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ABSTRACT 

Thennal anemometers with heated velocity sensors are 
mostly used for low-velocity measurements in rooms. The 
heated velocity sensor generates an upward, free convection 
flow that interacts with the airflow where measurements are to 
be performed and, thus, has an impact on the accuracy of the 
velocity measurements. Tests were performed with four 
anemometers available on the market to identify this impact in 
an airflow with a constant velocity and in an airflow with a 
periodically fluctuating velocity. The free convection flow had 
a significant impact on the accuracy of the velocity measure
ments, especially at flow velocities below 0.15 mis and for 
sensors of a large size and with high overheating temperature. 
The mechanism of the interaction between the free convection 
flow and the downward flow was revealed. The impact of free 
convection has to be considered carefully when measurements 
are performed to assess room air movement or to validate CFD 
calculations. The results show that it is possible to model and 
predict the impact of free convection on the accuracy of the 
velocity measurements under non-steady-state conditions by 
simple tests performed under steady-state conditions. 

INTRODUCTION 

Thermal anemometers with an omnidirectional velocity 
sensor are the instruments most commonly used for low
velocity measurement indoors. Depending on design, the 
sensor has a diameter of less than 1 mm to 5 mm and an over
heating temperature of I 0°C to 40°C. The overheating temper
ature is the difference between the temperature of the heated 
sensor and the air temperature. The heated velocity sensor 
creates an upward free convection flow. The larger the sensor 
and the higher the temperature difference between the sensor 
and the airflow, the stronger the free convection flow. There-
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fore, the free convection flow can be quite different for differ
ent velocity transducers. The free convection flow will 
interact with the airflow where measurements are to be 
performed, and this will have an impact on the accuracy of the 
low-velocity measurements. 

Several studies on the impact of free convection on the 
velocity measurements by hot-wire anemometers have been 
performed and reported in the literature. A comprehensive 
review of these studies was made by Bruun (1995). Studies 
with omnidirectional low-velocity sensors have been 
performed and reported as well (J9)rgensen 1978; Gierczycka 
and Popiolek 1994). However, the studies are limited to tests 
performed in an airflow with a constant velocity. The interac
tion of free convection with fluctuating flow, as is typical in 
practice, has not been studied. Furthermore, the studies 
reported have been performed with a single velocity probe or 
with velocity probes made under laboratory conditions. 

This paper reports results from experiments performed to 
identify the impact of free convection flow on the accuracy of 
the velocity measurements in an airflow with a constant veloc
ity and in an airflow with a periodically fluctuating velocity. 
Four thermal anemometers with omnidirectional velocity 
sensors of different design were tested. The anemometers are 
available on the market. The mechanism of the interaction 
between the free convection flow and the downward flow was 
investigated in order to identify whether it is possible to model 
and predict the impact of free co~vection on the accuracy of 
the velocity measurements. The results presented in this paper 
are part of a large and comprehensive study on the accuracy of 
low-velocity measurements by thermal anemometers with an 
omnidirectional (hot-sphere) type velocity sensor (Melikov 
1997). 
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EXPERIMENTAL METHOD 

TestE!d and Refer~_nce Anemometers 

'.F6ur lo~~~e\ocity thertnal anemometers, B, C, D, and E, 
, • r . · · ; ~. 1 • • • • . 

available on the market were used dtiring the tests. Each 
anemometer has an omnidirectional . velocity sensor. The 
veloCity sensor of anemorii~ef g;is a small th~rmistor with a 
diameter of less than l mm. The overheating temperature of 
the sensor is l 0°C. Anemometer C has a spherical velocity 
mass sensor'of3 mm diameter made of enamelled copper wire 
molded into a sphere; the overheating temperatuie is 25°C1 
The 'veloc~ty sensor~ Qf anemometers D and -c· are designed as 
a quartz ball with a cllameter of 3 mm; the quartz ball is coated 
with a heatea 'nickel 'iayer. The overheating temperature of the 
sensor in anemometer D ls set by the manufacturer at 25°C. 
The velocity' probes of anemometers B, C, ·and D have an 
unheated" sensor that measures the air temperature. The air 
tempefature rheasurements are used to correct' the~velocity 
when the air temperature of the airl'tow is different from the air 
temperature of cil~bration. The velocity sensors are -shown 
s~bematically in Figure I. : · · 

The dynamic charact~ristics .. of the ane~ometers wit~' 
regard to their shape and frequency range are different. The 
dynamic response ofanemometer~, B and C can be described 
by a first order transfer function, e.g., the dynamic character
istics of the instruments include only one exponential° time 
constant function as assumed in ANSI/ ASHRAE Standard 55-
1992 (ASHRAE i 9'92). Anemometers D and E have rather 
complicated dynamic characteristics that cannot be described 
by a first order transfer function but include two time constant 
functions. The dynamic response of the anemometers was 
carefully studied and is described in detail by Melikov et al. 
(1997) and Popiolek efal. ( 1996). : ' , 

Probe a9u Probe ''.G" 

Anemometers B, C, and D display the mean velocity and 
the standard deviation of velocity. During the experiments, 
these two flow characteristics were recorded and used: for. the 
an(Jlyse~. The sampling time was as designed by the manufac-

. -,· ' "" ~ ., 
turers of the instruments. Ai:iemometer E consists of avelocity 
probe and ,a constant-temp erature ·bridge contr9lleo by a 

. r·· 
computer. The overheating temperature of sensor E c·ari be 
ad justed at the different !eve~. An analog signal was re~or~~d 

..• ~ ~ • J \. • .... - ' • 

only during the experill}en~ with anemometer E. In this c·ase, 
the signal was sampled ~f:P. a freq_~~ncy of l 00 Hz. · ·'" 

' ; A one-dimensional laser doppler anemometer (LDA) with 
a fiber-optic system was used as' a reference anemometer 
dUring the tests: During some of the tests in a horizontal flow 
with a periodically fluctuating velocity, a thermal anemometer 
with a hot-wire velocity probe was used as a reference. This 
v_elocity 'sensor was made with a platinum-plated tungsten 
wire 1.2 mm long and with a diameter of 5 µm. The overheat
ing ratio of the sen~or was 0.8 (wire temperature of220°C). 
The frequency response of the hot-wire anemometer was more 
than l 0 kHz in the range of the velocities studied. A fog gener
ator that is available on the market was used to introduce a 
~eeding in the flow: The seeding was an evaporated inside fog 
fluid that was'· nonirritatirig, nonflammable, innocuous, and 
sweet-scented and that leaves no residues. The size of the 
particles wa5 in the nomial range for these type of applica
tions, between 3 µm and 20 µm. The seeding was tested aJ.1d 
r~commended by the manufacturer to be used for LOA 
measurements in a low-velocity airflow. '' 

- ... 
In order to avoid the impact of factors other than natural 

convection on the accuracy of:the measurements, the, tested 
anemometers were recalibrated (static calibration)'.in a hori
zontal flow according to the readings of the reference 
anemometers. "' 
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Experimental Facilities 
- • .. I' 

;~ The t~sts were can:jed put using .a closed wind tunftel ~ith 
a square. cross section. The wind. tunnel 1s shown in Figure 2. 
It i~ ffiade of plexigl~s)\ speciaiiy designed suppo'rt~g stru~~ 
tu{e makes it possible to position the wind tunnel at various 
anglt:s against tli~ horlZontal · level. .The working seCtion., 

• . I. • I l . 
where the tested hot-sphere sensors and the hot-wire sensor 
(used as a reference) are positioned,' has a ctoss section with 
dimensions· of 104 x 104 mm2. Tests showed that in this 
section a unifonn velocity distribution exists in a cross are.a.of 
80 .x 80 mm2. The velocity rai:ige that can. be achieved in the 
working section is from 0 mis to 2 mis. The air temperature 
was measured in the next section of the,,wind tunnel with ~ 
cross area of 33 x 33 mm2. The tunnel allows the static pr:es
sure to be measured in the two sectiops,. as shown in Figure 2, 
It is used to calibrate the wind tunnel and to adjust ,~~ .~i,i: 
velocity:.needed·in. the working section. The velocity Qf the. 
airflow in the working section is regulated ,by changmg the 
rotational speed of an exhaust fan sucking air through the wjp.,d 

.. .. ' ' ' .. ~ 
tunnel. The velocity fluctuations were generated by a _valv~ 
moved by a specially designed pneumati~ system. A.~pist9'rl 

• ' • •J 
opens and closes the . valve at different frequencies and at 

~ • I 

different levels. A shortcut is introduced in the system ' by 
opening and closing the valve. The.fan sucks the air ili'.rough 
the wind turuiel when the valve is open and directly from the 
surroundings (the shortcut) when the valve is closed. In this 
way, an airflow with a periodically fluctUating velocity at 
different frequencies and amplitudes, rather similar to a sine 
type fluctuation, was generated. A more detailed description 
of the wind• tunnel is presented in Melikov et al. (1997). 

The refe'rence measurements by an LOA or a hot-wire 
anemometer were perfonned in the measuring section on the 

.-~r 

FILTER 

HONEYCOMB 

OMNIDIRECTIONAL 
VELOCITY SENSOR 

... 
same plane with the tested sensor but 3 mm apart in the trans
verse direction. During some of the tests; defined below;·the 
LDA measurements were perfol'J'.!led ~~ , a point located 

' . ·- ) . . rf. : . 
upstream in the downward flow ata distance Of3 niin from the 
tested sensQr. ,.. i: · ,, : , • · · ,. · ·: 

·A static calibration of the wind tunnel makes it possible 
to calculate, the v~_locitY qi, ,the measuring section, .based on 
differences in th:~ static press.ure measured In the 'two cross 
seqtion~;, .. the measuring ~ec.t~on, and a larger ~r.oss . • section 
before the meas~g sectiq~. An LOA w~ used ~ i:eference 
during the calibration of the .wind tunnel. A set of electronic 

mi~r-0manometerS .. ~ith a r~~?.fotion .ot O.O I P~ :~i .~sed to 
me,?Sur~ ·!PP pressure ditt:erepc~,.qetween the t\yO sections. 
Density of the air was calculated on the bases of the barometric 

·- · , .- '·• 

pressure·and air tempera~e (relative humidity was assumed 
to be 50%). The c~libration ,cbaracteristic of the wind.tunnel, 
i.~~. the.velocitY-iD'ilie wind.tuiu:iel as a function o{the.P,i:<:is.sUre ' 

• ~ • • • • J.l \ i-; .... ' 
difference. an~ ~e density ,P~ the air, was approxin)ated by a 
polynomial equation .. The accuracy of the 1velodty approxi
mation was better than ±0.003 in!s. The callbration of the wino 
tunnel was performed in a horizontal position. The repeatabil
ity of the calibration was better than ±0.005 mis. 

Experimental Conditions:1 · \ · 
f, • .. _ •\• I . } , . 1 ' , • 

The four anemometers, B, C, D, and E, were tested_in · 
horizontal airllow (0°), downward airflow (906

), and ui)ward 
airflow (-~0°) with a constant velocity. Th~ experiments were 
performed _at different mean velocities ranging from 0.05 to 
0.30 mis. 

The tests in en airflow with periodically fluctuating 
velocity were performed with two anemometers, B and D. A 
periodically fluctuating downward airflow was used in :the 
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Figure 2 The wind tunnel used during the tests. 
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tests. These tests were performed using 14 combinations of 
mean velocity, standard deviation of the velocity (turbulence 
intensity), and frequency of the velocity fluctuations as 
follows: mean velocity in the range 0.05 .- 0.30 mis, standard 
deviation of velocity in the range 0.03 - 0.15 ml~ (Tu in the 
range 5% - 65%), and frequency of the velocity fluctuations in 
the range 0.25 - 2 Hz. The airflow during the tests ~as isother
mal. 

RESULTS 
< 

Tests in an Airflow with Constant Velocity 

Results of the experiments in an airflow with a constant 
velocity are shown in Figures 3a, 3b, 3c, and 3d. The deviation 
in the-,velocity measured by the anemometers due to the impact 
of free convection for the.sensor from the reference velocity, 
as a function of the reference velocity, is shown in the figures. 

The results from the tests in a downward flow were ·· The uncertainties of the velocity measurements are indicated 
compared with results from previous tests in a horizontal flow in the figures. In Figures 3a and 3b, the reference velocity was 
performed to study the dynamic response of the anemometers measured by the LDA on the same plane, 3 mm from the 
and reponed by Melikov et al. 0997). However, a limited sensor. ~e ~esult" from _the tests hy anemometer C are 

b ft t · h · tal fl rfi d d . th presented m Figure 3c. Durmg these tests, the reference veloc-num ero es sma onzon owwerepe orme urma e . . . 
. . . . . . · "' ity was calculated on the basis of the measured pressure differ-

present mvestigation m order to test the repeatabihty of the b . fth · d 
1 

Th 
1 . . . . . - .. ence etween two cross sections o e wm tunne . e tunne 

measurements. A comparison of the results fiom the present 1.b d b th LOA · h · l · · . . . . . was ca i rate y e m a onzonta position. 
tests and the previous tests performed m a honzontal flow . . 
h d th t th b

.
1
. f 

1 
. . d · ,, ,, As expected, the unpact of free convection on the accu-

s owe a e repeata i ity o mean ve ocity ratio an stan- ·· . . 
dard d 

· · . . .. .th. 
0 03 

. racy of the velocity measurements was different for the four 
ev:anon ratio measurements was w1 m ::l::: · . . . 

anemometers. The greatest impact was observed for anemom-

Uncertainties of the Measurements 

The uncertainty of the reference velocity measured by the 
LDA or calculated on the basis of the airflow volume flux in 
the wind tunnel was estimated at :1::0.005 mis within the veloc
ity range 0.02 + 0.4 mis. For measurements by the tested 
anemometers, the uncertainty due to signal processing (linear
ization, averaging, AID conversion) was estimated to be less 
than :1::0.005 mis within the velocity range 0.02 + 0.4 mis. The 
uncertainty of the velocity measurements in the tests with an 
ai.rflow wid1 a constant velocity did not exceed ±0.01 rrJs 
within the velocity range 0.02 + 0.4 mis. This uncertainty 
represents the most conservative estimate. Normally, contri
butions to the uncertainty from the reference anemometer and 
the tested anemometer would h""ve been added geometrically, 
providing an uncertainty of::l:::0.007 mis ~stead of::l:::O.Ol _m/s. 

Both the LOA and the hot-wire anemometer used as a 
reference have a bandwidth in the kHz range of frequencies. 
Therefore, the uncertainties of the velocity measurements in a 
periodically fluctuating flow due' to the refererice anemome
ters can be considered to be the same as in a flow with a 
constant velocity. The uncertainty of the velocity measure
ments -in a periodically: fluctuating flow due to the tested 
anemometers varies for the different instruments as it depends 
on a number of factors, such as dyrianiic respo~se, static cali-
L..-... -... ~ .... -' ,..+ .... .... _A:.,.. -+1. .... - ~:.a-;-.... 1•+-.:~ ..... ,.._:_;..:TL ... L. ............. -.!. · 
UJGLIVU, \;IL'-'., QJ.IU 1-"> JGU.1'1;11 \,.ll.l.J.1\.IUJL LU U.t;Lli;iiJJUJJJt;;, l Ut; uii;;:;)L VVO.J 

to estimate· the uncertainty of the velocity measurements in a 
periodically ·f1udtuating'·flow is to evaluate the scatter from 
repeated measurements. This is identified in the "Results" 
section of this paper. · 

The error caused by deviations of the velocity fluctua
tions from an ideal sinusoidal fluctuation was studied and 
reported by Kierat and Popiolek ( 1997). The impact of this 
error on the results presented in this paper was less than 2%. 

4 

eter D and the smallest for anemometer B. The velocity sensor 
of anemometer B has the smallest diameter and its overheating 
temperature is 10°C. Therefore, sensor B generates a rather 
weak free convection upward flow. Anemometer D has a 
larger sensor· with an overheating temperature of 25°C and, 
therefore, generates a stronger free convection flow that coun
teracts the flow in the wind tunnel. 

The impact of the free convection flow generated by 
sensor Con the mean velocity measured by the instrument was 
between that of anemometers B and D. The free convection 
flow had a significant impact on the velocity measured by 
anemometers C and D, especially at flow velocities below 0.2 
mis. The error in the measured velocity due to the impact of 
free convection decreased with the increase of the velocity. 

Figure 3d presents the results of the velocity deviation 
measured by anemometer E, adjusted to an overheating 
temperature of 22.7°C, The velocity in the wind tunnel was 
kept constant, equal to 0.074 mis. The wind tunnel was 
rotated, and the mean velocity measured by anemometer E 
was recorded every 15°. It can be seen from the results in ~e 
figure that the ·impact of free convection can be obsenfed 
within the range of angles ::l:::60° from the vertical position. 

These tests .showed that the interaction between the free 
convection flow from the heated velocity. sensor and .:the 
airflow in the wind tunnel was strongest in the case ofdown
Ul<lrrl flnUT· thPrPfnrP in th;~ ""'~" thP ;mn<1rt nf thP frpp .. - - .... _ .. ' ....... - .. ____ .. -,. _ .. _ ........ ---, _..,_ _ .... r-- .. -- -·- ..... --

convection flow on the accuracy of the velocity measurements 
was strongest. This impact will increase when the overheating 
temperature of the sensor increases. 

Tests in an Airflow with PeriodicaUy 
Fluctuating Velocity 

In practi~e ... the airflow in.rooms fluctUates. Therefore, the 
interaction betw.een the fluctuating downward airflow and the 
free convection flow from . the velocity sensor is not in a 
steady-state condition. The impact of fre'e convection on the 
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Figure 3a Deviation of the mean velocity, V, measured by anemometer B due ,fo tl}e free qonvection. Reference mean 
velocity, V~~f is measured by LDA. 
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f'_igure 3b Deviation of the mean velocity, . V, . measured by anemometer D due to the free co'rrve.ction. Reference mean, 
.. · · " v~locity,' .. v,ef is measured by LDA. . · ''. · .• '. ' · · . ··· 

accuracy of the velocity· measurements may, therefore, be 
different in practice than that identified during the tests with a 
constantvelocity of the airflow. This' impact' was studied by · 
two thermal anemometers, Band D, under several experimen- ' 
tal conditions as described in the section "Experimental 
Conditions." · 

The experimental results of the tests in a downward 
airflow with periodipally fluctuating velocity are shown in 
Figures 4a, 4b, 5a, 5b, 6a, and 6b. Figures 4a, 5a, and 6a 
present the mean velocity ratio and the standard deviation ratio 
as a function of the mean velocity, the turbulence intensity, 
and the frequency of the velocity fluctuatic1ns from .the exper
iments with anemometer B. Similar results are presented in 

Figures 4b, Sb, and 6b from the te~ts with anemometer D. The 
mean velocity ratio and the , s~dard deviation ratio are 
defined by dividing the mean velocity and the standard devi
ation measured by,the tested anemometer by the mean velocity .. 
and . the standard deviation m,easured by the reference 
anemometer. The results of the tests in a downward flow are 
compared with previous results in a horizontal flow shown in 
the figures as solid lines reported by Melikov et al. (1997). 
Experimental results from a limited number ,oftests in a hori
zontal flow perfonned during the present investigation are 
shown in the figures as well. 

SF-98-20-3 
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Figure 3c Deviation of the mean velocity, V. meas~red f?x. anemometer C due to the free convection. Reference mean 
velocity, V,e.f is calculated on the basis of the ai'1!:ow volume flux in the wind channel. 
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Figure 3d Mean velocity, V, measured by anemometer E in aiiflow from different directions and a reference mean 
velocity ofO. 07 4 mis. The overheating temperature of the velocity sensor ~t = 22. 7°C. Reference mean velocity 
(0. 07 4 mis) is calculated on the basis of the. airflow volume flux in the wind tunnel. 

' . 
response and the generated free convection flow. As already 
discussed, the tests with a constant velocity showed that the 
impact of free convection on the velocity measurements by 
anemometer B was insignificant due to a rather weak fr~e 
convection generated by velocity sensor B. Tne comparison in 
Figures 4a, 5a,and 6a showed that the results from the. tests 
with a periodically fluctuating downward flow were identical 
to the re5ults from the test in a periodically fluctuating hori
zontal flow because the impact of free convection was insig
nificant. 

ation ratio decreased slightly when the mean velocity of the 
downward flow decreased and when its turbulence intensity 

. increased. The frequency of the velocity fluctuations caused a 

. large decrease .in the standai-d deviation ratio. The standard 
deviation ratio. decreased from I tu 'almost 0.1 when the 
frequency of the velo~ity fluctuations incre~ed from 0 to 2 
Hz. The decrease was due to the dynamic' ·response of the 
anemometer studied and reported by Popiolek et al. (1996) 
and Melikov et al. ( 1997). It may be concluded that the impact 
of free convection on the accuracy of the measurements by 
anemometer B was insignificant. , The results of these tests showed that the mean velocity 

ratio for anemometer B remained almost unchanged when the 
mean velocity, the turbulence intensity, or the frequency of the 
velocity fluctuations in the flow increased. The standard devi-

6 

The scatter of the results is interpreted as a combination 
of the uncertainties of the measurements due to the tested 
anemometer and the reference Afiemometer as discussed in the 
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·section "Uncertainties of the Measurements." For anemome
·ter B the scatter of the mean velocity ratio arid the standard 
.deviation ratio was in the range ±0.05. · "· 

The tests in an airflow with a constant velocity, as 
described in the previous section, identified a strong free 
convection flow generated by sensor D. The results from the 
tests in periodically fluctuating flow showed that the mean 
velocity ratio and the standard deviation ratio measured by this 

·- -~ . . ;(. ., . 

anemometer in a horizontal flow and in a downward flow were 
rather similar and almost not influenced by the free convection 
flow when the mean velocity of the flow was higher' than 
approximately 0.15 mis (Figure 4b ). An increase of the mean 
velocity of the fluctuating flow above 0.15 mis caused only a 
small decrease in the mean velocity ratio and had almost no 
effect on the standard deviation ratio, even at very high turbu
lence intensity of the flow in the wind tunnel. 
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The free cori~~ction flow'h~d a ~i~ificam imp~ct on the counteracting effe~i on .. ihe airflow at the ~ea;._uring io~atio~.:' 
ni~asurements by anemometer D in a periodically fluctuat~g Therefore~ the mean velocity measured. by the anemometer 

· ' . '. ' . . " 

downward flow with a mean velocity lower than 0.15 mis wasmuchlowerthanthemeanvelocitymeasuredbytherefer-
(Fi~e :5b ). , The impact of the fre~ convection flow on the ence anemometer when the omnidirectional velocity ,sensor 
accuracy of the measurements was influenced by the turbu- was not heated (anemometer was switched off) or was absent 
lence intensity of the downward flow. The mean velocity ratio in the flow. When the turbulence intensity of the downward 
decreased and the standard deviation ratio increased when the flow increased, the large velocity fluctuations were able to 
turbulence intensity of!he downward flow decreased. At a low penetrate the upward free convection flow. This caused an 
turbulence intensity, tlie free convection flow had a strong increase in the mean velocity measured by the anemometer:· 
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·. 
The decrease of the standard deviation ratio with the increase 
of the turbulence intensity of the downward flow was due to 
the latg~ velodiy fluctuatfons beiilg partly· damped 'by the 
up~ard free ctmvcictlon' flow. This effect was investigated 
clrisely and is described later in this paper. " 

The impact of free convection on the standard deviation 
ratio identified by anemometer D was not influenced by the 
frequency of the velocity fluctuations (Figure 6b). Therefore, 
the impacts of the frequency of the velocity fluctuations on the 
standard deviation ratio identified in a horizontal flow and in 
a downw:,ard flow wer:e, similar. In th.;s respect, the results by 
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anemometers D and B were identical. The frequency of the 
velocity fluctuations had an impact on the mean velocity ratio 
identified by anemometer D in dbwnward flow but had no 
impact iri' a horizontal flow. The mean vefocity ratio decreased 

, I . ~ 

when the frequency of the velocity flucttiations increased 
(Figure 6b ). The decrease was due to the interaction of the free 
convection flow and the flow in the wind tunnel. 

It should be noted that the scatter in the results is larger 
for anemometer D than for anemometer B. The scatter of the 
mean velocity ratio and the standard deviation ratio for 
anemometer D was less than ±0.15. This indicates a larger 
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a turbulence intensity of70.2%. Thirty-two seconds later, the 
·thermal anemometer.was switched on and, as can be seen from 

uncertainty of the measurements by anemometer 0 than by 
anemometer B. However, despite the larger uncertainty, the. 
results discussed seem to show clear tendencies. 

DISCUSSION 
I 

I 

The results from the tests performed in this study indicate 

.. Figure 7, after a transition period of approximately ten 
seconds, the interaction between the free convection tlow 
from thenoi~sphere sensor and the downward flow reached a 
steady-state condition. At this point, the LDA measured the 

that free convection from.a heated .omnidirectional velocity 
sensor may have a significant impact on the mean velocity and 
the standard deviation (i.e., turbulerice intensity) measured by 
low-velocity thermal anemometers., The accuracy of the 
measurement depends on the ~teraction of the free conve~tion 
flow with the flow at the point where measurements are to be 
performed. 

Several tests in a periodically fluctuating ·downward· 
airflow were performed to reveal in detail the interaction of the 
free convection flow from the heated velocity sensor with the 
flow in the wind tunnel. An air:flow .with different amplitu~ 
and frequ~qcy :Was employ~d during the tests,: and. the". 
measurements were performed by anemometer E as well as by , 
the LDA. The LDA was adjusted to measure at a point located 
3 llun above the omnidirectional sensor. Continuous meas
tlrements were performed 1by the LDA,, starting first with the· 
thermal anemometer switched off and, after approximately 32 
seconds, continuing with · the anemometer switched ·on'. 
Records of the instantaneous velocity measured by anemom" 
eter E and the LDA during the tests are !Shown in Figure 7. 
Figure 8 compares only part of the records made simulta
neously by the LDA when the anemometer was switched on 
with a ·record from measurements performed by the LDA 
when the anemometer was switched off. The. records are 
arranged in phases. 

'" At the beginning, when anemometer E was switched off, 
the measured velocity fluctuations by the LDA were close to 
sinusoidal type changes with a mean velo'City of0.071 mis and 

;. 

' . 0.2 . 1 ~ 
i ' 

-~ E . , 0;1 -
~ 
"(3 " 
0 
Ii\ 

· · ~ 

;._:·. 

-0.1 

: , : )t 

' mean velocity as 0.040 mis and the turbulence intensity as 
1893% while the thermal anemometer measured the mean 
velocity as 0.069 mis and the turbulence intensity as 26. l % 
(Figure 8). Under these conditions, anemometer E measured 
the mean velocity of the flow to be 0.069 mis, which was rather 

iclose to the mean velocity of0.071 mis measured by the refer
ence LDA. 

· The instantaneous records in Figures 7 and 8 reveal that 
the free convection flow from the heated sensor interacted 
with_the fluctuating flow in the wind tunnel. The effect from 
the interaction between the free convection flow and the fluc
tuating flow incr~as~~ when the instantaneous velocity of the 
flow started to decrease. For the particular test condition 
shown in Figures 7 and 8, the strength of the free convection 
flow became comparable with the strength of the downward 
flow in the wind tunnel at an instantaneous velocity of approx
imately 0.05 mis. A further decrease of the velocity of the 
downward flow caused a reversal of the flow .in the wind 
tunnel in the upward direction. The LDA is sensitive to the 
flow direction\ and it measured the upward flow as a further 
decrease of the velocity below Om/s. Consequently, the veloc
ity fluctuations identified by the :LDA had increased ampli
tude, which caused a decrease ofl the mean velocity and 'all 

i.'lcrease of the turbulence i.Tltensity meiic:ured. Therefore, t.lie 
turbulence intensity'ineasured by theLDA increased-·almost 
three times (up tO 189.3%) compared'to the turbulence inten
sity measured,• when the anemometer was switched off 
(702%); i.e., when the free convection was not present. 

, . ... . i . .:- ~ ~' 

)1 '« 

~ 

~ r.· 

20 25 30 35 40 
.. 

45 

time (s) 

50 55 60 65 70 

Figure 7 Instantaneous velocity measured by anemometer E and instantaneous velocity measured by the LDA 3 mm above 
the omnidirectional sensor. During the first 32 seconds of the measurements, anemomete~ E was switched off, 
and after 32 seconds, it was switched on. 
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Unlike the LDA, the· heated velocity sensor does not 
sense the flow direction but only the magnitude of the velocity. 
Therefore, for a short period of time, when the velocity of the 
flow generated by the wind tunnel was lower than 0.05 mis, the ' 
anemometer measured the velocity as a result of the upward 
free convection flow. The following increase of the instanta
neous velocity of the downward flow started to damp the free 
convection flow .and, thus, caused a decrease of the velocity 
measure~ by the anemometer. At velocities higher than 0.05 
mis, the doWnward flow. started to dominate. A further 
increase.Jn the velocity of the downward flow caused an 
increase in the velocity measured by the omnidirectional 
sensor. As a result of the interaction of the free convection 
flow and the downward flow, the mean velocity meas.ured by 
the anemometer was 0.069 mis and the turbulence intensity 
only 26. l %, i.e., very different from the turbulence intensity 
of the flow, 70.2%, measured by rlie I.:DA when the anemom
eter was switched off. 

The interaction of a downward fluctuating flow and a free 
convection flow }Vas studied at different combinations of 
mean yefocify; . tu~bulence mt~nsey~ \and frequency of the 
down\.Vard flow .. Wiis important to ndte thaf' the identified 
mechanism of interaction bet\veen the free convectiOn flow 
and the downward flow is similar· for all omnidirectfonal 
velocity sensors, but it depends on the strength of the free 
convection flow generated by the sensor. 

anemometers were almost lltlaffectep by the amplitude of:tl:te 
velocity fluctuations; i . .e.; the turbulence intensity; of flow had 
no impact on the accuracy of the measurements (Melikov et al. 
1997). On the contrary 1 the present tests identified that the 
turbulence intensity had a strong impact on the velocity 
measurements by the anemometers in a downward flow with 
a low mean velocity and presence of a free convection flow 
from the heated velocity sensor. Under these conditions, the 
accilracy of the mean velocity measurements increased and 
the accuracy of the measured standard deviation of the veloc
ity decreased when the turbulence intensity of the flow 
increased. For example, with all other conditions identical, the 
mean velocity measured by anemome.ter D,at low turbulence 
intensity (<I 0%) was 50% lower than the mean velocity of~ . 

fluctuating flow in the wind tunneJ, while at a high turbulence 
intensity, it was almost equal to the mean velocity of the flow. 
At low turbuience intensity, the standara deviation of the fluc
tuating velocity was measur.e.d 30% lower and at a high turbu
lence jfttensify~ofth,e fi;ow, 60% lower. 

Low-velocitymeasurements are required in the cuqent 
standards both for · assessment of the indoor environment 
(ASHRAE 1992; ISO 1985) and for detailed identification of 
the room air distribuJion (ASHRAE 1990). The impact of free 
convection identified in the present study has to be considered 

· in order to perform reliable measurements. The results of this 
study are also important when validation of CFD calculations 

For the anemometers tested in this study, the impact of 
free· convection on the velocity measurements was identified 
as below 0 .15 ml s and for velocity sensors with high overheat
ing temperature and relatively large dimensions. Tests on the 
dynamic response of the anemometers performed in a hori
zontal flow showed that both the mean velocity and the stan
dard deviation of the velocity measured by the low-velocity 

·· of room air movement are made. Very ·often results from 
measurements by low-velocity anemometers with omnidirec
tional sensors are used to validate CFD calculations of room 
air movement. The findings of the present study are important 
for carefully analyzing the accuracy of the measured velocity 
characteristics before they are compared with results from 
computations. 
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The impact of free convection on the accuracy of the 
velocity measurements was not affected by the frequency of 
the velocity fluctuations of the do\vnward flow. As in a hori
zontal tlow, the ability of the anemometer to measure the 
velocity fluctuations in the downward flow was a result of its 
dynamic behavior. The results of the present tests show that it 
is possible to model and to predict the impact of free convec
tion on the accuracy of the velocity measurements only by 
tests in downward flow with a constant velocity and only if the 
dynamic response of the anemometer is known. 

The dynamic response oflow-velocity thermal anemom
eters improve5, along with the accuracy of the velocity 
measurements, when the overheating temperature of the 
omnidirectional sensor increases (Popiolek et al. 1996; 
Melikov et al. 1997). However, the high overheating temper
ature of the sensor generates a strong upward free convection 
flow that has the opposite effect on the accuracy of the 
measurements, especially in downward flow. The antagonis
tic effect of several factors on the accuracy of the measure
ments as reported in this and other studies (Stannov et al. 1997; 
Melikov et al. 1997) has to be considered carefully by the 
manufacturers of low-velocity anemometers. 

CONCLUSIONS 

Comprehensive tests were performed using four low
velocity thermal anemometers with an omnidirectional sensor 
to study the impact of free convection on the accuracy of the 
velocity measurements in downward flow, both with constant 
and with periodically fluctuating velocity. The interaction of 
a free convection flow from a heated velocity sensor with a 
periodica11y fluctuating downward flow was studied in detail. 

The impact of free convection on the accuracy of the 
mean velocity measurements and the standard deviation of 
velocity (turbulence intensity) measurements was significant 
for velocity sensors with a high overheating temperature and 
ofa large size, especially at downward velocities below 0.15 
mis. The impact was strongly affected by the turbulence inten
sity of the flow. The accuracy of the measured mean velocity 
increased and that of the standard deviation of the velocity 
decreased when the amplitude of the velocity fluctuations in 
the flow (turbulence intensity) increased. 

The impact of free convection on the accuracy of the 
velocity measurements was not affected by the frequency of 
the velocity fluctuations of the downward flow. 

The results sho·w that it is possible to model W'id predict 
the impact of free convection on the accuracy of the velocity 
measurements in a periodically fluctuating downward airflow 
by simple tests performed in a downward airflow with a 
constant velocity. 

The impact of free convection on the accuracy of the 
velocity decreases when the overheating temperature of the 
velocity sensor is low. This, however, will have a negative 
impact on the dynamic response of the low-velocity thermal 
anemometer. This antagonistic impact of the overheating 
temperature has to be very carefully considered during the 
design of the instrument. 
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