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Abstract

Before setting a turbine in a wind farms allocated for power generation, it must be
know the appropriate turbine class for that site depending on the turbulence intensity
of the winds in the studied area and the IEC-61400 standard. The importance of
identifying a class of wind turbine is due to the complex environmental conditions
that produce turbulent air which, in turn, may cause damage to the turbine blades
and weakness in the performance. Therefore, the ambient turbulence intensity is a
very important factor in determining the performance and productivity of the wind
turbines.
In this research we calculate Turbulence Intensity "TI" in the province of Nasiriyah,
south of Iraq (Lat. 31.052049 , Lon. 46.261021) for the years 2008, 2009, and 2010,
in addition to determine the wind turbine class that appropriate for the site after
comparison with the Normal Turbulence Model "NTM" belongs to IEC 61400-1,
edition2 and IEC 61400-1, edition3.

Keywords: wind energy, IEC 61400-1, turbulence intensity, normal turbulence
model.

Al gﬁ 4o pualil) Adsdlaa zbd Q) sad clua

s @) ae b Zoube Suad as al ¢ Talla eal dasa
Ghad) edlary cdaghaail) 55503 oLyl )55 !
Sl oot (el Anals plel) 48 o lpill o >
Ghall edlary csanaiall Ll Cugan Byl L gliSilly o glall 3035

P E

ainy Al AU M55 g e (B aaal U (e @isal WL Z Ll s s A ra o
i yad s 8 cudly JEC-61400 Jbeall ey dllin Ll Gl sad e (Wl
SV 35 e 2Ll 3 aad llaal Candi e Ay gyl Y il den et ) dgay cpasil
Gligysell paad 8 las e dale s bl gl 13 ¢ oY) L Canaa g iyl e (il
Agialuly 2 L)
Ghall sia dadl )l (Nasiriyah)  dpalil ddailas 8~ Ll illaca) 508 Glas o5 Gandl o34 8
waag ikl 2010 52009 52008 lsindly (46.261021 Jshs 31.052049 (gaje i)
il apal) Cllaal) zdsal ge 4d)liall aay sl Gllb 8 Cuall D) Z L s Cia
-IEC 61400-1,edition3 5 IEC 61400-1,edition2 1 IS cpam a8 53 (NTM)

* Email: firasmostl@yahoo.com
561



Saleh et.al. Iragi Journal of Science, 2014, Vol 55, No.2A, pp:561-571

1- Introduction

Turbulence intensity is the standard deviation of the wind speed within a time step divided by the
mean wind speed over the same time step. Tl is a measure of the gustiness of the wind. High
turbulence is associated with increased wind turbine system wear and increased operation and
maintenance (O&M) costs. At lower wind speeds, the calculated turbulence intensity is higher.
However, the higher turbulence at low wind speeds is not a concern because of the low power
available at those low wind speeds. Turbulence at higher winds speeds is of greater interest and
concern to wind turbine manufacturers [1].

Turbulence analysis determines the suitable types of turbine designs for a wind energy project.
Because a large amount of turbulence will generate a large amount of fatigue loadings on the
construction, which increasing the risk of system breakdown, Therefore it is a major concern to
perform more measurements and further investigate the turbulence characteristics in complex
environments and the effect that will affect on wind turbine construction. Design standards have been
developed by the International Electrotechnical Commission (IEC) 61400-3:2005 [2].

2- TI Measurement

In wind resource analysis, turbulence is measured by turbulence TI, which is a dimensionless
quantity. Turbulence intensity is the ratio of wind speed standard deviation to the mean of wind speed,
measured from the same set of data samples [3].

If u is the wind speed variable, u,, is the mean of wind speed, and o is the standard deviation of

longitudinal wind speed of measured data, then the measured 10 minute turbulence intensity, Tlu, is
shown by the following equation [3]:

TI, = G“fum (1)
Due to this definition T, can become infinitely large when the wind speed reaches zero.
3- Percentile values from a normal distribution
The 50" and 90™ percentiles in standard Normal Turbulence Model "NTM" can be understood from
Figure 1. The figure illustrates a bell-shaped normal distribution. The mean value is represented by
the O-line. Each division on the x-axis of the distribution is the size of the standard deviation, c. The
cumulative percentage together with percentile values of each section is shown underneath the
distribution curve. 50% of observation is represented by the middle line, while the 90% of observation
is represented by the red line, and thereby the 50™ percentile is determined by the mean value as TT,

while 90" percentile is determined by the mean value plus 1.28 X ¢ as TI,, + 1.28c; [2].
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Figure 1- Normal distribution curve of standard deviation and the cumulative percentage together with
percentiles. The red line represents the 90™ percentile; middle line represents the 50" percentile [2].

In IEC 61400-1 model, the T1 in the 2" edition is described in a different way from that in the 3"
edition. The former called "characteristic TI" and the latter "representative TI" [3].

IEC61400-1, second edition, defines the ‘characteristic TI” which is determined from the mean plus
standard deviation (84™ percentile) of random ten-minute measurements. Load cases are defined by
the characteristic T1 at 15m/s, called I;s.
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IEC61400-1, third edition, defines the ‘representative TI” which is calculated from the mean +1.28
times standard deviation (90" percentile) of random ten-minute measurements. Load cases are defined
by the reference TI I, which is equal to the mean turbulence intensity [5].

According to IEC61400-1 edition 2, NTM for small wind turbine states that the expected standard
deviation of longitudinal wind o1, should be given by [5]:

Lis(15m/s + aVyyy)

a= a+1
Where, |5 is the assumed TI at a mean wind speed of 15m/s and a is a slope parameter. as seen in
table 1, these parameters have a constant value of 15 =18% and 16% for class A and B respectively,
where a = 2 for class A, a=3 for class B (see Tablel). The term Ag; in eq.2 is a modification which let

the model correspond to different percentile values.
Aoy = 2(p — 1) 15 (3)

+ ﬂ(-'_j_ (2)

Where,

@y = is the hub-height longitudinal wind velocity standard deviation

a =Iisthe slope parameter for turbulence standard deviation model

I15 = is the characteristic value of hub-height T1 at a 10 min average wind speed of 15 m/s and a
function of turbine class (see Table 1).

Vi = is the wind speed at hub height averaged over 10min, see Table 1 [5].

p = is determined from the normal probability distribution function which corresponds to p = 0 for the
50™ percentile, and p = 1.28 for the 90™ percentile, and p =1 for the 84™ percentile which defines the
characteristic TI.

Table 1- IEC 61400-1: 1999 Edition 2 [5]

WTG Class | ] 11 1\ S
Ve (MV/S) 10 8.5 75 6.0
Vet (MS) 50 425 375 30.0
A ;15 2-18 2.18 2-18 8-18 manufacturer
B lis5 0.16 0.16 0.16 0.16
a 3 3 3 3

The expected 10 minutes mean TI, is given by normalizing &3 with mean wind speed at hub height
[3]ie.:

T1 =2
a I"Fhub (4)
According to IEC61400-1 edition 3, NTM for large wind turbine states the expected standard
deviation o, is described based on an approximation of the 90" percentile of the standard deviation of

the longitudinal wind speed Vy, by [5]:
th m
61(90°%) = L7 (0.75Vus +5.5;) 5)
While the distribution value of the 50™ percentile standard deviation of the large wind turbine
(mean), is given as guidance by the following expression [6].
m
thy — —
01(505%) = I (ﬂ.?svm +3.75 3) 6)

Where, |l = is the representative value of hub-height Tl at a 10 min average wind speed of 15 m/s
and a function of turbine class (see Table 2).

Table 2- IEC 61400-1: 2005 Edition 3 [5]

WTG Class | 1 111 S

Vave (M/S) 10 8.5 7.5

Vet (M/S) 50 42.5 37.5

A et 0.16 manufacturer
B lyef 0.14

C g 0.12
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Turbulence intensity | in NTM for both large and small wind turbine, is given by normalizing gsq
and o= with mean wind speed, as follows [6]:

Jon — Tag
i Vhup @)
[on = = 8
B0 =

Ui'mb ( )

Here, o5 is bin-average of measured 10min value; oy is bin-average of 10min values calculated
from a4 and o, by the following equation assuming IEC 61400-1 edition 2 [6]:

Ogp = Tape T 0g (9)
Here, o, is 10min standard deviation bin-average values. In IEC 61400-1 edition 3, Eq.9 represented
as [6]:

Osp = Ogpe + 128 0, (10)
Ambient turbulence intensity in IEC 61400-1 edition 2 given by the representative value for a set of

10-minute time steps, each bin as the averaged value plus standard deviation of turbulence intensity, as
follows [5]:

Tlagg =Tlgwe + 0y (11)

Also, the ambient turbulence intensity in IEC 61400-1 edition 3 is the representative TI, for a set of
10-minute time steps, is equal to the 90th percentile of the TI values. Assuming a normal distribution
of these values, it represents the mean value plus 1.28 times standard deviations. The mean Tl is the
mean value of all of the TI data at a particular wind speed [5].

Tlgg = Tlgpe + 1.28- oy (12)
4- Wind turbine classes

Turbine wind class is just one of the factors which need to consider during the complex process of
planning a wind power plant. Turbine classes are determined by three parameters - the average wind
speed, extreme 50-year gust, and turbulence [6].

The three wind classes for wind turbines are defined by an International Electrotechnical Commission
standard (IEC), and correspond to high, medium and low wind as follows:

Table 1 and Table 2 show the wind turbine class and subclass according to IEC 61400-1: Edition 2 and
Edition 3 respectively.

In general, turbines divided into two types; small wind turbines (SWTs) and large wind turbines
(LWTs), and each one of them has its own classes. Tables 1 and 2; define the IEC61400 classification
for SWTs and LWTs classes respectively and the relevant characteristics of them are given simply in
terms of wind speed and turbulence intensity at sites. Tables 1 and 2; show how turbines are classified
from 1 to S. The S class is for a special design for an environment that is more severe than usual for
use. Table 2 shows the classes for large turbines, for which different classes have different turbulence
values. For small wind turbine the turbulence value of all wind classes is constant Table 1 [4].

5- Site of investigation

Nasiriyah was selected as an open space site to study turbulence intensity effects on small and large
wind turbines. Nasiriyah is the capital of the province of Dhi Qara in Iragi state on the Euphrates about
225 miles (370 km) southeast of Baghdad. Figure 2 show the position on Irag map.
data was collected from weather underground site for three years (2008, 2009 and 2010), the results
was also compared to the Normal Turbulence Model (NTM), as it is defined for the standard SWT and
LWT classes by the IEC (1999) and IEC (2005), respectively.
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Nasiriyah @

Figure 2- The site of investigation

6- Results and discussions

The results from this study are presented from the one measuring points (described in 3) in the
following years:
a) Jan-Dec 2008. b) Jan-Dec 2009. ¢) Jan-Dec 2010.
As a consequence of this, the wind material is a bit sparse in a wind energy perspective. Still, these
measurements give information about the wind climate of complex sites and they also give a hint of
what turbulence characteristics would have been found if also higher wind speeds had been
experienced.
i Standard deviation of wind speed calculations

The standard deviation of wind speed @ is plotted as a function of mean wind speed, u,, in both

Figures 3 and 4. The red dots represent each of calculated o, value. A linear regression is calculated,
with the use of the least square method, and drawn as a pink color line through all of the o, points.

The calculated standard deviation are compared to the NTM given by Equation 2, where the orange,
black and green lines represents the three turbine classes A, B and C respectively (see Figures 3 and
4), such that the turbine classes in the three left graph represent the 50" percentile, while the turbine
classes in the three right graph represent the 90" percentile.

After substitution variables values in eq.2 in case of 90" percentile of the NTM we get
o, = 0.12 u,, + 1.00. This mean that the 90" percentile of the NTM has an initial magnitude of

7, = Im/s for u,= 0 m/s which is a physical impossibility and should only be seen as a theoretic

value. This model parameter is justified in the application of wind turbines since wind speeds below
the cut-in wind speed are irrelevant for the loading calculations.

Figure-3, shows the results for January — December 2008, 2009 and 2010 respectively, drawn under
NTM that belong to large wind turbine, while Figure 4 drawn under NTM that belong to small wind
turbine. There is a large spreading in the resultant values of o, at this height and o, take both small

and large values. For wind speeds lower than 12 m/s there is a large amount of small scale standard
deviations. This indicates that the flow at this height, is characterized with small scale turbulent eddies
corresponding to situations with no, or only light, turbulence (TI, < 13 %).

The majority of the o, lie underneath the NTM 90" percentile for both cases large and small wind
turbines and each year of the study, as shown in Figures 3 and 4. The most extreme value of &, is
measured starting from at 5 m/s. A comparison with the NTM thus shows that the standard model
correctly describes the observed increase of a,with increasing wind speed at this altitude. The linear
regression has a deviates from the NTM which is seen to poorly represent the observed turbulence
characteristics at 2008 and 2009, while we see a close approximation between this line and NTM at
2010. Since the wind speeds are low, it is difficult to draw any real conclusion about how the pattern
will look like for higher wind speeds in such environment but the overall agreement with Figures 3
and 4 can be said to give a hint of what kind of turbulence characteristics might be found there.
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Figure 3- Standard deviation of w. speed as a function of mean w. speed belongs to Nasiriyah site for

large wind turbine.
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Figure 4- Standard deviation of w. speed as a function of mean w. speed belongs to Nasiriyah site for small

wind turbine

ii. Turbulence intensity calculations

Figures-(5, 6), show the results of turbulence intensity Tl, as given by equation 1, plotted as a
function of mean wind speed (red dots). It shows the normal turbulence model values "NTM", given
by equation 4, for the 50th the percentile under three classes A, B and C, which are represented by
three colors (orange, black and green respectively). In addition, the 90" percentile under three classes
A, B and C shown in Figure 5 (right half column) and only two classes A and B shown in Figure 6
(right half column). The y-axes of the all preceding graphs are cut at 0.6 for convenience, values
greater than this are only found for low wind speeds which corresponds to minimal loadings on the
wind turbines and are thus irrelevant for the results. It can be seen from these figures that the large
scale turbulence intensity occur for higher wind speeds, and decreased continually, and most of the
measured TI, clusters are under the NTM limits, except some points, where a few of the measurements
contain larger values than estimated by the NTM. It should be noted that all Tl, figures 5 and 6 at a
wind speed equal to 15 m/s has average value Tl, = 0%.
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The observations in figures-5 and 6 show that the pattern of the turbulence intensity at this site
differ from the NTM and Tl is found to be both lower and higher than the standard model. For the
highly turbulent cases, it seems like the observed TI, values generally are in the order of 50-60 %
higher than the model for low wind speeds. Except for this deviation, there are a number of extreme
cases when the turbulence intensity is much more severe than the modeled values, as indicated by the
dots with high Tl,.

Regression is calculated, with the use of the least square method, and drawn as a pink color curve
through all of the data points. In figures 5-6, the turbulence intensity (Tlae) is plotted for speed
interval of 1m/s in blue line (left column of these figures). The cyan line represents the 90th percentile
of the observed turbulence intensity (Tlg). These average values can then be compared to the 50th and
90th percentiles (orange, black and green lines) respectively, under the NTM given by eq. 2 for small
wind turbine (gives 2 classes) and the NTM given by eq's. 5, 6 for large wind turbine (gives 3 classes).

Turbulence intenzity turbulence intensity
B — B -

-2 [ave][4.54824818346961 + Observations PR ¢ Observations
525 [ Mean Tiat 15 m/s 0. —— Exponential regression Ry S . . e — Exponential regression

—— Tirepresentative [30th ]
MTH [EC- 90th # [class &)

= MNTM [EC- 90th ¥ [class B)

— MWTM IEC- 90th ¥ [class C)

—— hiean Ti [Bin average)

Hiepresentive Ti at 15 m/s J0. L

45
Gt T NTM IEC- 50th 7 (class A) ;
378 N . —NTh IEC- ilth # [class B) FEL .
B\ et e —MNTh IEC- ilth # [class

3k

|
275 225
075 075 TE
0 IIII"\I'-'I‘-I 0 PR TR S N T O N
123245667 8310111213141516171815820 21222324 25 8910.1112131415181?1819202122232425
Mean Wind Soeed (m/sec] Mean wfind Speed [m/sec)
2008 2008
Turbulence intensity turbulence intenzity
B
[ ¥aved[d 34481 865284575 +  [Observations £ # Observations
525 ‘_ fidean Tiat 15 m/s [0.323 — Exponenlial regression 825 - A4 A = Exponential regression
s L forregertie Tiat 15 mis 0323 || —— Mean Ti [Bin average) s L C5h s —— Tirepresentative (90th #)
) NTH IEC- 50th # [class &) ’ ML " MTH IEC- S0tk # [class &)
378 ——MNTH IEC- B0th # [clasz B) am b A —— NTH IEC- 90th # [class B)
. - NTMIEC- Bth # [elas= ] Y ——.NTM IEC- 90th ¢ (class C]
. El s
225 225
15 15
075 = 075 ~
- i ey " b
o ||||||I| 0 PR T TN T R T T T 0 T T M T O T S T S M A |
1234567 83910111213141516171819202122232425 1234567 331011121314151617181320 21 22232425
Mean Wind Speed [m/zec) - Mean Wind Speed [m/zec)
2009 2009
Turbulence intenszity turbulence intengity
B . B
- Waved.194302325581 44 #+  [Obzervations A * Obsereations
525 0 {Wean Tia G ms 0. —_— Exponentia_l regression 525 - . — Exponential regression
5 ! FEpEsentive Tiat 16 mis [0, — Mean Ti [Bin average) 5L —— Tirepresentative (30th ¥
) A ' MNTH IEC- 50th # [class &) ) ALY I WNTh IEC- 30th # [class &)
RCFiTa o o = MTHM IEC- BOth ¥ [class B) 375 N = NTH IEC- 90th # [clasz B)
3 TR\ o = NTM IEC- Blth # [class C) N ~ NTMIEC- 30th # [class C)
. 3
225 225
15 15
075 RIS 075
TR e Tl
0 I T e AT S T R T T R O O e i} [ R T T T T T T N M
12345678 91011121314151617181920 212223 24 25 1234887 8S10.1112131415151?1819202122232425
Mean wind Speed [m/sec) Mean Wwind Speed [msec)
2010 2010

Figure 5- Turbulence intensity as a function of mean w. speed belongs to Nasiriyah site for large wind turbine.
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Figure 6- Turbulence intensity as a function of mean wind speed belongs to Nasiriyah site for small
wind turbine.

iii. Distribution of turbulence intensity

In figure-7, the distribution of turbulence intensity, Tl, , is shown in yellow bars divided into
intervals with bin size 5%. The left y-axis denotes the relative frequency of occurrence of Tl, within
different intervals. The average turbulence intensity is also presented in these figures for the entire
measuring period. The maximum value of x-axes is taken to be Tl, =120 % for convenience.
The highest frequency of turbulence intensity is in the range of 15-20%, as seen in Figure 7. Here, the
observations have the shape of a Weibull distribution. The majority of the measurements are between
5-30% turbulence intensity with a peak at 15-20%. The cumulative frequency of turbulence is given
on the right y-axis as a total number of elements.
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Figure 7- Frequency of turbulence intensity and its cumulative as a function of turbulence intensity belongs to

Nasiriyah site for large and small wind turbine.

iv. Distribution of wind speeds

The distributions of Tl as a function of mean wind speed can be seen in Figure 8, represents by green
bars binned with intervals of 1m/s. The frequency of turbulence intensity is given on the y-axis as a
total number of elements. The highest frequency of turbulence intensity occurs at a wind speed equal

to 3m/s, figure-8.
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Figure 8- Turbulence intensity as a function of mean w. speed belongs to Nasiriyah site for large and small wind

turbine.
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7- Conclusion

Representative turbulence intensity (90th percentile) for Nasiriyah sit was calculated. The results

were compared with the Standard (NTM) for LWTs and SWTs. From these results, it can be conclude
that the observations from the site show that the flow and turbulence characteristics of terrain deviate
slightly from what is estimated by the NTM, as it is defined for the standard LWT and SWT classes.
The slow growth of @, with increasing wind speed (Figures 3 and 4), resulting in low turbulence

intensities.
8- References

1.

2.

Robichaud R., Fields J. and Owen J. R., February 2012. Wind Resource Assessment, NREL/TP-
6A20-52801.

Carpman N. 2011. Turbulence Intensity in Complex Environments and its Influence on Small
Wind Turbines. M.Sc. Thesis. Department of Earth Sciences, Uppsala University, Department of
Earth Sciences, Sweden.

International Electrotechnical Commission. 2005. Wind turbines — Part 1. Design requirements.
IEC61400-, third edition. Swiss.

Sazzad M. H., February 2012. Investigating whether the turbulence model from existing small
wind turbine standards is valid for rooftop sites. M.Sc. Thesis. School Of Engineering and
Energy, Murdoch University. Western Australia.

Circe (research center for energy research and consumption). April 2013. IEC standared - site
assessment wind turbine selection, Zaragoza.

Tanigaki S., Kogaki T., Matsumiya H., and H. Imamura, 2010. japanese wind turbulence
characteristics in relation to turbulence model in IEC61400-1ed.3. European Wind Energy
Conference & Exhibition, 20-23 April, Warsaw Poland.

571



