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Abstract

Mean velocity field predicted by CFD simulations on the basis of RANS equations differs from the mean (in time) magni-
tude of the velocity, i.e. the mean speed, existing in rooms and measured by low velocity thermal anemometers with omni-
directional (spherical) sensors. Similarly, velocity standard deviation differs from the standard deviation of the speed. In
this paper the discrepancies are identified and discussed. A new method for estimation of mean speed and standard devia-
tion of the speed based on CFD predictions of mean velocity and kinetic turbulence energy is suggested. Uncertainty of mean
speed and standard deviation of the speed estimation is determined. A significant improvement can be expected in the deter-
mination of the PMV and DR indices by further processing of mean velocity and standard deviation of velocity, as predict-
ed by CFD simulations.

Streszczenie

Srednia predkos¢ bedaca wynikiem obliczenn CFD bazujacych na rownaniach RANS rézni sie od usrednionego w czasie mo-
dulu wektora predkosci tj. od Sredniej szybkoSci, ktéra mierzona jest w pomieszczeniach za pomoca termoanemometrow
z czujnikami wielokierunkowymi (sferycznymi). Podobnie, odchylenie standardowe predkosci rézni sie¢ od odchylenia stan-
dardowego szybkosci. W artykule roznice te zostaly zidentyfikowane i przedyskutowane. Nowa metoda estymacji Sredniej
szybkoSci i odchylenia standardowego szybkosci na podstawie uzyskanej z obliczenn CFD Sredniej predkoSci i energii kine-
tycznej turbulencji zostala zaproponowana. Wyznaczona zostala niepewnos¢ takiej estymacji. Mozna oczekiwaé znaczacej
poprawy dokladno$ci wyznaczania wskaznikéw komfortu termicznego PMV i wskaznika dyskomfortu wywolanego zjawis-
kiem przeciagu DR z wynikéw obliczenn CFD.
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1. PROBLEM DEFINITION ASHRAE Handbook Fundamentals 2005). In order
to ensure that the important physical phenomena are
correctly modelled and to quantify the error and
uncertainty in the CFD simulations, the predictions
are compared with experimental data, i.e. the CFD
predictions are validated. Very often velocity mea-

Computational Fluid Dynamics (CFD) based on
Reynolds-Averaged Navier-Stokes (RANS) equa-
tions (time-averaged Navier-Stokes equations) is
widely used today for predicting air movement in
rooms. The predictions are used to calculate thermal surements performed by low velocity thermal
comfort indices, such as PMV’ (Predicted Mean Vote) anemometer with omnidirectional velocity sensor
and DR (Draught Rating), recommended in the stan- (LVTA) are used for the validation. Present indoor
dards for assessment of indoor thermal environment climate standards recommend the use of these
(ISO Standard 7730, 1994, ASHRAE Standard 55 anemometers for measurements in spaces (ISO

2004). Thus the reliability of the assessment depends Standard 7726. 1998. ASHRAE Standard 55 2004
on the accuracy of t}}e .CFD predictions. The quality ASHRAE 113 1990). The experimental data may
control of CFD predictions and the factors important contain errors, which have to be considered during

for modelling and numerical errors have been dis- the validation. The uncertainty of velocity measure-
cussed in the literature (Sgrensen and Nielsen 2003, ments by LVTA has been identified in detail by
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Popiolek et al. (2007). However assessment of the
indoor environment based on high quality, properly
validated CFD predictions may still be incorrect due
to improper interpretation and use of the predictions.
Unfortunately this applies to most of the studies
presently reported in the literature.

Figure 1 defines mean (in time) values of velocity
components, Vi, V, V,, in an orthogonal coordinate
system attached to the room geometry as predicted
by CFD simulations and used to calculate the mean
velocity, V, in each point of the room:

v=p2er+v2)? (1)

Figure 1.
Components of velocity vector and speed (magnitude of
velocity vector)

The CFD simulations give also the turbulence kinet-
ic energy, k, based on the variances of the velocity
fluctuations, v;, v;, v: :

k=057 +v7) ©)

The average variance of velocity fluctuation, V2, can
be calculated from the turbulence kinetic energy:

1_.3_{1,;‘ vl ]"- =2k/3 (3)

The velocity turbulence intensity is defined by the
turbulent kinetic energy and the mean velocity as:

Tu, = [(v:', +v] + v_?) 3]"'5 V = (2k/3)7 /v “4)

In reality however, the magnitude and direction of
the instantaneous velocity in each point of room air-
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flow fluctuate in time. The magnitude of the instan-
taneous velocity, i.e. the instantaneous speed, W, can
be defined by the mean velocity components, Vy, V,,
V,, and the components of the velocity fluctuation,

Vx, Vy, Vg,
= [(I’_ﬁ v, f +, 4y, f +7 +v, ¥ ]M )

The instantaneous speed, can be presented as a sum
of the mean, W, and stochastic, w, component:

W =W +w (6)

The standard deviation of the speed can be defined
as:

0l

W= (w: )LL: = {W -W )‘ (7)

The standard deviation of the speed and the mean
speed can be used to define the turbulence intensity:

Tu, =w /W (8)

Determination of the two indices, PMV and DR,
requires knowledge on the air movement around
occupants. The occupants’ sensation of the air move-
ment will depend on the extent to which the room air-
flow disturbs the free convection flow around the
body, i.e. on the speed of the room airflow in the
vicinity of the occupants. ISO standard 7726 (1998)
and ASHRAE standard 55 (2004) refer to the mean
speed and the standard deviation of speed. LVTA
measures the instantaneous speed, which averaged in
time gives the mean speed and the standard deviation
of speed (equations 6 and 7).

If it is assumed jhat tihe mean ﬂclw direction is in
x-direction, i.e. Vy = V,, V,, =0, V, = 0 equation 5
can be rewritten as:

W= (I*_’f + 2P, vl vl ] }w = (F_“ + ﬂ)(" ©)
where

A=2Fu, +vl #0447

and then expanded in Taylor series:

1 —_ l =_3.. 1 5.4
W=V +_¥ A —;{V W4 P A

5 9
- s (10
16 128 " ( )
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When the terms with velocity fluctuations to power

above 4 can be ignored (as these terms will be rather

small) equation 10 gives:

». +7 1.=,v_f. FRTRTS vf +v! V:l-'i +vhil 1-',:1.’_5
W W s w4

(11)
Equation 11 is averaged in time and the following
equation is obtained:

Wz=V+v +

F=rl 'L',! + '|’:‘ '|-'...1-',: + v, 1.'_.! 1’:1 + Vj H‘:‘Pf + Vf'!-':‘ 1'|!'I.'_.!
= A A R

(12)

It can be seen from equation 12 that for correct cal-
culation of the mean speed W information on higher
order correlations between the fluctuations of veloc-
ity components is needed. CFD predictions do not
provide such information. The mean speed will be
different than the mean velocity predicted by CFD
simulation (higher). A method should be found to
estimate mean speed on the basis of mean velocity
and turbulent kinetic energy. The estimation has its
own uncertainty which should be assessed.

The relation between speed standard deviation and
mean velocity and velocity turbulence intensity can
be derived from equations 5 and 6. Substituting equa-
tion 6 for equation 5 gives:

{H! ' u} :{K i v,]: r{V, i v,:[! 1(V__ } v__T = (13)

Wi 2Wwaw' =F 200 vl + 1+ 20, 0] 417 4280, 40
The above equation after averaging in time yields:

Wiew =V +F +V +v+vi 4 =V 42k (14)
The speed standard deviation can be found as:

W hw =V 4V 4V vl v+ =V 42k (15)

Thus, the speed standard deviation can be directly
calculated if the mean velocity and the turbulent
kinetic are known (CFD predictions provides these
values) and if the mean speed is properly estimated.

Determination of PMV and DR indices based on
mean velocity and standard deviation of velocity
(equations 1 and 3) as obtained from CFD predic-
tions is in general incorrect. Furthermore, the CFD
predictions cannot be validated by direct comparison
with measurements performed with LVTA. In other
words, the presently used assumptions that:

and

v a

are incorrect.

The discrepancies identified above raise an impor-
tant question: how to correct the velocity predictions
obtained with the CFD simulations based on RANS
equations in order to validate them by measurements
performed with LVTA and use them for correct ther-
mal comfort assessment, i.e. correct determination of
PMYV and DR indices. In other words, it is important
to find a method for estimation of mean speed W,
and standard deviation of speed w, on the basis of
CFD predictions of mean velocity, V, and turbulence
kinetic energy, k.

Koskela et al. (2001) already demonstrated that due
to fluctuations of magnitude and direction of instan-
taneous velocity at each point in a room, the speed,
when averaged in time, i.e. the mean speed W, will be
different from the mean velocity V, resulting from
CFD predictions. The correlation between mean
speed and mean velocity was studied by Koskela et al.
(2001) both theoretically and with measurements in a
laboratory test case. The theoretical correlation was
developed by statistical calculations with the assump-
tion of normally distributed and uncorrelated turbu-
lent velocity components. The measurement data
supported the trend of the calculated correlation
curves, but the spread of measured values was large.
For the air velocity measurements Koskela et al.
(2001) used 3-dimensional ultrasonic anemometer, of
the accuracy +0.02 m/s and a 50 mm spacing between
the sensor elements. The size is larger than the small-
est eddies in room flows. Therefore, the sensor aver-
ages the velocity fluctuations spatially. They did not
provide information on uncertainty of the mean
speed estimation when using the above mentioned
technique.

In this paper the differences between mean velocity
and standard deviation of velocity from CFD simula-
tions and respectively mean speed and standard devi-
ation of the speed are identified on the basis of Laser
Doppler Anemometer measurements performed in
the occupied zone of two full-scale test rooms at dif-
ferent combinations of ventilation system, air supply
devices, airflow rate, air temperature and occupancy.
A method for estimation of the mean speed and the
standard deviation of the speed based on the predic-

W=V (16) : : ; SPe
tions from CFD simulations is presented, the uncer-
tainty of estimation is found.
1/2008 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 143



Z. Popiotek

2. THE METHOD

A comprehensive database of velocity measurements
performed by 3-D Laser Doppler Anemometer
(LDA) collected in a previous study (Melikov 1997)
was analyzed. The database comprises 291 instanta-
neous velocity measurements in two full-scale test
rooms at different combinations of ventilation sys-
tem, air supply devices, airflow rate, air temperature
and occupancy. The LDA anemometer was calibrat-
ed in a traceable test stand prior to the measure-
ments. The expanded uncertainty of the LDA was:
U(V) = 0.052 (m/s). The LDA measurements of the
three instantaneous velocity components inx, y and z
direction of an orthogonal coordinate system
attached to the room geometry were used to identify
accurately the instantaneous velocity vector, which
was used to calculate parameters defined by equa-
tions 5, 6,7 and 8, namely, the instantaneous
speed, W, the mean speed, W, the standard deviation
of speed, w', and the speed turbulence intensity, Tit,
measured by low velocity thermal anemometer. The
LDA data also allow for calculation of the parame-
ters defined by equations 1, 2 and 3, namely, the
mean velocity, V, and its three components in an
orthogonal coordinate system and the three compo-
nents of standard deviation of velocity, which were
used to calculate the turbulent kinetic energy, k.

The analyses of the results, shown in Figure 2, identi-
fied large differences between the mean velocity and
the mean speed. The differences decrease with the
increase of the mean speed, but remain large for the
range of mean velocity 0.1 m/s — 0.3 m/s, which is
important for thermal comfort. In fact 95% lines
(dotted lines) in the figure identify differences up to
0.08 m/s, revealing that under identical conditions
mean velocity predicted by CFD simulation can be up
to 100% lower than the mean speed measured by
LVTA.

Large differences between the standard deviation of
velocity, (2k/3)%°, and the standard deviation of
speed, w’, were identified as well. The results in
Figure 3 show that the standard deviation of velocity
as predicted by CFD simulations, can differ by more
than 40% from the standard deviation of speed mea-
sured by LVTA.

The LDA database was analysed in order to deter-
mine the mean speed, W, as a function of the mean
velocity, V. A clear dependence of the correlation
between the mean speed and the mean velocity on
the turbulence intensity, Tu, = (2k/3)*5/V, was

-0.02

-0.04

m/s

-0.06

V—-Ww,

Figure 2.

Difference between mean velocity / and mean speed W, based
on the analyses of velocity measurement database performed
by 3-D LDA in rooms under realistic conditions, Melikov
(1997)
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Figure 3.

Difference between the standard deviation of velocity,
(2k/3)%3, and the standard deviation of speed, w’, based on
the analyses of velocity measurement database performed by
3-D LDA in rooms under realistic conditions, Melikov (1997)

observed. This can be seen in Figure 4, where the
ratio of the mean speed and the mean velocity as a
function of the turbulence intensity, 7it,. The physical
explanation of this dependence is the definition of
the speed, i.e. fluctuating flow with mean velocity
equal to zero will have a mean speed different from
zZero.
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10
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Figure 4.

Ratio of mean speed and mean velocity W/V as a function of
Tu, = (2k/3)"*/V

Computer optimization of the data was performed in
order to estimate the mean speed, Wg, as a function of
the mean velocity, V, and the turbulence intensity,
Tu, or the turbulent kinetic energy, k. In the follow-
ing, W, is referred to as the estimated mean speed.
The best correlation was obtained using equations 6
and 7:

7 [ (1004470, +1.195 7, 0329 7w ) if Tu, <1.3
1V (0287+1.5027u,) if Tu, >13

(6)

or

[ 0 ) 3 : A LTS
W= 0036 £ +0.797 K/ V —0179 K7y FET TV 21,592
 |o287F 41226 8" iRV 21,592

™)

Equations 6 and 7 can be used to determine the esti-
mated mean speed, W, , based on the mean velocity,
V, and the turbulent kinetic energy, k, as predicted by
CFD simulations.

The results in Figure 5 illustrate accuracy of the esti-
mation. The difference between the estimated mean
speed (based on CFD prediction of mean velocity,
turbulence kinetic energy and turbulence intensity,
eq.17), W, and the mean speed, W, as obtained
directly from the analyses of the LDA measurements,
is shown in the figure. The results reveal that the
mean speed can be estimated by equation 6 with
uncertainty lower than 0.006 m/s. This is a significant
improvement in comparison with the results shown in
Figure 2.

0.15
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Figure 5. o
Difference between the estimated mean speed, W, , calculat-

ed by means of eq.6 (or 7), and the mean speed, W, obtained
from the analyses of LDA measurements. The dotted lines
define the area with 95% of the measurement points
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Figure 6.
Relative difference between w (estimated standard deviation
of speed, calculated from eq. 15) and measured speed stan-
dard deviation w*, data from measurement performed by

Laser Doppler Anemometer in rooms under realistic condi-
tions, Melikov (1997)

The results in Figure 6 illustrate the accuracy of the
standard deviation of speed estimation using equa-
tion 15. The figure shows relative difference between
the estimated standard deviation of speed, w, and
the standard deviation of the speed, w". The results
show that the standard deviation of the speed can be
predicted with uncertainty of 22%. This is also a sig-
nificant improvement in comparison with the results
shown in Figure 3.
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3. DISCUSSION

The results presented and discussed show that fur-
ther processing of the mean velocity and turbulent
kinetic energy from CFD predictions leads to an
accurate estimation of the mean speed and standard
deviation of speed. This can be used for determina-
tion of PMV-PPD and DR indices and thus for realis-
tic assessment of indoor thermal environment in
compliance with the requirements of the indoor cli-
mate standards and guidelines.

The results also show that it is incorrect to compare
directly CFD predictions with measurements per-
formed with low velocity thermal anemometer with
omnidirectional velocity sensor as in fact it is most
often done and reported in the literature. In order to
validate CFD predictions with such measurements
the mean velocity and standard deviation of velocity
need to be processed and estimated mean speed and
estimated standard deviation of speed should be
determined. A large database of LDA measurements
was used in the present study to develop the equa-
tions suggested for further processing of CFD pre-
dictions. The formulae suggested in this paper can be
used. The results reveal that the mean speed can be
estimated by equation 6 with uncertainty lower than
0.006 m/s. This proves the validity of the equation
suggested for further processing of CFD predictions.

4. CONCLUSIONS

Difference up to 100% between mean velocity and
mean speed and difference up to 40% between stan-
dard deviation of velocity and standard deviation of
speed have been identified. The results show that
CFD predictions can be used for estimation of the
mean speed, W,, with uncertainty 0.006 m/s and for
estimation of the standard deviation of the speed
with uncertainty of 22%. A significant improvement
in the determination of PMV and DR indices by fur-
ther processing of mean velocity and standard devia-
tion of velocity predicted by CFD simulations, can be
expected. Further processing of CFD predictions is
also needed before validation by measurements per-
formed with low velocity omnidirectional thermal
anemometers.
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