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ABSTRACT 

A comprehensive investigation was made of the dynamic 
behavior of frve low-velocity thermal anemometers with omni­
directional sensors. Both the shape of the dynamic response 
curves of the instruments and their dynamic response were 
different. The dynamic response of the anemometers was 
mainly irifluenced by the frequency of the velocity fluctuations 
and only slightly by the mean velocity of the airflow and the 
amplitude of the velocity fluctuations. A main conclusion of 
this study is that the time constant, the response time, and the 
cut-off frequency recommended in the present standards and 
test methods, as well as the test methods for describing the 
dynamic response of low-velocity anemometers, cannot be 
applied to all anemometers available on the market. A concept 
of upper frequency, describing the dynamic response of 
anemometers, and a new method for testing the dynamic 
behavior of low-velocity anemometers are presented in the 
paper. The method applies to all /ow-velocity anemometers 
and is suggested for inclusion in future indoor climate stan­
dards. 

INTRODUCTION 

Accurate measurements of mean velocity and turbulence 
intensity of the airflow in rooms are required in order to assess 
thermal comfort conditions and air distribution in occupied 
zones (ISO 1985, 1996; ASHRAE 1992, 1990). At present, 
thermal anemometers with an omnidirectional type velocity 
sensor, designed to be insensitive to the velocity direction, are 
most used in practice due to their easy and convenient opera­
tion (in most cases the direction of the air velocity in the occu­
pied zone of spaces is not known and is variable). Several 
factors, such as the calibration of the transducer, the dynamic 
behavior of the anemometer, the design of the transducer and 
its directional sensitivity, the measuring and sampling period, 

the correction of the velocity due to changes in the air 
temperature during measurements, the natural convection 
flow generated by the heated velocity sensor, etc., all have an 
impact on the accuracy of the velocity measurements. 

Studies (Melikov and Sawachi 1992; Sawachi and 
Melikov 1993) have identified large differences (up to 100%) 
between thermal anemometers available on the market with 
regard to the mean velocity and turbulence intensity 
measured. The accuracy of the mean velocity measurements 
depends on the accuracy of the static calibration of the thermal 
anemometer, the impact of free convection, and the directional 
sensitivity of the velocity sensor. The turbulence intensity, Tu, 
is a ratio of the standard deviation of the velocity and the mean 
velocity. Therefore, the accuracy of the turbulence intensity 
measurements will not be affected by the calibration of the 
anemometer, assuming that its linearization (if any) is prop­
erly performed (the error introduced in the measured velocity 
due to linearization should be smaller than 0.05 m/s). 
However, it will be affected by the dynamic characteristics of 
the velocity sensor and the anemometer. Fast velocity changes 
will not be detected by a thermal anemometer with a long 
response time. As a result, the standard deviation of the veloc­
ity, as well as the turbulence intensity, will be measured 
smaller than in reality. 

Comprehensive measurements of airflow characteristics 
in real-scale test rooms with numerous combinations of venti­
lation system, air supply device, airflow rate, and supply and 
return air temperature difference, perfonned by a three­
dimensional laser doppler anemometer, have been reported in 
the literature (Finkelstein et al. 1996). Real field situations 
were simulated in the test rooms, which were furnished, 
arranged, and equipped as a real office. During the measure­
ments, occupants performed typical office work. The 
frequency of the velocity fluctuations, which contribute up to 
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90% of the standard deviation of the velocity, has been iden­
tified to be in the range P.3 to 2 Hz. These velocity fluctuatio~s, 
can be measured by a hot~wire thermal anemometer; however, 
uncertainties in the measurements occur due to the impact of 
free convectiop and of the directional sensitivity of the sensor 
(Zhang et al. 1991). Low-velocity anemometers with an omni­
directional velocity sensor should be able to measure these 
velocity fluctuations. ,, . 

The dynamic .behavior of an anemometer, defines how 
well it measures velocity amplitude as a function of the 
frequency of the velocity fluctuations. The dynamic response 
of ii c:onstant-temperature anemometer with a hot-wire veloc­
ity probe has been studied during the years and reported 
(Freymuth 1992; Bruun 1995). The dynamic response of an 
anemometer system can be determined by testing in flow with 
a perturbation (a step change of velocity, an oscillatory flow, 
or an imposed temperature variation) or by moving the probe 
to create velocity fluctuations. Another approach to determine 
the dynamic response of an anemometer system is to apply an 
electronic d,isuµ·ban!=e signal (for ({X.ampl~. a square wave 
voltag~)· to i the bridge. This method, h~w~v.er, cannot be 
apJ?lied to low-velocity anemometers .•. fi!st, because the 
method only gives correct results for instruments (velocity. 
transducers) the dyDilllliC resp onse Of Which.can be.described 
by only one time constant. (it will be shown later in, this paper 
that the dynamic response of some low-velocity anemometers 
cannot be described by o~e time constant) and, second, 
because for most of the low-velocity thermal anemometers, 
access to the bridge top, where the square wave voltage should 
be applied, is not possible. 

The standards (iSO 1985, 1996; ASHRAE 1992, 1990) 
recpmrnend that · the - dynamic response of low velocity 
ane"mometers be evaluated ori the basis of the time for the 
output signal from the instrument to reach the 63% value (time 
coristant) or the 90% value (response time) of the final change 
of the velocity.: A well-known method to determine the time 
constant,' Jt, and the response time, tr, is to generate • a step 
change (:;f velocity and record the velocity measured by tlie 
instrument in the time. The''method is reconimended in the 
pr~~ent stand~ds (ASHRAE 1992, ISO 1985). The time 
cort_ktant is coilsidered to be numerically ~qual to the time 
taken f6r the output of the instrument to reach 63% of its final 
ch.;nge in steady~state va1ue without overshoot. The response 
time (90% value) is then calc~lated as tr= 2.3026 · tc: · 

Another meiho<l of deierr11ining the dynamic response 
of a low~velocity anemom~ter is to define the cut-off 
frequency of the instrumei:it (Sandberg and Peterss'on 1990; 
N~rdtest method 19?1). Measurements are performed in 
we,11-defined periodicii.lly fluctuating airflows with identical 
amplitude (standard deviatiqn) but different frequency, ft , 
of,,the velocity fluctuations. Th~· standard deviation of the 
output signal from the anemometer is determined. The ratio 
of the .. standard deviation of thy output signal and me true 
standa:;:d deviation of the airflow velocity is calculated and 
presented as a function of the frequency of the velocity ·flue-

, . ! . .- ~: . ' . 
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tuations. The true standard deviation of the airflow velocity 
is measured J:>y a reference anemometer. The cut-off 
frequency, fc, is defined as the frequency, ft, at which the 
standard deviation ratio is 0.707 (-3 dB), i.e .• the measured 
standard.:deviation is 0.707 of the true standai-d deviation of 
the velocity. The relationship between the cut-off frequency 

·- ~.,. . '. 

and the time constant is fc = 1/(2 · 7t ·re). It is used to calcu-
late the tithe constant and the response time of the anemom­
eter. 

The cut-off frequency method (Nordtest 1991) and the 
step-change method recommended in the current standards 
(ASHRAE 1992, ISO 1985) require an analogue output of the 
tested anemometer. In order to find the relation between the 
response time, tr, and the time constant, tc, or the cut-off 
frequency, fc, one must assume a transfer function of the 
anemometer. The two methods assume that the low-velocity 
thermal anemometers have a dynamic behavior that can be 
evaluated as a first order internal system. Only in this case can 
tr = 2.3026 ·re and the ratio of the amplitude of the signal 
measured by the anemometer and the amplitude of the true 
fluciuations of the velocity in the flow be defined as equal to 
(1 + (2·7t ·Tc·jf)"-0.s. However, this is not always the case 
with low-veloCity thermal anemometers. Many· anemometers 
have a complicated sensor design, and their dynamic response 
cannot; therefore, be characterized by a single time constant. 
This makes it impossible in practice to apply the above­
mentioned methods for testing the dynamic behavior of low-
velocity anemometers. '' '· ~ : 

In this study, five low-velocity thermal , anemometers 
with an omnidirectional type sensor were selected from those 
available on the market; and their dynamic response was stud­
ied experimentally' compared, and evaluated ac~ording to 
requirements in the current international s~ciards. The ex.per:­
iments comprised both tests under ~tep change of the ~elocity 
and tests in a periodically fluctuating airflow. In this paper, 
only results obtained from the tests with perioditally fluctu­
ating airflow are reported.·Based on the results, a new method 
for testing the dynamic behavior of anemometers is proposed. · 
The method can be used to test anemometers regardless of 
their dynamic response. The results presented in this paper are 
part of a large and comprehensive study on the accuracy of 
low~velocity measurements made indoors using thermal 
anemometers with an omnidirectional (hot-sphere) type 
velocity sensor (Melikov 1997). 

METHOD 

Thermal Anemometers 

Five thermal anemometers, A, B, C, D, and E, with an 
omnidirectional type velocity sensor were tested. The anem­
oineters are available on the market. The velocity probes of the 
anemometers are shown schematically in Figure 1. AH. consist 
of heated (velocity) sensor and unheated sensor. 

Anemometer A has a velocity sensor with an ellipsoid 
eody made of.ca highly insulating thermal foam material, 
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ground to shape and supported by a thin stainless steel tube. 
The ellipsoid ca,rries three coils of electrically heated nickel 
wire. The coils are wound in a single layer without any space 
between the windings, and they are protected by a thin layer 
of white epoxy enamel. Thus, the diameter of the ellipsoid at 
the location of the heated wire is approximately 5 mm. The 
overheating temperature of the velocity sensor is 15°C (the 
overheating temperature is the difference in the temperature of 
the heated velocity sensor and the air). 

The velocity sensor of anemometer B is a small ther· 
mistor with a diameter of less than 1 mm~ The overheating 
temperatur:e of the velocity sensor is 10°C. The design of 
anemometer B allows for the selection of different time 
constan~ of the velocity sensor in the range O. I s to 10 s. 

.,~ . : . i~ . . ;· 

The velocity sensor of.anemometers D and Eis designed 
as a spherical body with a diameter of 3 mm.-The body of the 
sensor is made of quartz an4coated with a heated nickel layer. 
The velocity probes also have a separate sensor for measuring 
the ,air temperature. _The overheating temperature of velocity 
sensor Dis 25°C. The design of anemometer E allows for the 
selection of different overheating temperatures for the veloc­
ity sensor. Anemometer Chas a spherical velocity mac;s sensor 
of 3 mm diameter made of enameled copper wire molded into 
a sphere and an overheating temperature of 25°C. 

The unheated sensor of the tested velocity probes is used 
to correct the measured velocity when the air temperature is 
different from the air temperature of the calibration. The 
response time of the unheated sensor is typically longer than 
the response time of the heated (velocity) sensor and is diffe~, 
ent for the anemometers available on the market. This 
response time is not provided by the manufacturers. Informa­
tion concerning -the method -of performing the temperature 
correction is also··not provided by the manufacturers. The five 
anemometers measure the mean velocity and the standard 
deviation of the velocity. 
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A hot~wire thermal 'afieniometer was-used as a reference. ' : 
This veloCity sen'sor was maeie with a platinum-plated ttiiig­
sten wire _1.2 mm' long and with a'diameter of 5 µk. The over- -
heating ratio of ·the sensor was 0.8 (wire temperature Of 
220°C). The frequency response of the hot~wire anemometer 1 

was more than 10 kHz in the range of the velocities studied. 
The tested anemometers and the reference anemometer were 
calibrated before the tests. 

Experimental Facilities 

The tests were carried out using a closed wind tunnel 
with a square cross section. The wind tunnel is shown ~ti 

Figure 2. It is made of plexiglass 3 mm thick. A specially 
designed supporting structure maices it possible to positiqn 
the wind t~nnel at various angles against the horizontal lev~L . 
Ute,_dynamic tests repo~ed belo~ were performed when the . 
wind tunnel.(also the airflow in _it) was P.9~ig~me~1borizoi;i­
tally. The air enters the wind runnel through a fil~er and 
honeycomb straighteners. The cross section of this part o_f .. . ., . , ( ., 
the tunnel 1s 300 x 300 mm-. The air flows through twp,~ 
sections with reduced sizes. The 'first section (working, · 
section), where the tested hot-sphere sensors and the. hc)t­
wire sensor (used as a reference) are positione9, has a ,c,ross 
section with dimensions of 104 x 104 mm2. tests sho-Wec!, 
that in this section a uniform velocity distribution exists in a 
cross area of 80 x 80 mm2: The velocity range 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 a cross area of 33 x 33 mm2: The tunnel allows 
the static pressure to be measured in the three sectiorls. It' Is 
used to calibrate the wind tunnel and to adjust the air veloc--· 
ity needed in the working section. The velocity of the airflow 
in the working section is regulated by changing the rotational 
speed ~fan exhaust fan sucking air through the wind tunnel. ·" 

The velocity fluctuations were . generated by a valve -
moved by a specially designed pneumatic system. A piston' · 
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Figure z' The wind tunnel iised during the tests. 

opens and closes the valve at different frequencies and at 
different levels. A short .. cut is introduced in the system by 
opening and closing the valve. The fan sucks the air through 
the wind tunnel when the valve -is open and directly from the 
surroundings (short-cut) 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 fluc­
tuation, was generated. Figure 3 shows typical records of 
generated airflow at different frequencies and amplitudes of 
velocity fluctuations. The corresponding frequency spectra of 
the velocity fluctuations are shown as well. The generated· 
velocity fluctuations were not perfectly sinusoidal. This, 
however, has an insignificant impact on the accuracy of the 
experiments because it can be seen from the spectra that the· . 
most important third harmonic does not exceed I 0% of the 
basic hannonic. 

~ .. ' 
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Uncertainties of the Measurements 

In a flow with a constant velocity in the range 0.02 -
0.6 mis, the uncertainty of the velocity measured by the 
reference anemometer was estimated to be ±0.005 mis and 
of the velocity measured by the tested anemometers to be 
less than ±0.01 mis. 

The hot-wire anemometer used as a reference has a band~ 
width in the kHz range of frequencies. Therefore, the uncer­
tainties of the velocity measurements in a periodically 
fluctuating flow due to the reference anemometer can be 
considered to be t.'te sa..-ne as in a flow with a constant velocity. 
The uncertainty of the velocity measurements in a periodically 
fluctuating flow due to the tested anemometers varies for the 
different instruments, as it depends on a .n,umber of factors, .. 
such as dynamic response, static calibration, etc., and is rathe.r 
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Figure 3 Examples of velocity records with different frequencies (0.25 Hz and I Hz) and amplitudes (Tu= 30% and 52%). 
On the right side, corresponding frequency spectra of velocity fluctuations are presented 
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difficult to determine. The best way to estimate the uncertainty 
of the velocity measurements in a periodically fluctuating 
flow is to evaluate the scatter from repeated measurements. 
This.is indicated 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%. ' 

Experimental Conditions 

The tests were performed in a horizontal airflow with, 
periodically fluctuating velocity. The air temperature was kept 
constant (air temperature fluctuations were less than 0.2°C). 

The impact of the mean velocity, the turbulence intensity, 
and the frequency of the velocity fluctuations on the dynamiC 
response of anemometers A, B, C, and D were studied under 
20 combinations of mean velocity of the airflow (0.1, 0.2, 0.4, 
and 0.6 mis) and frequency of the velocity fluctuations 
(approximately 0.25, 0.5, 0.8, 1.8, and 3.2 Hz). The amplitude 
of the velocity fluctuations during these tests was kept 
constant, selected to provide an airflow with a turbulence 
intensity of 30% (±2% ). In fact, the generated flow was a 
pseudo turbulent flow with a regular velocity pattern in the 
time unlike a real turbulent flow with a velocity pattern that 
may change its shape and magnitude in time. However, the 
pseudo turbulent velocity field is often used to simulate real 
turbulent flow as it is more accessible to theoretical treatment 
(Hinze 1975). 

Experiments were performed with anemometer B to iden­
tify the impact of the time constant of a low-velocity anemom­
eter on the dynamic response of the instrument. Tests were 
performed with three time constants of the instrument, 0.1, 
0.25, and 1.0 s, under the following combinations of the 
airflow characteristics: mean velocity equal to 0.2 mis; three 
levels of turbulence intensity, 10%, 30%, and 50%; and peri­
odical velocity fluctuations with five different frequencies 
within the.range 0.25 to 3.2 Hz. 

The impact of the overheating temperature of the veloc­
ity sensor on the dynamic response of anemometer E was 
studied under the following combinations: overheating 
temperature, 1 l.5°C, 15.4°C, 21.8°C, 26°C, and 32.4°C; 
mean velocity, 0.1, 0.2, 0.4, and 0.6 mis; turbulence intensity 
of 30%; and frequency of velocity fluctuation, 0.25, 0.5, 0.8, 
1.8, and 3.2 Hz. 

RESULTS 

Figures 4a, 4b, 4c, and 4d show the dynamic response of 
the four anemometers, A, B, C, and D, at different mean veloc­
ities of the flow. The standard deviation ratio as a function of 
the frequency of the velocity fluctuations (standard deviation 
damping curves) is presented in the figures. The standard 
deviation ratio is defined as the standard deviation of the 
velocity measured by the tested anemometers divided by the 
standard deviation of the velocity measured by the hot-wire 
anemometer used as a reference. 
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Large differences in the shape of the standard deviation 
damping curves of the anemometers were identified. The 
standard deviation of the velocity measured by anemometer 
A was higher than that measured by the reference anemome­
ter for the frequency range up to 1.5 - 2 Hz. Therefore, the 

· · ·standard deviation ratio as shown in Figure 4a was higher 
than I in that range of frequencies. Most probably this was 
caused by electrical filters built into the instrument. This 
effect was observed for the whol.e range of tested velocities, 
0.1 mis - 0.6 mis. At frequencies · of the velocity fluctuations 
higher than 0.7 - 0.8 Hz, the standard deviation ratio started 
to decrease, and its value became 1 at a frequency of 
approximately 1.5 - 2 Hi; i.e., the standard deviation of 
velocity measured by the test~d· anemometer was almost 
identical to the standard deviation measured by the refer­
ence anemometer. For frequencies of the velocity fluctua­
tions higher than 2 Hz, the standard deviation of the velocity 
measured by this anemometer w~ lpwer than the standard 
deviation of the velocity 'in th~ flow' . i.e., the s~dard devia­
tion ratio was smaller than 1. 

Anemometers B and C had a rather similar dynamic 
response (Figures 4b and 4c). For anemometer B, the standard . 
deviation ratio already started to decrease at a frequency of the 
velocity fluctuations of approximately 0.2 - 0.3 Hz, i.e., this 
anemometer measured the standard deviation of the velocity 
lower than it was in reality when the frequency of the velocity 
fluctuations of the airflow was higher than 0.3 Hz. The _ 
dynamic response of anemometer B was faster than the 
response of anemometer C due to the difference in the size and 
the design of the sensors already described in the section 
"Thermal Anemometers." 

The dynamic response of anemometer D followed a 
rather complicated curve: the standard deviation ratio initially 
decreased and became approximately 0.6 at about 1 Hz after 
which it remained almost constant for a range of frequencies , .. 
up to almost 8 Hz and was then followed by a decrease. The 
sensor of this anemometer is designed as a quartz ball covered 
by a thin layer of nickel film. These two elements of the sensor, 
the quartz ball and the thin nickel film, have different time 
constants. The nickel film responds much faster to velocity 
changes than does the quartz body, which has a large mass. 
This results in the complicated dynamic response curve of the 
transducer. 

The experimental results showed a tendency for improve­
ment of the dynamic response of the anemometers when the 
mean velocity of the flow increased, i.e., with all other condi­
tions being identical. A small increase of the standard devia­
tion ratio was observed when the mean velocity was 0.4 and 
0.6 mis. This effect was more clearly pronounced at low 
frequencies of the velocity fluctuations. It was difficult to 
make an accurate assessment of the impact of the mean veloc­
ity on the dynamic response of the anemometers because the 
effect was comparable with the accuracy of the experiment, 
which was assessed to be ±0.05 of the value of the standard 
deviation ratio. 
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Figure 4a Standard deviation ratio as a function of the frequency of the velocity fluctuation. Results from tests by 
anemometer A at-different mean velocities are compared. 
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Figure 4b Stqndard deviation ratio as a function of the frequency of the velocity fluctuation. Results from tests by 
anemometer B ai different mean velocities are compared. 

Tests were performed with anemometer B to study the 
impact of the time constant of the anemometer on its dynamic 
response. Figure 5 shows the standard deviation ratio as a 
function of the frequency of the velocity fluctuations at time 
constants of Q.l, 0.25, and 1.0 s. Tests were perfonned at a 
constant mean velocity of 0.2 mis. As expected, the results 
showed a significant improvement of the dynamic response 
of the anemometer when the time constant of the instrument 
decreased. The standard deviation ratio increased when the 
selected time constant decreased, especially at high frequen­
cies of the velocity fluctuations. However, it should be noted 
that the improvement of the dynamic response of the instru­
ment at a small time constant was not as expected. For exam­
ple, at a frequency of the velocity fluctuations of 1 Hz and a 
time constant of 0.1 s, the anemometer measured the standard 
deviation of the velocity as much smaller than the true stan­
dard deviation measured by the reference anemometer, i.e., 

the standard deviation ratio was only 0.7. The dynamic 
response of this anemometer can be described by a first order 
transfer function and, therefore, the response time should be 
2.3 times the time constant, i.e.,. the. response time will be 
0.23 s when the time constant is 0.1 s. With this response 
time, the standard deviation of the: velocity fluctuations with 
a frequency of 1 Hz measured by the tested anemometer has 
to be very similar to the standard deviation measured by the 
1 efo1 euce anemometer. 

The impact of the amplitude of the velocity fluctuations 
on the dynamic response of low-velocity anemometers was 
studied using anemometers B and D. The mean velocity ratio 
(defined as the mean velocity measured by the tested anemom­
eters divided by the mean velocity measured by the reference 
anemometer) and the standard deviation ratio were deter­
mined from experiments in a periodically fluctuating airflow 
with a mean velocity of0.2 mis. Three amplitudes of the veloc-
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Figure 4d Standard deviation ratio as a function of the frequency of the velocity fluctuation. Results from tests by 
anemometer D at different mean velocities are compared. 

ity fluctuations were generated to correspond to three levels of 

turl:iulence intensity, namely, 10%, 30%, and 50%. At each 

level of turbulence intensity, four frequencies of the velocity 

fluctuations were generated in the range 0.25 Hz to 2 Hz. The 

mean velocity ratio and the standard deviation ratio, deter­

mined for the two anemometers at a turbulence intensity of 

10% and frequency of velocity fluctuations of 0.25 Hz, were 

used as a reference value to divide, respectively, the mean 

velocity ratio and the standard deviation ratio determined by 

the two anemometers during the test. Thus, a relative mean 

velocity ratio ~d a relative standard deviation ratio were 

calculated and are presented as a function of the frequency of 
the velocity fluctuations in Figure 6 (a and b) and Figure 7 (a 

and b). The experiments with anemometer B were performed 
at two time constants of the instrument, 0.1 and 0.25 s. 

The results in Figure 6a show that the mean velocity ratio 
for anemometer D decreased when the amplitude of the veloc­
ity fluctuations increased. The decrease was close to 10% 
when the turbulence intensity of the airflow_ increased from 
10% to 50%. The frequency of the velocity fluctuations had 
almost no impact on the mean velocity ratio when the turbu­
lence intensity of the flow increased up to 30%. Further 
increase of the turbulence intensity up to 50% caused a small 
decrease of the mean velocity ratio with the increase of the 
frequency of the velocity fluctuations. A similar effect, but 
less pronounced, was identified also for anemometer B 
(Figure 6b ). For this instrument, a small decrease of the mean 
velocity ratio was observed only at frequencies of velocity 
fluctuations higher than 1 Hz and a turbulence intensity of 
50%. The tests showed no significant impact of the time 
constant of anemometer B on the measured mean velocity 
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ratio (Figure 6b ). The standard deviation ratio for the two 
anemometers was almost not influenced by the amplitude of 
the velocity fluctuations (Figures 7a and 7b). The response of 
the instruments was as aiready identified during the frequency 
tests described above. 

The overheating temperatures of the velocity sensors for 
most of the low-velocity anemometers available on the 
market, including four of the tested anemometers, namely, A, 
B, C, and D, are selected by the manufacturers during the 
design of the instruments and cannot be changed by the user. 
Anemometer E, used in the present tests, allows for selection 
of the overheating temperature of the velocity sensor. The 
overheating temperature is the difference between the 

8' 

temperature of the velocity sensor and the air temperature of 

the flow where measurements are performed. The static cali­

bration of the low-velocity anemometers is performed at a 

fixed temperature, typically 20°C. However, very often the 

instruments are used to perform measurements in rooms with 

an air temperature lower or higher than the temperature of the 

calibration. Most of the anemometers are designed to compen­

sate for the air temperature difference from the calibration and 

the time of the measurements. If this compensation is not 

made, the air velocity will be measured incorrectly. The 

.. mistake in the measured velocity will increase when the over­

.• heating temperature of the velocity sensor decreases. 
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The impact of the temperature compensation on the accu­
racy of the velocity measurements was studied by anemometer 
E. The instrument was calibrated at five overheating tempera­
tures of the velocity sensor: l l.5°C, 15.4°C, 21.8°C, 26°C, 
and 32.4°C above the air temperature. The calibration was 
performed at 20°C. The results were used to calculate the 
necessary correction of the velocity if measurements are 
performed at an air temperature different from that of the static 
calibration. For this pwpose, the calibration data for the five 
overheating temperatures were approximated by the follow-

where ts is the temperature of the sensor; t0 is the air temper­
ature; U is the output voltage; V is the velocity; and ko = -

0.3962, k1 = 6.4761, k2 = 15.0328 are coefficients from the 
calibration of the sensor. The above equation was used to 
calculate the necessary correction of the velocity when 
measurements were performed at an air temperature different 
from that of the static calibration. The results from the calcula-

• • 2 
ing equation. rJ ( rJ ) 

JV= ko+k1(ts-tJ+k2 ts-ta 

tions are shown in Figure 8. The necessary correction of the 
measured velocity as a function of the velocity of the flow is 
shown in the figure only for I K difference between the air 
temperature of calibration and the air temperature of measure­
ment. The overheating temperature is a parameter in the 
figure. The results show that the lower the overheating 
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temperature of the velocity sensor, the greater the impact of· 
the air temperature changes on the accuracy of the velocity 
measurements; therefore, the overheating temperature of the 
velocity sensor should be as high as possible. 

Anemometer E was also tested to identify the impact of 
the overheating ratio on the dynamic response of the anemom­
eter. Tests were performed in a periodically fluctuating 
airflow at 60 different combinations of mean velocity, over­
heating temperature of the sensor, and period of fluctuations, 
as already identified in the section "Experimental Condi­
tions." For 12 combinations of mean velocity and overheating 

temperature, experiments were performed at five frequencies 
of the velocity fluctuations in the range 0.25 to 3.2 Hz. The 
results of these tests are shown in Figure 9 (a, b, and c). The 
standard deviation ratio as a function of the frequency of the 
velocity fluctuations is shown in the figures. The standard 
deviation ratio at different velocities and overheating 
temperatures are compared. The standard deviation ratio 
decreased when the mean velocity of the flow decreased and 
the frequency of the velocity fluctuations increased. The stan­
dard deviation ratio increased when the overheating ratio of 
the sensor increased; These results confirm that the dynamic 
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Figure 9b Standard deviation ratio as a function of the frequency of the velocity fluctuations measured by anemometer E 
at different mean velocities of the airflow and at an overheating temperature of the velocity sensor of 2l .8°C. 

response of the sensors improves at a high velocity and a high 
overheating temperature. 

A high overheating temperature will improve the 
dynamic response of the anemometer and will decrease the 
impact of the air temperature changes on the accuracy of the 
velocity measurements. However, the high overheating 
temperatures of the velocity sensor will cause a strong free 
convective upward airflow that can introduce a significant 
error in the measured mean velocity and turbulence intensity, 
especially when the measurements are performed in down-
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ward flow (Melikov 1997; Popiolek et al. 1997). Therefore, 
the selection of the overheating temperature of the hot-sphere­
type sensors is a result of a compromise between the antago­
nistic impact of these two factors on the accuracy of the 
measurements. 

The accuracy of measuring the standard deviation of the 
velocity and, therefore, of the turbulence intensity depends on 
the dynamic response of the anemometer as well as on several 
other factors, such as the directional sensitivity of the velocity 
sensor, the impact of free convection due to the heated sensor, 
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and the ability of the instrument to correct the measured veloc­
ity when air temperature fluctuations occur in the flow. This 
has been studied and reported (Stannov et al. 1997; Popiolek 
et al. 1997; Melikov et al. 1997a, 1997b). 

DISCUSSION 

The current standards require measuring ranges, 
measuring accuracy, and 90% response time of the velocity 
sensors (to be understood as the anemometer as a whole). 
ISO Standard 7726 (ISO 1985) specifies a required response 
time of 1 s and a desirable response time of 0.5 s (in the new 
draft of the standard, ISO 7726 1996, the required response 
time is 0.5 s arid the desired response time is 0.2 s). 
ASH~ Standard 55 (ASHRAE 1992) requires a response 
time from 1 s to 10 s and a desirable response time of 0.2 s 
when indoor measurements of turbulence intensity are to be 
performed. ASHRAE Standard 55 and the draft of ISO Stan­
dard 7726 assume that the dynamic behavior of the anemom­
eter is of the first order and, therefore, the 90% response time 
is 2.3 times the time constant of the anemometer (ISO Stan­
dard 7726 assumes that the response time is 3.1 times the 
... : __ -----•--•· +L..: ... ,...,.,..n __ .;,..,.,. ;,.. _P,..,J...,..J.-1 .. , no Pno;<"t..,),..a\ ..,.,..~ uun:; '-'VU;:>'-GJ.IL, UU;:) a;:).,Ul.U}'L.lVJl 1.3 }'.lVVU.V.lJ u. .U.U~M.1.n.-J• ~ ....... 

Nordtest method (1991) is also based on the assumption that 
low-velocity thermal anemometers have a dynamic response 
that can be described by a first order transfer function. In 
Figure 10, the dynamic response of anemometers A, B, C, 
and D is compared with the dynamic response of the low­
velocity anemometers with a first order transfer function and 
a 90% response time of 0.5 s as assumed in ISO Standard 
7726 (desired response) and in the draft ISO Standard 7726 
(required response). The dynamic response of anemometers 
B and C is rather close to the requirements in the standards, 

12 

i.e., almost a first order transfer function and a response time 
of 0.5 s. However, the dynamic response of anemometers A 
and D is different. The shape of the standard deviation 
damping curves did not follow the shape of a first order 
transfer function, and this makes it impossible to determine 
the response time of the instruments according to the recom­
mendations in the standards (ASHRAE Standard 55, ISO 
Standard 7726, and the draft ISO Standard 7726). 

According to the above standards, the time constant 
should be defined as a response of the instrument to a step 
change of the velocity. This requires an analog output from the 
initrument. The determination of the cut-off frequency-in the .. 
Nordtest method (1991) also requires recording of the instan­
taneous velocity measured by the anemometer from an analog 
output of the instrument. 

The methods for testing the dynamic response of low• 
velocity anemometers recommend.ed in the : standards 
(ASHRAE 55, ISO 7726, draft ISO 7726) and in the Nordtest 
method (1991) have the following disadvantages: 

• An analog output for the thermal anemometers is required; 
however, an analog output is not presenrfor many of the 
existing instruments. Furthermore, most often the analog 
output of the low-velocity thermal anemometers is modi­
fied (ihe anaiog signal from ihe sensor is initially converted 
into a digital signal, statistically analyzed, and then 
provided to the analog output by a digital-analog 
conversion) and is not as fast as the response of the velocity , 
sensor (for example, anemometers B and D in the present 
study). 

The assumption that the dynamic response of low-velocity 
anemometers can be described by a first order transfer func., , 
tion is not true for all anemqmeters available on the market; . 
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Figure 10 Comparison of the dynamic response of anemometers A, B, C, and D at 0.4 mis with the dynamic response of a 
low-velocity anemometer with a response time of0.5 s, as assumed in the standards (ASHRAE 55 and ISO 7726). 

therefore, the time constant cannot always be used to define 
the response time of the velocity sensor. 

• The time constant and the response time, introduced in the 
thermal anemometry, do not clearly relate the characteris­
tics of the thermal anemometer with the measured parame­
ter, which is the air velocity fluctuating with a changeable 
amplitude and a random frequency. 

It is unrealistic to expect and to require that low-velocity 
anemometers have a dynamic response that can be described by 
a first order transfer function or a rapid analog output. Therefore, 
the use of the time constant, the response time, and the cut-off 
frequency to describe the dynamic behavior of low-velocity 
anemometers, as suggested in the current standards and test 
methods (ISO 1985, 1996; ASHRAE 1992, 1990; Nordtest 
1991), has rather limited application in practice. This research 
suggests using the upper frequency, fup, to describe the dynamic 
behavior of low-velocity anemometers. The definition of the 
upper frequency is: 

The upper frequency defines the highest frequency of sinuso­
idal velocity fluctuations up to which the low-velocity 
anemometer should be able to measure the standard deviation 
of the velocity with a defined accuracy. 

In other words, the upper frequency defines the highest 
frequency of sinusoidal velocity fluctuations up to which the 
determined standard deviation ratio should be not more than a 
certain percent different than 1 (for example, a limit can be 
:tl0%, i.e., the determined standard deviation ratio should be 
in the range 0.9 to 1.1 ). The limit has to be defined after careful 
analysis of the impact of the standard deviation of the velocity 
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on the assessment of risk of draft in rooms as well as the design : 
limitations of the low-velocity anemometers. 

The upper frequency can be used to define the dynamic 
response of any anemometer. This approach is clear and with­
out any assumption concerning the dynamic response curve of 
the thermal anemometer. It does not require a fast analog 
output from the anemometer, as required in the method of90% 
response time and the cut-off frequency method. The method 
can be applied for anemometers both with and without analog 
output. 

the upper frequency method requires testing of the 
anemometers in a periodically fluctuating airflow with d•ffer­
ent frequencies (similar to the tests described in this study) and . 
reading (or calculating) only the standard peviation of the 
velocity measured by the tested anemometer, Tests on 
dynamic characteristics in airflows with sinusoidal fluctua­
tions of the velocity require determination of the frequency 
transmittance, defined as the ratio of the amplitude of the 
output signal to the amplitude of the input signal of the instru­
ment (the amplitude can be calculated as 1.4142 times the 
standard deviation of the signals), It is rather difficult, 
however, to generate ideal sinusoidal velocity fluctuations. 
Therefore, the standard deviation ratio can be used. Tests were 
performed to study the extent to which nonideal sinusoidal , 
velocity fluctuations will affect the accuracy of determination 
of the standard deviation ratio used to define the upper 
frequency. Airflows with different types of velocity fluctua­
tion (rectangular, triangular, etc.) were generated. First results, 
of the tests are reported by Kierat and Popiolek (1997). The 
results showed that the accuracy of determination of the stan­
dard deviation ratio was insignificantly (<2%) affected by tile 
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fact that dynamic' tests were performed in airflows with sinu­
soidal ' velocity fluctuations that are not ideal . The standard 
deviation ratio appears to be a rather convenient parameter for ' 
use in practice, as most of the thermnl nnemometers available 
on the market display the standard deviation of the measured 
velociti 

The resul~ of this study show that the upper frequency of 
the five .thermal anemometers tested was very different; for 
anemometer A, it was less than 02 Hz; for anemometer B, the 
upper frequency was 0.4 Hi; .and for anemometers C and D, it 
was, res_pectively, less than 0.3 and 0.2 Hz. · 

Tests with two of' the anemometers, B and D, were 
performed to investigate whether it was possible to relate the 
upper frequency with the 90% response time. The response of; 
the anemometers to a velocity step-change up and a velocity 
step-change down was studied. This part of the study will be 
reported in a separate paper. An important result of the tests 
was that the 90% response time for ~e velocity step-change 
down was approximately l 0% smaller than the 90% response 
time for the step-change-.up, j.e., the response of the anemom­
eters was faster with a velocity decrease than with a velocity 
increase. The standards (ASHRAE 55 and ISO 7726) require 
that the 90% response time be determined under a step change 
of velocity, but they do not specify whether the velocity., 
change should be a step up or a step down. 

It is suggested that the upper frequency be used in the 
standards instead of the response time and the time constant. 
The required and the desired upper frequency included in 
future standards have to be defined after analysis of the veloc­
ity fluctuations that occur in rooms in practice. Several studies· 
on airflow characteristics in rooms have been reported in the 
literature (Thorshauge 1982; Hanzawa et al. 1987; Sandberg 
1987; Kovanen et al. 1987; Melikov el al. 1990; Heber and 
Boon 1991). Low-velocity thermal anemomete~s with an 
omnidirectional velocity transducer have been used during the 
measurements. The results of the present study indicate a high 
risk of inaccurate measurements of the velocity fluctuations 
by these instruments due to slow or complicated response 
time. 

Recent comprehensive measurements by a three-dimen~. 

sional laser doppler anemometer (LOA) have been reported 
(Finkelstein et. al. 1996). The LDA can measure all velocity . 
fluctuations that occur in rooms independent of the flow direc­
tion and its mean veiocicy, iurbuicncc intensity, aiid frequency 
of velocity fluctuation. Therefore. th~ LDA measurements can 
be considered as more reliable than the measurements by low­
velocity thermal anemometers . The measurements reported 
by Finkelstein et. al. (1996) reveal that velocity in rooms can 
fluctuate with a frequency of more than 5 Hz. However, within 
the occupied zone of rooms, most of the velocity fluctuations 
have a frequency of below 2 Hz and even below I Hz. There- . 
fore, it may be suggested that a required upper frequency of 1 . 
Hz and desirable upper frequency of 2 Hz be recommended in 
future standards for low-velocity anemometers. 

' 14 

There are only a few ·studies , on hQ,man re,~ponse to 
frequency of velocity fluctuations . Fanger and -:Pederseq 
(1977) found that at a comfortable air temperature of 26°C, a 
periodically fl1:1ctuating airflow with a frequency of velocity 
fluctuar,ion of 0.5 - 0.6 Hz was felt most uncomfortable by the 
suJ:>j~cts participating in the e)c.perimcnts. Asakai nnd ·Sakai 
(1974) performed expenmel).tS .with human subjects in. wann 
environments (air temperature of 31°C). The subjects were ' 
exp'osed to a periodically fluctuating flow and could select the 
frequency~of the velocity fluctuations. The tests showed that 
with all other conditions being equal, velocity fluctuations 
with a frequency of 1.2 Hz were preferred by most subjects 
and resulted in the greatest improvement in their thermal 
comfort. Humaii response to the frequency of velocity fluctu­
atfons remains to be studied in detail. However, these first 
results support the required and desirable. upper frequencies 
defined above. · ,, 

The suggested concept of the upper frequency has been 
used to develop a test method for describing the dynamic 
response of anemometers for low-velocity measurements 
indoors. The test method is outlined below. 

Test Method for Describing the Dynamic 
Characteristics of Thermal Anemometers for 
Low-Velocity Measurements 

This method is to be used to determine the dynamic 
response of anemometers for measurements in an airflow with 
velocity fluctuation frequencies in the range 0.25 - 5 Hz, such 
as in rooms, vehicles, animal houses, industry, Hv' AC . 
systems, etc. The method delcnuiues the upper frequency 
taken as a , single measure of the dynamic, response of the 
anemometer and can be used to compare the dynamic response. 
of different anemometers. 

A horizontal one-dimensional airflow with a unifonn 
cross-sectional distribution of the velocity has to be used. The 
wind tunnel used for the dynamic tests described in this paper 
or a wind tunnel with a different design, such as, for example, 
the test rig described in the Nordtest method (1991), can be 
"employed. It should be possible to change the instantaneous 
velocity of the flow periodically with a desired amplitude and 
frequency of the longitudinal velocity fluctuations. The turbu­
lence intensity of the flow should be in the range of 40% to 
50%; it should be possible to change the frequency of the 
velocity fluctuations in the range 0.25 - 5 Hz. 

The mean velocity, the standard deviation, and the 
frequency of velocity fluctuations of the airflow generated in 
the wind tunnel should be known. If these characteristics of the 
airflow cannot be described accurately in advance by a 
mathematical function , then the instantaneous air velocity 
should be measured during the tests by a reference instrument 
located in the cross section of the flow and recorded. These 
recqrds should be used to define accurately the mean velocity 
of the flow, the standard deviation of the velocity, and the 
frequency of the velocity fluctuations . The temperature fluctu-
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ationsfa the generated airflow should be small, with a standard 
deviation below 0.2°C. ' ' : 

•. 'i Th~l~sted ins~i;nent sh~mid be able to m~asure the mean 
vefocicy and the standat:d deviation. of the velocity. If this is not 
buil~ into the instrument, then an analog signal of the insta:n-

. • t t . ! .. . . 

tane.ous velocity should be recorded and used to calculate the 
mean velodty and the standard ~eviation of the velocity. 

The tested velocity transducer should be placed in a poin~ 
of the flow where the velocity.is known from measurement by 
a reference. anemometer. The transducer should be aligned 
with the mean airflow direction in the same way, as specified 
aildccalibrated·by the manufacturer. The tested transducer and 
the reference transducer should not disturb ,each other. The 
sensor used for temperature compensation, if any, should be 
located in the flow as well. The measurements should be 
performed with a minimum of five samples per second. 

Measurements of the mean velocity and the standard 
deviation should be performed by the tested anemometer at the 
combinations of mean velocity, amplitude of the velocity fluc­
tuations, and frequency of the velocity fluctuations similar to 
the following: mean velocity of 0.2 and 0.4 mis; turbulence 
intensity in the range 40% to 50%; and frequency of velocity 
fluctuations of 0.25, 0.5, 1.0, and 2.0 Hz. A hot-wire thermal 
anemometer is commonly used for velocity measurements in 
practice and may be used as a reference. This instrument has 
a low sensitivity at air velocities below 0.1 mis. Therefore, a 
mean velocity of 0.2 mis is suggested for the tests. The 
measurement time should be sufficient to obtain reliable 
results for the mean velocity and the standard deviation. 
During the tests, the variations of the air temperature and pres­
sure should be small enough not to influence the accuracy of 
the tests. 
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The results of the measurements sliould be us.~d to 
define the upper frequenc:x of the anemo111eter in the follo~­
ing way. The standard deviati9n .ratio should be calcul~te,d 

and presented in a figure as afunction ,of the fr.equen~y of.c 
the velocity fluctuations. The fig~re .Pr.oduced. should, ~ave ~ 

two curves from the tests at mean velocities of 0.2 mis and . . ' 

0.4 mis. The upper frequency is defined as the highest 
frequency up to which the standard d~viation ratio remains, 
for example, in the limits of 0.9 to i. I ( 1 ±10% )_- The oeter­
mination of the upper frequency is shown in ·Figuie 11 : The · 
standard deviation ratio as a

1

"fpnction ·of theJ frequency is 
presented in the figute from · tests with a low!vefocity · 
anemometer at two mean velocities of the flow, 0.2 and 0.4 
mis. The upper frequency.fui~0;3 Hz, i~ the. lowest defined 
from the tests at the two velocities. :' 

t: "f';. ~ ·:< -- ·· ~ 

CONCLUSIONS ,, 
Dynamic behavior of five low-velocity thermal anemom­

eters with an omnidirectional setisor have been studied in a 
periodically fluctuating horiz6ntal airflow undernumerous 
combinations of mean velocity and amplitude and frequency 
of velocity fluctuations. The impact of the time constant of the 
instrument and the overheating temperature of the velocity 
sensor on the accuracy of measuring the mean velocity and the 
standard deviation of the velocity have been identified. 

The results showed that the dynamic responses of the 
anemometers tested were different. With all other conditions 
identical, the standard deviation of the velocity measured by 
the instruments decreased wh~n the frequency of the velocity 
fluctuations increased. This response was only slightly influ­
enced by the mean velocity of the flow. The impact of the 
amplitude on the mean velocity and the standard deviation of 
the velocity measured by the instruments was small and 
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Figure 11 Dynamic response curves at mean velocities of 0.2 and 0.4 mis are used to define the upper frequency of a low 
.velocity anemo_meter, fup = ~.3Hz. 
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mainly when the· turbl.ilence intensity was above 30%. Large 
differences in the shape of the dynamic response cuives of the 
anemometers were' identified. The dynamic response curves 
for three of the five anemometers tested could not be described 
by a first order transfer function : 

As expected, the results showed that the standard devia­
tion of the velocity fluctuations was measured close to the true 
standard de~iatidn of the velocity when the: iime constant of 
the instruments decreased and the overheating temperature of 
the velo'city sensor increased. . . . . 

: This study sho'wed 'that the test methdd, of step change of 
~eyelocity recommended in the current St1ll).dards (ASHRAE 
Standard 55 and ISO Standard 7726) and ihe method of cut-off 
frequ~hcy' recommended iri the Nordtestmethod NT VVS 089 
for studying the dynamic resporise 9f low-velocity anemom­
eters cannot always be applied because they assume that the 
anemometer behaves as a measuring system with one expo­
nential time constant and has an analog output for the 
measured velocity, which is not the case in practice. 

A concept of the upper frequency is proposed in this study 
to describe the dynamic response of low-velocity anemome­
ters. 

A new test method for describing the dynamic behavior of 
low-velocity anemometers is outlined and suggested for inclu­
sion in future indoor climate standards. The method is based 
on the upper frequency and can be applied to any anemometer. 
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