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ABSTRACT

Flow interaction between thermal plumes and vertical air distribution and the resulting airflow structures were
investigated under increasing heat load conditions. The main objective was to investigate the large-scale flow
patterns, airflow fluctuation and frequency of the flow field. The flow interaction between thermal plumes and
ventilation provides random flow motion and vortical structures that further effect the airflow characteristics such
as velocity and temperature fields, turbulence intensity and frequency of the fluctuations. Fourier analysis was
conducted in order to observe the energy levels of air speed records. It represents the frequency distribution from
the set of discrete values of the given variable over the time-interval by providing the sinusoidal components of
original function with certain frequency. The novelty of this study comes from the Fourier analysis of this flow
interaction. The flow interaction was investigated in a test chamber of 5.5 m (I) x 3.8 m (w) x 3.2 m (h). Thermal
plumes were produced by using 12 symmetrically installed cylindrical thermal loads of 0.4 m x 1.1 m that gave a
thermal load range of 40-80 W/m2-floor. Omnidirectional anemometers were installed into a measuring mast at
the heights of 0.1 m, 0.6 m, 1.1 m, 1.7 m, 2.3 m and 2.9 m. The highest mean air speed was observed near the floor
at the height of 0.1 m and the lowest near the top of thermal loads at the height of 1.1 m. The smallest turbulence
intensity in turn was near the floor at the height of 0.1 m, whereas the highest intensity was found at the height of
1.1 m. The draught rate DR was below 21 %, and it increased with heat load. The highest draught rate was observed
near the floor and the smallest at the height of 1.1 m, similarly than in the mean air speed and conversely than in
the turbulence intensity. Overall, the results indicate a clear correlation between the thermal load level and the
mean air speed as well as the airflow fluctuation. The observations showed that the mean air speed, the airflow
fluctuation and the power spectral density increased with thermal load.
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1 INTRODUCTION

Thermal comfort is a condition of mind that express satisfaction with thermal environment as
represented in EN ISO Standard 7730:2005 (CEN, 2005) and in ASHRAE Standard 55
(ANSI/ASHRAE, 2013). This means that when a person feels thermally neutral or cooler, the
increased local heat loss due to higher velocity may cause a local discomfort because of a
sensation of draught. Furthermore, the risk of draught increases when the airflow temperature
decreases and the mean velocity and the turbulence intensity increase. In an earlier study,
Kovanen et al. (1987) found that the energy spectrum is proportional to the mean velocity
such that the energy increases with mean velocity. Fanger et al. (1988) proposed that the



turbulence intensity has a significant effect on the sensation of draught. In a subsequent study,
Melikov et al. (1997) showed that also temperature fluctuation increase draught sensation.

Indoor airflows are typically turbulent. The mean air speed can be usually 0.05-0.6 m/s with
the turbulence intensity of 10-70 % and the significant level of fluctuations are mainly up to
1 Hz frequency with variable air speed, fluctuation and flow direction (Melikov et al., 2007).
The turbulent flow is unsteady and random flow motion that is related to a wide range of
length and time scales (Tennekes and Lumley, 1972; Etheridge & Sandberg, 1996; Pope,
2000). Turbulent kinetic energy is produced from the mean flow into the largest eddies and
the energy is then further transferred to the smaller and still smaller eddies until it is
dissipated to the heat mainly from the smallest eddies. The turbulence increases the flow
disturbances and the interaction between the vorticity and the velocity gradients in the flow.
Turbulence also improves the transform of energy but requires continuous supply of energy
against the turbulent stresses (Townsend, 1976).

Also the airflow interaction has an effect on flow structures. The physics of flow interaction
may come from the advection, viscous and buoyancy forces, together with static pressure
differences and turbulence production, which provide random, transient and vortical flow
motion, that can further yield a draught discomfort in an occupied zone. The low-frequency
fluctuation can then be closely related to the convection, thus advection and viscous forces.
Nielsen (2011) represented that depending on Ar-number, which describes the ratio between
the buoyancy and the inertial forces, the airflows can be classified into the momentum driven
or the buoyancy driven flows. The earlier studies also indicate that a plume flow is
continuously fluctuating (Kofoed & Nielsen, 1988). In a subsequent study, Kosonen et al.
(2010) showed that velocity field is greatly affected by the strength of a heat source and its
distribution in a room. Furthermore, Zukowska et al. (2012) emphasized that thermal plumes
from low-heat sources are very sensitive to the surroundings and the source itself. In addition,
Kandzia (2013) studied a transient flow behavior of detailed flow structures under natural and
forced convection, and Miiller et al. (2013) demonstrated a significance of flow interaction in
an indoor environment. Noteworthy is also that the natural convection flows seem to
dominate in the highly occupied enclosures, and the buoyancy-driven convection flows may
have a higher effect on the flow field than the previous studies have indicated (Kosonen et al.,
2016). In any case, the air distribution can be difficult to control in an occupied zone
(Melikov, 2016).

Previous studies have indicated that draught is one of the most challenging thermal comfort
problem in buildings with high or moderate level of cooling loads. In practice, the complex
interaction of jets and thermal plumes makes the analysis of the air distribution and further the
local thermal comfort difficult. It should also be noted that the local thermal comfort index of
the draught rate (DR) is not able to take into account of turbulent frequency and scales. In this
study, the main objective is to analyse the air speed fluctuation and turbulence scales with
increasing heat load levels in the case that the low-momentum supply airflow rate is released
through a diffused ceiling and when the internal heat loads are installed symmetrically in the
occupied zone. The novelty of this study comes from detailed information of airflow
fluctuation under high thermal load levels between the thermal plumes and vertical air
distribution in a varied thermal environment.

2 METHODS



2.1 Test chamber

The measurements were carried out in a test chamber of 5.5 m (L) x 3.8 m (W) x 3.2 m (H)
(Figure 1). The vertical air distribution was introduced by discharging supply air through a
diffused ceiling into the occupied zone. The suspended ceiling was 0.35 m below the ceiling
envelope. The suspended ceiling was made of perforated glass-wool-plate elements with the
open perforation area of 0.5%. The diameter of drilled holes was 14 mm. The duct-diffuser
combination with diameter of 0.2 m extended the entire length of upper chamber and
produced rather equal supply air distribution, in which the static pressure difference forces the
airflow through the suspended ceiling down to the occupied zone.

2.2 Experimental set-up

The experimental set-up was conducted by using 12 cylindrical test dummies (Figure 1). The
diameter of the heat source was 0.4 m (Zukowska et al., 2012), and the height of the dummy
was 1.1 m (Standard EN 14240:2004). The heat sources were placed evenly on the floor
(Figure 2). The thermal load was increased gradually such that specific heat load was 40-

80 W/m?-floor as shown in Table 1. The effect of supply air temperature was investigated by
keeping the target temperature at 26°C in the reference location 9 at the height of 1.1 m
(Figure 2). The dummy temperature differences were observed by conducting an infrared
camera. The flow field was measured using 6 hot-sphere anemometers and visualised with
smoke and low-weight ribbons attached to the suspended ceiling. The anemometers were
installed into a measuring mast at the height of 0.1 m, 0.6 m, 1.1 m, 1.7 m, 2.3 mand 2.9 m
(EN 1SO 7726:2001). The three lowest sensors were the Vivo Draught 20T31 omnidirectional
anemometers and the three highest sensors were the Sensoanemo 5100SF omnidirectional
anemometers. The readings were between 1 s and 2 s, respectively. Hence, the Vivo Draught
anemometers reach the 1 Hz frequency at the region between 0.1 mand 1.1 m. The
symmetrical set-up offered a smaller investigation region in which the different locations can
be classified as follows. The first group was the locations between the cylindrical thermal
loads in a longitudinal direction (L), i.e. locations 3, 4, 7, 9. The second group was the
locations between four thermal loads, i.e. locations 2, 8, 10. The third group was the locations
between two thermal loads in a wide-wise direction (W), i.e. locations 1 and 5. In addition,
one location was 20 cm from the wall at the location 6.
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Figure 1: A schematic flow chart (mm) regarding with thermal plumes and vertical air distribution in a simplified
thermal environment. The exhaust valve was at the height of 0.4 m (arrow at the right side wall).
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Figure 2: The measurement locations 1-10 and the cylindrical heat sources.

Table 1: The test cases

Test cases Casel Case?2 Case3 Case4 Caseb Case6 Case7 Case8 Case9
Heat load [W/m?] 40 57 80 40 57 80 40 57 80
Supply air [I/s,m?] 3.6 5.2 7.3 2.8 4.2 6.0 4.6 6.8 9.6
Supply air temp [°C] 17 17 17 15 15 15 19 19 19
Target temperature 26 26 26 26 26 26 26 26 26

2.3 Characterising the flow field

The Reynolds number and the Archimedes number describe the flow conditions and
relationships of different forces accelerating the flow. The airflow fluctuation in turn can be
investigated by dividing the given variable in a time-averaged component and in a fluctuating
component as

d(xi, ) = p(x) + ¢'(x;, 1) 1)

where ¢ is the variable, x refers to coordinate system, t is the time, ¢ is the time-averaged
component and ¢’ is the fluctuating component, and subscript i denotes the index notation.
The time-averaged component is expressed as

$(x) = lim 7 [ ¢ xi,0) dt (2)

where T is the averaging interval that should be sufficiently large compared to the fluctuating
time-scale. Furthermore, the averaging discrete set of records with certain interval N in a
given location x; can be expressed by the ensemble average as

$(x,t) = lim T3V d(xi ) 3)

where ¢ (x;, t) is the ensemble-averaged component dependent on both the location and time,
and N is the number of discrete values in the interval that filter more rapid fluctuations.

Consequently, the ensemble-averaged component ¢ (x;, t) at Eq. (3) is a sort of moving
average of a certain time-interval at the location x;, whereas the time-averaged component



¢ (x;) at Eq. (2) is a mean value of a given time-interval at the location x;. The deviation of
sample can then be calculated by expressing the sample standard deviation as

¢5D _ /EN (Iz’ivl—@) (4)

where N denotes the number of records in a data series. The turbulence intensity can then be
defined as

Tu = =2 %100 (5)
u

where ugp, is the standard deviation of air speed records and u is the mean air speed at the
same location. The draught rate index in turn can be expressed as

0.62

DR = (34 —ty;)(tq; — 0.05)  (0.37 - &g, - Tu + 3.14) (6)
where t,; is the local air temperature [°C], ©,, is the local mean air velocity [m/s] and Tu is
the turbulence intensity [%]. The Fourier transform of airflow fluctuation represents a
frequency distribution from the set of discrete values of a given variable over the time-interval
by providing the sinusoidal components of original function with certain frequency (Cochran
etal., 1967; Welch, 1967). The Fourier transform can be expressed as

P(w) = [ (et dt (7)

where o is the angular frequency and t is the time. The angular frequency can be determined
asw = 2mf and f = 1/t where f is the frequency. The outcome of the Fourier transform is
the complex-valued function ¢(w). The frequency distribution can then be shown in real
number set by taking the absolute value |¢ (w)| from the transformed function, which shows

the magnitude spectrum. Furthermore, the power spectrum is determined by |<13(a))|2. It
follows after algebra that the discrete Fourier transform can be defined as

(i = T)=1 ¢(1) jeT2mU-DE=D/M (@)
where j and k denotes the indexes and N is the sample of the discrete data set e.g. the given
discrete time-interval set 7=NAt. The power spectral density describes the distribution of

power as a function of frequency that provides the normalized power spectrum. The power
spectral density is determined as

S) == |¢(w)|’ (9)

where the divisor N normalize the result.

3 RESULTS

Thermal load levels in the measurements were produced with several combinations of supply
air temperature and supply airflow rates. The given range of supply air temperature provided
only 3% deviation on the mean air speed and below 1% on the standard deviation. This small



effect is an outcome from the low-momentum and vertical supply airflow. This means that the
effect of air distribution through the diffused ceiling is not significant, and the buoyancy
driven convection flows dominated the air distribution in the test conditions. Therefore, the
following results include only one combination of supply air temperature and flow rate for
each thermal load level (Cases 1-3).

3.1 Mean air speed

In the cases 1-3, the mean air speed over the measured locations was generally around

0.15 m/s with the mean standard deviation of 0.045 m/s and with the range of 0.08-0.25 m/s
in the region below 1.1 m. At this region, the mean air speed over the measured locations
increased around 47 % between the 40 W/m? and the 80 W/m?2. In this case, the range was
slightly increased indicating more deviation in the flow field. On the contrary, the mean air
speed was reduced about 40 % between the heights of 0.1 m and 1.1 m. The range was
slightly decreased towards the top of the heat sources at 1.1 m, i.e. towards the lower air
speed levels. Figure 3 shows the mean air speed against the room height at the given
locations. Local differences exist but generally, the function characteristics are rather similar
such that the mean air speed decrease from 0.1 m up to 1.1 m and increase with thermal load.

350 - Location 9 —-40 W/m*2 3.50 Location 8 ——40 W/m*2
BouE -o-60 W/mA2 ‘ -0-60 W/mA"2
3.00 3 3.00
S oo 3 080 W/mA2 oo +080 W/mA2
£ 2.00 E 200
£ 150 ] %, 1.50
oo E
3 1.00 3 3 100
T 0.50 1 T os0
OOO T LA L B T T .‘"‘O‘ LI IL AL B L B | OOO ||||||||||||||||||||||| ..I.--|0 ||||||
000 005 010 015 020 025 030 0.00  0.05 0.25  0.30
Air speed [m/s] Air speed [m/s]
350 Location 6 —0-40 W/m*"2 250 Location 5 —0-40 W/m"2
: 060 W/mA2 : ~0-60 W/mA2
3.00 80 W/m"2 i 80 W/mA2
_ 250 el om0 ° /m
£ 200 E 200
£ 150 £ 150
oo oo
‘o 1.00 ‘5 1.00
T os0 - T os0
0.00 F—r+r—r+rrrrrrr P s M.« HN NN 0.00 +————rrrr e
000 005 010 015 020 025 030 000 005 010 015 020 025 0.30
Air speed [m/s] Air speed [m/s]

Figure 3: The mean air speed at the locations 5, 6, 8, 9 with the heat loads of 40 — 80 W/m?, supply air 17°C,
room target temperature below 26°C.

3.2 Airflow fluctuation

Figure 4 shows the mean air speed and the standard deviation at the height of 1.1 m in the
location 8. The ensemble-averaged function over 60 s interval represents the filtered
sinusoidal deviation of the data without faster fluctuation. The slow fluctuation may have
a periodical deviation that occur as sinusoidal behaviour while proceeding the time axis
further. The mean air speed was 0.085 m/s with the standard deviation of 0.051 m/s under
the lowest thermal load of 40 W/m?. The mean air speed increased 60 % up to 0.135 m/s
towards the highest thermal load 80 W/m?. The corresponding standard deviation
increased 50 % up to 0.076 m/s, respectively. The increase of standard deviation describes
the growing fluctuation that may have a significant effect on the sense of draught and



thermal comfort by increasing the heat transfer between the human subject and
surroundings. The ensemble-averaged functions seem to have a certain periodicity
between the local extrema and the additional information can be produced by conducting
the Fourier analysis.
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Figure 4: The air speed fluctuation, the mean air speed, the standard deviation and the ensemble time-averaged

air speed over 60 s interval with the thermal loads of 40 W/m? and 80 W/m?. Location 8 at the height of 1.1 m,

case 1-3.

The turbulence intensity was rather constant regardless of the thermal load level. It seems that
the mean velocity level had a bigger effect on the turbulence intensity than the prevailing
thermal load level. Consequently, the smallest turbulence intensity was around 40 % near the
floor at the height of 0.1 m, and the greatest intensity was about 60 % near the top of the
thermal loads at the height of 1.1 m. This is mainly because the turbulence intensity increases
towards the smaller mean velocity. The draught rate DR was below 21 % in the measured
locations, and it increased with heat load. Furthermore, the highest draught rate was observed
near the floor and the smallest at the height of 1.1 m. It seems that the European Standard EN
ISO 7730:2005 (CEN, 2005) classifies this thermal environment mainly into the category B
(DR 10-20 %) with the prevailing mean air speed, the air temperature and the turbulence
intensity conditions.

3.3 Power spectral density

The mean power spectral density over the measured locations was about 3.9E—3 m?/s2 with
the standard deviation of 9E—4 m?/s? under the thermal load level of 40 W/m? in the
considered region below the height of 1.1 m. The corresponding energy level with 80 W/m?
was 6.8E—3 m?/s? with the standard deviation of 1.4E—3 m?/s?. Consequently, the mean
energy level was 74 % greater with 80 W/m? than with 40 W/m?. This means that the
fluctuation generally increased with thermal load. In addition, the standard deviation between
the measured locations increased 54 %, which indicates also higher fluctuation in the flow
field. The corresponding mean power spectral density was about 6.1E—3 m?/s? with the
standard deviation of 1.4E—3 m?/s? at the height of 0.1 m and 4.5E—3 m?/s? with the standard
deviation of 1.4E—3 m?/s? at the height of 1.1 m. Consequently, the mean power spectral
density decreased 27 % up to the height of 1.1 m. Hence, it seems that the mean power
spectral density decreases towards lower mean air speed levels. The standard deviation was
almost the same level at both heights. Furthermore, the mean power was non-linearly
dependent on the thermal load level and any specific frequencies were not recognized in the
power spectral density function. However, the ensemble-averaged functions were higher with
higher thermal loads (Figure 5, left). This means that the fluctuation energy was greater.
However, the normalized function (Etheridge & Sandberg, 1996), that is the ratio of the
power spectral density over the variance, was at the same level with varying thermal loads



(Figure 5, right). In contrast, this also indicates increasing fluctuation with thermal load due to
change in variation. Furthermore, the power spectral density decreased relatively gradually
towards increasing frequency. The significant energy differences were recognized in the
neighboring frequencies and their multiplications while proceeding the frequency axis. The
results are summarised in Table 2 and Table 3 where the mean air speeds and power spectral
densities are shown with three heat loads levels and at different heights.
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Figure 5: Airflow fluctuation with the different thermal loads: The power spectral density on the left and the
normalised function on the right, log-log scales, at height 1.1 m, case 1-3.

Table 2: The statistics of the mean air speed of horizontal plane including locations 1-10 at the certain room
height, reading interval 1 s, Cases 1-3.

Mean air speed 0lm 06m 11m 01m O06m 1Im O0lm 06m 11m
Heat load [W/m?] 40 40 40 57 57 57 80 80 80
average 0.16 0.11 0.09 0.20 0.14 0.12 0.23 0.16 0.14
min 0.13 0.09 0.08 0.17 0.12 0.10 0.20 0.13 0.12
max 0.18 0.12 0.11 0.22 0.16 0.16 0.25 0.18 0.18
std 0.017 0.008 0.010 0.020 0.014 0.017 0.015 0.015 0.019
std/range 0.33 0.31 0.36 0.36 0.32 0.30 0.31 0.32 0.32

Table 3: The statistics of the mean power spectral density of horizontal plane including locations 1-10 at the
certain room height, reading interval 1 s, Cases 1-3.

Power spectral 0.1m 0.6m 11m 0.1m 0.6m 11lm 0.1m 0.6m 11lm

density
Heat load 40 40 40 57 57 57 80 80 80
average 4.7E-03 3.8E-03 3.2E-03 6.0E-03 5.3E-03 45E-03 7.6E-03 6.9E-03 5.7E-03
min 3.7E-03 3.2E-03 2.6E-03 5.4E-03 3.9E-03 3.4E-03 5.9E-03 5.0E-03 4.3E-03
max 5.8E-03 5.1E-03 4.6E-03 6.9E-03 7.6E-03 6.7E-03 1.0E-02 9.1E-03 8.4E-03
std 6.8E-04 6.0E-04 6.8E-04 5.3E-04 10E-03 9.3E-04 1.1E-03 1.0E-03 1.3E-03
std/range 3.3E-01 3.2E-01 3.3E-01 35E-01 27E-01 28E-01 27E-01 25E-01 3.3E-01

4 CONCLUSIONS

The mean air speed, the standard deviation and the maximum air speed mainly increased with
thermal load. Consequently, also the power of discrete Fourier transform increased.
Furthermore, the mean air speed increased 47% from the thermal load level of 40 W/m? up to
80 W/m?, and reduced 40 % from the height of 0.1 m up to 1.1 m. The mean turbulence
intensity was at the same level regardless of the thermal load level. The smallest turbulence
intensity was around 40 % at the height of 0.1 m and the greatest intensity was about 57 % at
the height of 1.1 m. Therefore, it seems that the current mean air speed level had a greater effect
on the turbulence intensity than the prevailing thermal load level. The draught rate (DR) was



generally below 21 %. The mean power spectral density increased 74 % from the thermal load
level of 40 W/m? up to 80 W/m?. This means that the air speed fluctuation increased towards
higher thermal load level. In contrast, the mean power spectral density decreased 27 % from
the height of 0.1 m up to 1.1 m in which the mean air speed was lowest. This in turn indicates
that the air speed fluctuation decrease with mean air speed. However, the turbulence intensity
usually increase towards decreasing mean air speed, thus the significance of fluctuation can be
greater in the low velocity regions. Overall, both the mean air speed and the airflow fluctuation
increased with thermal load mainly because the internal energy increased locally in the test
chamber.
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