44). Furthermore, in the case of 
x and y, the different disposition of the prongs affects having different corrections for 
positive and negative velocities. Hence, for x axis there are no prongs “upstream”, 
leading to smaller corrections than for y axis where there is a big prong obstructing 
positive direction. 
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Figure 43: Correction curve for x axis, u velocity. 

 

Figure 44: Correction curve for y axis, v velocity. 

 

Figure 45: Calibration curve for z axis, w velocity. 
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Appendix 2: Effect of the prongs. 

A disadvantage of sonic anemometers is that the prongs supporting the 
transducers distort the flow. Hence, in the present section, a deeper analysis of the 
prongs effect is performed. 

Due to the orientation of the axis, the disposition of the prongs affects the flow 
for x and y direction. As has been explained in the method, sonic anemometers measure 
the air flow velocity by emitting a series of pulses between a pair of transducers and 
measuring how much it takes to the sonic pulses to travel between them. For each 
direction, there are two transducers: one supported by a “long” prong and other 
supported by a “short” prong (Figure 5). In Kaijo anemometer, these supports are 
located so that there is a “long” prong obstructing positive v (the air flow finds this 
prong and gets disturbed before reaching the measuring zone) and no prongs obstruct 
flow in x nor z direction. The disposition of the rest of the prongs can be observed in 
Figure 46, where the red dots represent “long” prongs and the blue ones the “short” 
prongs.  

 

Figure 46: Disposition of the prongs looking the anemometer from above. Z direction goes into 
the paper. 

In order to analyse how these prongs affect the measurements, using a fixed 
known velocity in the rig, measurements have been taken clockwise for every 30 
degrees as well as near some prongs, with the objective of studying better their effect. 
The reference taken is that 0 degrees corresponds to y axis going out of the rig, and as 
the sense of movement has been clockwise: 90 degrees corresponds to x axis. 
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In Figure 47 it can be observed how u and v change as the sonic anemometer is 
being turned, and are annulled when they are perpendicular to the flow. It can be also 
seen that some measurements have been taken closer to some prongs. 

 

Figure 47: u and v for the different degrees. 

With the objective of analysing how these prongs affect, it has been calculated 
the absolute value of the velocity in the XY plane. As it can be observed in Figure 48, 
the big prongs (0, 120 and 240 degrees) alter the measured velocity in its surroundings, 
causing that the measured velocity (red dots) is less than the real (“true”, reference) one 
(blue dots). If the previous formulas of Appendix 1 are used (green dots), the situation is 
corrected a bit. Nevertheless, as it is not enough, a parabola correction has been used in 
the 10 degrees surroundings of each big prong. 

 

Figure 48: total velocities and its corrections for different angles. Red lines represent big 
prongs and blue ones, short prongs. 
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The parabola correction has been calculated so that the correction applied to the 
“long” prongs is the mean of the needed correction for them. After that, a parabola has 
been calculated and the resulting value needs to be added to the already corrected value: 

� = −0.00062274 · �� + 0.062274 

where x=0° for the big prongs and it is just applied for the 10 degrees 
surroundings. 

The results with the parabola correction are shown with “x” in Figure 48. 

Appendix 3: Anemometer data filtration. 

Since the sonic anemometer produced a noise signal of random fluctuations 
within about ±0.02 m/s, which was considered influential on some of the data analysis, 
the raw air velocity data were after-filtered using the Matlab (MathWorks, Inc.) function 
“filter” set as low pass filter with a time constant of 0.2 s. The measuring uncertainty of 
the sonic anemometer, after data filtration and correction, was estimated at ±10%. 

This filter was a direct form II transposed implementation of the standard 
difference equation. In this case, only a 1-pole low-pass filter was needed: 

� !"# =  !"#$%(&, (1     & − 1), �) 

Where a=T/τ (T=the time between samples and τ=the filter time constant) and x 
represents the data array. 

Therefore, the exact filter used in this case was: 

� !"# =  !"#$%(0.25, (1    − 0.75), *&#& &%%&�) 

As T=0.05 s and the time constant was 0.2 s. 


