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Abstract

The presenthesis aims to study the effect of human movementdoocal exhaust
ventilation

In its simplest terms, locaxhaust ventilations a system which has the function of
extractng contaminated airsituated close to the contaminant souycgrotecting a
working persorfrom exposure to hazardous substances by cangaor capturing them
locally, at the emission poinAs an important security measure referred to terms of
health, it is crucial for the healttessof workersto control and prevent them from the
exposureo vapour mist, dust or other airborne contammig Additionally, to a lesser
degree of significanget can be stressed an expected increase in worker performance
due to an improvement of the working conditions

There is an existing necessity for wa#fined and appropriate methods to test the
perfamance of local exhaust devices in order to reach standard efficiency vidtees.
lack of an international standardizatiord leo the realization of this studyvhich,
ultimately, hasthe purpose of obtainingelevantresultsthat can beutilized for future
normalizd test procedures

The study entails full scale experimental measurements that include air velocity
measuremenis 3 dimensionsa local exhaust ventilation device with circular hood and

a flat flanged plate and eontrolled generation o&ir turbulence through physical
movements of Aumansized cyliner, simulating a walking person

The present studgxtendgprevious similar studieat the University of Gavlevhere the
controlled air turbulencevas generated by a moving plate. Aftareaningful results
obtained in hat study, one of the considerations was better simulate a walking
person,by replacing the plate for a movable cylind&he present studyoints at a
larger similarityoccurring with acylinder than with a plateas regrdsthe air flow
patternproduced by real walking person.

As in the previous studyhe Percentage of Negative Velocities, PNV5 been used as

the main measure of turbulence induced risk of contaminant spread. The PNV
represents the fraction of thiene when the flows direcied opposite to thesuctionair
streamin front of the local exhaust hoo@he obtained results conclude that the use of
the cylinder as a moving object has been an improvement to simulate the effect of the
movement of a human being on a relaxed walking pace.
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The presentstudywascarried ouin parallel with the thesis worty Leyre Catalan Ros
[17], which complements this study by analyzing the effefcin addecheated dummy
simulatinga persorseatedn front of the local exhaust device.
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Nomenclature

Cq Drag coefficient {]

D Drag force experienced by an object due to the movement through a fully
enclosing fluid [N]

d Horizontal distance between the exhaust hood and the place of
measurements [mm]

EH Exhaust hood

h Vertical distance between the table and the placeeafsurements [mm]

L Reference length [m]

LEV Local exhaust ventilation

MC Movable cylinder

PNV Percentage of negative velocities [%)]

Q Air flow rate in exhaust pipeni’/s]

Re Reynolds number]

S Reference area [th

SA Sonic anemometer

U Air flow velocity [m/s]

u Air velocity in x axis direction [m/s]

Vv Flow velocity [m/s]

% Air velocity in y axis direction [m/s]

w Air velocity in z axis direction [m/s]

P Pressure difference [Pa]

pt Movement interval of the movable cylinder [s]
i Viscosity coefficient [P&]

] Air density [kg/m]
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1. INTRODUCTION

As it is known, the human exposure to a health harmful environment during a
prolonged period of time can lead to serious consequences. Therefoea, a
professional activity involves exposure to gases, dust or any other type of air
contaminant, it is esa8ial to have a ventilation system that emsuthe health of the
workers,avoiding unnecessary risks. Some of these potentially dangerous activities are,
for instance,when employees are exged to high toxicity chemicals avhen large
amounts of dusts or welding fumes are generated

Local exhaust ventilation (LEV)

Local exhaust ventilation (LEV) is a system which has the function of extracting
contaminated air situated close to the contaminant source, protecting a wieksong

from exposure to hazardous substances by containing or capturing them locally, at the
emission point

LEV operates on the principle that air moves from an area of high pressure to an area of
low pressure. The difference in low pressure is crelayea fan that draws or sucks air
through the ventilation system. Local exhaust systems are located as close as possible to
the source of contamination to capture the contamiibafore it is released into the

work area[1] A local exhaust system has fildasic elements as it can be seen in Eig.
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Figure 1. Elements of a local exhaust ventilation devide].



Air flow disturbance by mang objects at local exhaust ventilation

Mikel Aguirre Sanchez

1. An inlet/enclosure/hood: Where the contaminant is captured or contained and enters
the LEV.

2. Ducting: This conducts air and the contaminant from the hood to the discharge point.
3. Air cleaner or filter: This filters or cleans the extracted air. Not all systems need air
cleaning.

4. Air mover: The fan and motor that powers the extraction syste

5. Discharge or exhaust: This releases the extracted air to a safd3jlace

Literature review

In a study performed by Mohd [3], different types of local exhaust ventilation were
monitored, provingthe effectiveness of local exhaust ventilation in order to reduce
human exposure.

A previous study about the effect of local exhaust ventilation for the control of welding
fumes [4] indicates that LEV can reduce fume exposures to levels below currently
relevant standards. This same study suggests tha0%®or more reduction in

exposure is possible with portable or fixed LEV systems relative to natural ventilation,
taking into account that correct positioning of the hood and adequate exhaust flow rates
are essential.

Another study that quantified the importance of LEV [5] assessed the effectiveness of a
commercially available LEV system for controlling respirable dust and crystalline silica
exposures during concrete grinding activities, concluding tti@tapplication of LEV
resulted in a reduction in the overall geometric mean respirable dust exposure from 4.5
to 0.14 mg/m3 , a mean exposure reduction of 92%.

According to a study about the exposure to volatile organic compounds in printing

plants [6], it was identified througbomputational fluid dynamics (CFD) analysis that

LEV was an effective mitigation measure. It was found that there existed a threshold

LEV air flow rate for an abr upvblatie @aghnicct i on i
compounds noticing a less sensitive reduction when the LEV airflow was further
increased beyond the threshold; see in Fig. 2.
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Figure 2. Suscepibility of worker to volatile organic compoundsemissions versugush-pull LEV flow rate
according to computational fluid dynamics results. [6]

Susceptibility, S(%o)
g (o]

A study about the chemical exposure levielshairdresser salons [7] dealith the
significance of the usage of local exhaust ventilation in order to prevent from adverse
health effects related to their working environmeXg it can be appreciated Table 1,
exposure level values were considerably lower in the zones with LEV.

Table 1 Exposure level of ammonia in the breathing zone, measured in six hairdressing

salons. [7]
Dveing Waving Bleaching

Local exhawst  Exposure level  (sampling Exposure level  {sampling Exposure level  (sampling
Salon ventilation mg/m’ time: min) mg/m’ Ltime: min} mg/m* time: minj
A MNo 4.5 21 £ 1] In 13
A Yes 1.7 16 * ® 1.1 ]
B No 1.3 20 * = . B
B Yes * * 0.5 14 b h
C Mo 29 133 ¥ * (N} 15
D No # = L] L] L 0.8 12
D Yes L. . 0.7 10 L L
E No 1.1 25 4.4 12 20 17
E Yes . * 1.0 10 0.4 8
F No # 0.4 55 . * 0.3 20
(the school)

# General ventilation
*MNo sample.

Additionally, in order to measure the effect on the local exhaust ventilation the
percentages of negative streamwise velocities for a determined @ériode were
analysedin the present studyA similar case of study is described in the research
performed byPeterLenaers and his colleagues about negative streamwise velocities
next to a wall for turbulent flows [8], showing relevant results.

In the pesentstudy a movable cylinder was used in order to simulate a walking person.
As a consequence of the movements of a person, the local air and the local contaminant
field may also change significantly, resultimgan increase of contaminant dispersion

asit is shown in the conclusions of the study performed by Welling [9].
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The airflow field in indoor environment is normally characterized by high turbulent
level and unsteady flows. Generally, it is very difficult to conduct accurate and detailed
measurement of such a complex turbulent flow field with paise anemometry [10].

That complexity is added to the fact that in a workplace there are more variables to take
into account. When the contaminant removal effectiveness in a warmed room was
studed [11] it was demonstrated the importance of buoyancy forces for ventilation
effectiveness at low air change rates in a room heated by warm air. Furthermore, the
effect of increasing air change on the ventilation effectiveness was proved to be
dependentn the position of air terminal devices.

In the present study it has been used a flat flanged plate for the LEV hood. But it is
noteworthy that the addition of a flange to a local exhaust ventilation hood can produce

a large increase in velocity in front of the hood as it indicates a previalysatout the

effect of flanges on the velocity in front of exhaust ventilation hoods [12]. In this study
the author concludes that as hood aspect ratio increases, the effect of flanges increases
and the addition of even small flanges to slots can havpme@able effect.

To emphasize the importance of local exhaust ventilation a study analyzed the different
types of welding processes and exposures and the health hazards associated with
welding [13]. Welding is a common industrial process that geneeatpstentially
hazardous environment due to metal fumes and gases. According to this report most
long-time welders experience some type of respiratory disorder during their time of
employment.

Scope of the thesis

As previously mentionedocal exhaustentilation is a system which has the function of
extracting contaminated aiocated close to the contaminant source, protecting a
working personfrom exposure to hazardous substances by capturing them at the
emission point

There is an existing necessity for wa#fined and appropriate methods to test the
performance of local exhaust devices in order to reach standard efficiency values. The
lack of international standardizatiomethodded to the realization of this stugdwhich,
ultimately, hashe purpose of obtainingelevantresults that can betilized for future
normalizd test procedures

In his study{14], Mattsson proposed a method to test local exhaust ventilation systems.
The method mainly consisted in both aifogity measurements and tracer gas tests in a
controlled turbulence environment generated by the movement of a flat plate.
Nevertheless, as the turbulences generated by a flat plate were considerably higher to
those generated by a real human, the repgdested in its discussion that other shapes

5
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should be tested amoving objecs. Previously to the start of this thesis, it wasdha
meeting betweerdwedish Work Environment Authority (SWEA), Swedish Standards
Institute(SIS) andthree interested companies of local exhaust dearddr.Mattsson

in representation adhe University of Gavleln that meeting all the parts reached to the
agreement that it was considered of interest the study of the usage of a cylinder as
movable object, since a cylinder hasmare similar aerodynamic behaviour toeth
humanbeing one

Thus, the main objective of thissearctstudy isto test and analyze the effect generated
by a moving cylindrical shape on local exhaust ventilation, in order to obtain relevant
results tocontribute to the establishment sihndardization in local exhaust ventilation
testing

For this purposéhe study entails full scale experimental measurements that irmiude
velocity measurements in 3ntensions, a local exhaust ventilation device with circular
hood and a flat flange@late and a controlled generation of air turbulence through
physical movements of a humaized cylindrical shape simulating a walking person.

In order to analyze the results obtaindte Percentage of Negative Velocities, PNV,
have been used as the maneasure of turbulence induced risk of contaminant spread.
The PNV represents the fraction of the time measured when the velocity of the flow for
a given direction moves on the opposite way to the air strikamas previously found

by Mattsson 14] that PNV corelateswell with LEV capture efficiency, as quantified
with tracer gas.

In the present study the results thie usage of a movable cylindend the movement of
a real person are comparedth the intention tanvestigatethe similarity betweerhe
effect of themovement of a cylindrical shap@dthe one of a real walking person.
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In this section some important concepts are theoretically described for a better
understanding of the research study. Two main tapgardingthe ar flow effectwhen
it interacts with a cylinder and the Percentage of Negative Velocities are below defined.

Interaction between fluid flow and a cylind er

The movement of a fluid can be classified in many ways, according to different criteria
and according to its different characteristics. For the comprehetisoa are some
terms that should be previously explained, like the aerodynamic[@Ehg.

In aerodynamicsaerodynamic dragp thefluid drag forcethat acts on any moving solid
body in the direction of the fluitteestreanilow. From the body's perspective, the drag
comes fronforces due to pressure distributions over the body surface and forces due to
skin friction, which is a result of viscosity.

The aerodynamidragon an object depends on sevdaaltors, including
theshapesize inclinationandflow conditions. All of these factors are related to the
value of the draghrough thedrag equationThedrag equatioms a formula used to
calculate the force afragexperienced byan object due to movement through a fully
enclosingfluid. Thedragequation idefined as

D=—Cq} SV?

where

D is equal to the drafprce[N]
Cqis thedrag coefficieng-]

} is the airdensity[kg/m°]

Sis thereference arefm?]
andV is theflow velocity [m/s].

The drag coefficient is a dimensionless number that characterizes all of the complex
factors that affect drag. The drag coefficientin air is usually
determinedexperimentallyusing a model in aind tunnel In the tunnel, the velocity,
density, and size of the model are known. Measuring the drag then determines the value
of the drag coefficient as given lyet above equation. The drag coefficient and the drag
equation can then be used to determine the drag on a similar shaped object at different
flow conditions as long as several flemmilarity parameterare matched. In
particular,Mach numbesimilarity insures that theompressibility effectare correctly

7


http://en.wikipedia.org/wiki/Aerodynamics
https://www.grc.nasa.gov/www/K-12/airplane/shaped.html
https://www.grc.nasa.gov/www/K-12/airplane/sized.html
https://www.grc.nasa.gov/www/K-12/airplane/airsim.html
https://www.grc.nasa.gov/www/K-12/airplane/drageq.html
http://en.wikipedia.org/wiki/Drag_(physics)
http://en.wikipedia.org/wiki/Fluid
https://www.grc.nasa.gov/www/K-12/airplane/tunnel1.html

Air flow disturbance by mang objects at local exhaust ventilation
Mikel Aguirre Sanchez

modeled, andReynolds numbesimilarity ensures that theiscous effectare correctly
modeled. The Reynolds number is the ratio of the inertia forces to the viscous forces

and is given by:

Re =V} —

where

V is theflow velocity [m/s]

} is the airdensity[kg/m°]

| is the reference lengfim]

andt is the viscosity coefficierfPas].

For most aerodynamiubjects, the drag coefficient has a nearly constant value across a
large range of ReynoldsumbersBut for a simplecylindrical shapethe value of the
drag coefficient varies widely with Reynolds number as shioviig. 3.

10 ======-= Rough cylinder
8 Smooth cylinder I

C. 4~ \ -

=
=]

I

pr

o
Al

]

L

0.2 o

.1
10" 10" 10 10* 10° 10¢ 10° 10%
Re
Figure 3. Drag coefficient as a function of Reynolds numbefior long circular cylinders. [16]

To understand these variations, some different cases at the flow past a cylinder are
going to be explained. Flow past a cylinder goes through a number of transitions with
velocity it can be observed in Fi§, 6, 7, 8 and 9. Five different cases have been
selected. These theoretical cases are considered to maintain the same density and
viscosity of the fluid flow, as well as the same diameter of the cylindrical shape. The
flow has been gradually increased to increase the®ey number. The drag for each

case number is noted on the Hg.
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Figure 4. Drag coefficient for each studied case numbered on from 2 to 5]

Case 1. Ideal Flow Attached

Figure 5. Case 1. Ideal Flow Attached.[15]

Case 1 shows very slow flow in which viscosity has been entirely neglected. There is
anideal flowwith noboundary layealong the surface, completely attached flow (no
separation) and no viscous wake downstreamhef dylinder. Due to the flow is
symmetric from upstream to downstream, there is no drag on the cylinder. This strange
result is calledl'’Alembert's paradoxfter the early mathematician who studied the
problem. Neglecting viscosity simplifies the analydsit this type of flow does not
occur in nature where there is always some small amount of viscosity present in any
fluid.

Case 2. SeparatddSteady

Figure 6. Case 2. Separated Steady.[15]
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Case 2 illustrates what occuws low velocity flows. Two stable vortices are formed on
the downwind side of the cylinder. The flow is separated but steady and the vortices
generate a high drag on the cylinder.

Case 3. UnsteadyOscillating

g

IR R E B H I
InsuniAiR)
JIuR i b

e

Figure 7. Case3. Unsteadyi Oscillating. [15]

Case 3 shows the flow as velocity is increased. The downstream vortices become
unstable, separate from the body and are alternately shed downstream. The wake is very
wide and generates a large amount of drag. The alteshatkling is called th€arman

vortex streetThis type of flow isperiodic;it is unsteady but repeats itself at some time
interval. The pressure variation associated with the velocity changes produces
asoundcalled araeolian tone. This is the sourdn be heard for instancehen the

wind blows over higkpower wires. It is a low frequency (low pitch), haunting tone.

Case 4. Laminar Separated

Figure 8. Case 4. Laminari Separated.[15]

Case 4 shows the flow as the velodgyncreased even more. The periodic flow breaks
down into a chaotic wake. The flow in the boundary layer on the windward side of the
cylinder islaminarand orderly and the chaotic wake is initiated as the flow turns onto
the leeward side of the cylinddrhe wake is not quite as wide as for Case 3, so the drag
is slightly less.

10
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Case 5. Turbulerit Separated

\_ R

Figure 9. Case 5. Turbulenti Separated.[15]

Case 5 shows the flow at even higher velocity. The boundary laysititwas to chaotic
turbulent flow with vortices of many different scales being shed in a turbulent wake
from the body. The separation point is initially slightly downstream from the laminar
separation point, so the wake is initially slightly smaller areldhag is less than the
corresponding laminar drag (Case 4). Increasing velocity eventually brings the turbulent
drag up to and even higher than the laminar drag value, but there is a range of Reynolds
numbers, during transition from laminar to full turemd, for which the turbulent drag is

less than the laminar drag.

Since drag depends on the flow in the boundary layer, some changes can be expected
with surface roughness. It is obsenggberimentalljthat a roughened cylinder will
transition to turbulenflow at a lower Reynolds number than a smooth cylinder.

Percentage of Negative Velocities

For this study the Percentage of Negative Velocities, PNV, was used as the main
measure of turbulence induced risk of contaminant sprElael. PNV represents the
fraction of the time when the flog direcied opposite to theuctionair streamn front

of the local exhaust hoodhis situationis particularly risky as regards failure of the
exhaust hood to capture contaminants in the pollated presumablydecreasinghe
capture efficiency.

11
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3. METHOD

Air velocity measurements

The air velocitywasmeasured by using setof Kaijo Ultrasonic Anemometer DA&50

(SA) with TR-92T probesseein Fig. 10. The TR-92T anemometer probéiad a 30 m

span sizeThe small span size minimizes the measurement error caused by volume
averagingThe probe®f the SAwere placed at the erud each prong, containing a total

of six prongs,three long and three short, interspersed with each.ofther DA-650
Ultrasonic Anemometesampled the air velocity in-xy-, and zdirections at 2(Hz
frequency.The resolutionof the SA was 0.005 m/sThe SA was also able to measure

air temperaturebut regular calibration is needed

Figure 10. 3-D Sonic Anemometer, SA, in front of the exhaust hood, EH.

The length of the measuring voluritethe direction of the expected main air flovas

12mm. The SA was always oriented such that the expected main air flow direction

towards the exhaust nozatentrei i mpl i ed t hat no prongs wer e
since they then partly would obstruct the measuring voldris.optimum orientation
wasdetermined to be the ométh thex axis directed to the exhaust nozzlentreas it is

shownin Fig. 11 and Appendix8.

12
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Figure 11. Definition of measuringdirections relative to the exhaust hoodFront view, x goinginto the exhaust
nozzle.

Calibration

Before starting measuring in the test roohe anemometer was tested in the calibration
room of the laboratorat Univeristy of Gavlewith the main objective of obtaining a
correctiveequationfor the values measured by the .S2or this purpose the room was
equipped with a rig of known dimensions connected to a fan in order to geaierate

velocities of good accuraggee in Figl2.

Figure 12. The calibration roomwith the 3-D anemometer centred in front of the aperture the rig. Setip for
testing y axis.

13
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The air flow ejected from the aperture of the rig was meashyedsinga PPC500

Pressure Calibratoshown in Fig 13. The APC500 wascalibrated against Furness
Controlsé FRS4 Pr i mbhaviyga P.016sunaentamty ith am dar d s ,
ultimate resolution at 0.01 Pa. The possibility to regulate the air pressure by using a
controller enabled to test different known presgiifierences.

".A %

Figure 13. PPC500 Pressure Calibrator.

As theair speedas measured with a sonic anemometaies with temperature, before
starting doing the measurements the temperature sensor integrated in the SA was set
with the temperature measured in the same moment by a more precise temperature
sensor, the Systemteknik AB S1220 series shown inL&ig.

Figure 14. Systemteknik AB S1220 Series temperature sensor measuring the temperature of the room.

14
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When calibratinghe SA, it was placed in front of the aperture of the ggntred as

close as possible. To analyttee flow alongeach axis of the anemometer, the position

of the SA was varied such that the axis to study was placed perpendicularly to the
aperture of the rig; gein Fig. b.

Figure 15. Air flow velocity calibration test, y axis case.

Additionally, for obtaining the mathematical value of the air velocity in the aperture of
the rig the next equation was used, which is referred to the calibration curve for the
givenrig; see in Figl6.

Y u8 peQeY p® @cOTYD & mMYQ Y

Where U is thair flow velocityandY0 is thepressure difference in the rig.

Figure 16. Calibration curve of the rig.

15
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The pressure differencessessetklevant for the study were betwee@and 100 Pa
corresponding to 0 m/s and 1.5 m/s respectivBlgch test lasted 2 minuteBy
analyzingabout 16 differentair velocitiesfor each axisboth measured values and
mathematically obtained valuegere comparedrFrom this,a correctbon equation was
obtained for the air velocity of each axiBhe diagrams of the tdined results are
shown inAppendixA.

Since the sonic anemometer produced a noise signal of random fluctuations within

about +0.02 m/s, which was considered influential@mes of the data analysis, the raw

air velocity datawere aftdri | t er ed using the Matl ab ( Mat h\
set as low pass filter with a time constant of 0.2 s; see in Appendix C. The measuring
uncertainty of the sonic anemometer, aftetad filtration and applying direction
correctionswas estimated atl6%.

To reduce the air movemeritsthe calibration room anabtain more accurate datae
ventilation system of the room was blocked in order to avoid possible air flows which
could afect the test. In the same way, a panel was placed between researchers and test
area to act as a barrier in order to reduce variations in the air due to the movements and
breathing researchersee in Figl7.

Figure 17. Panelbetween the seats of the researchers and the anemometer. SA testing z direction.

For each test theame measures were taken into account ¢éoify the accuracy of the
tests. During measuremensilence was kepin the roomand also no movement was
performed Before each test, it was waited a time of one minute without making any

16
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movement or noise to stabilize the dir.the case that the door of the calibration room
had been opened, a prudential time of 3 minutes was maintained to stabilizeitthe ai
the room.

The test room

To perform the relevantigls a test room placed in the building numb&s of the
University of Gavlewas usedThe test roomshown in the Figl8, was one of the three
rooms in the test building situated in the lab hall; Fglt wasthe same roomasused
by Mattssonin his researchlf3], in order todo acomparative analysi®\ drawing of
the test room and itsurroundings is shown in Fig0. The ceiling height in the test
room was 3.00n and its room volumeas54.7 nt. The building envelope of the test
building, including inner walls, consisted mainly of wooden boards wittD &m
mineral wool insulation in between. The temperatureestroom was maintained at
about 22°C, with a variation of 2°C due to the heat stemming from lighting, measuring
equipment and body heat of the researchErssept ceiling lighting and measuring
equipment there was no heating in the test building.

Figure 18. Test room with the local exhaust and movable cylinder arrangement. Set up for test CaBe2D.
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Figure 20. Drawing of the test room (thick lines) situated in the test building. Supply air flows indicated by
broad, dashed arrows. Measures in mm.

The test building was ventilated only through the flow of the tested local exhaust. Three
air inlet openingsindicaed as broad, dashed arrows in 2@, were located at ceiling
height between the test room and the control rosee also in Fig21l. Each air inlet
opening had a length of 550 mm and a height ofrh60
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Figure 21. Three air inlets at the top of the wallviewed from control room.

Furthermore, o the test room side, a 5@m high plate, extending across the whole
width of the roomwall, deflected the incoming air downwards, as illustrated in Z2g.

and Fig. 3. This arrangement intended to produce an inlet air flow that caused very
little air turbulence in the test room, especially in the area around the local exhaust.

Figure 22. Supply air deflecting plate at the top of the test room wall.

Additionally, the air of the control room was aspirated from the lab hall through a
130mm diameter hole in the ceiling. Some air was likely to have entered the test room
also through minor lda, e.g. at the doorways, none of which were close the local
exhaust installation. All doors were closed during the tests. Prior to the start of each
measurement it was remained a precautionary time so that the air inside the test room
had stabilized.
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Figure 23. Side-view of the air inlet to the test room. Measures in mm. Slot width 106m.

The exhaust air flow through the exhaust hood, EH, was regulated through the speed of
a fan placed outside of the test rgmae in Fig24, eventually discharging the exhaust
air to outdoors.

The exhaust air flow rate, Q, was measured through the pressure drop over an orifice
plate (Standard ISO 5167:2003) of diameter &8m in a straight duct of diameter
104mm; see in Fig 2. The pressie 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 24. Test room roof. Fan for exhaust ventilationrand pressure drop orifice plate.
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