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The efficiency of cooling system is critical for wind turbines, particularly during the
hot season, when high temperatures could damage the electric generator and me-
chanical parts of the turbine. The cooling system proposed in this paper is able to
increase the efficiency of heat transfer with the use of nanofluids and the wind tur-
bine tower as a heat exchanger to dissipate waste heat in the environment. In this
study the use of Al,Os-water nanofluids has been considered.

The results of this investigation appear encouraging because they have shown that
the proposed new solution is able to assure highly efficient heat transfer and to limit
thermal stresses on the electrical and mechanical components of wind turbines.
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Introduction

Wind turbines, during operation, need to dissipate a large amount of heat, that, if not
properly handled, might generate a temperature rise of the electrical and mechanical compo-
nents and hence a further reduction of the overall efficiency. High temperatures also contribute
to unexpected crash of the generators, which results in very expensive repair costs, particularly,
for offshore power plants.

The cooling system of most wind turbines uses a forced flow of external air as heat
transfer fluid. Such a flow directly cools the electrical and mechanical components or passes
through an air/liquid heat exchanger, usually located on the top/back side of the nacelle. Manu-
facturers frequently use liquid cooled generators for turbines that operate in harsh environment.
These types of generators are more compact than air-cooled ones and characterized by higher
electrical efficiency, because of the better cooling and lower drag/friction losses.

The cooling system of most wind turbines usually requires high electric consumption
to establish and sustain the airflow and, therefore, it increases the amount of dissipated heat. In
addition, in the former case, the airflow can carry a large amount of dust, sand, salt, etc. within
the nacelle, whereas in the late case the heat exchanger affects the airflow around the turbine,
thus making more difficult its control.
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The rise in size of new generation wind turbines increases the heat to be dissipated to
make the system work properly and efficiently. This work investigates the potential performance
of an innovative cooling system, based on the use of the wind turbine tower as heat exchanger,
here after referred to as wind tower heat exchanger (WTHE), coupled with the use of innovative
heat transfer fluids, made of a mixture of water and nanoparticles, hereafter referred to as
nanofluids.

This solution gives many advantages vs. the traditional cooling systems, under the
point of view of the contaminations from moisture, salt, sand or other impurities into the nacelle.
The new cooling technique can be used both for onshore and offshore wind turbines, but the ad-
vantages are more evident in the second case, due to the most severe operating conditions.

The use of nanofluids represents a possible solution to enhance the performance of wa-
ter-cooled systems. Since 1904, Maxwell [1, 2] proposed to use high conductive particles sus-
pended in a liquid to increase heat conductivity in common heat transfer fluids. Nanofluids are
engineered colloidal suspensions of nanoparticles (1-100 nm) in a base heat transfer fluid such
as water, organic or metal liquids, etc. Nanoparticles are typically made of chemically stable
metals, metal oxides or carbon.

Solid particles have higher thermal conductivity than liquids and, therefore, this con-
tributes to enhance heat transfer [3-5], momentum and mass transfer and reduces the sedimenta-
tion and erosion [6]. Such enhancement also depends on other factors, such as particles shape,
volume fraction and thermal properties [7-11]. First studies investigated millimeter or microme-
ter particles sized, but, although revealed some enhancement, their dimensions caused quick
sedimentations, abrasions and clogging [12, 13]. Nevertheless, such studies revealed a rise of
20% in thermal conductivity of nanofluids using 4 vol.% of CuO nanoparticles, with average di-
ameter of 35 nm, dispersed in ethylene glycol. A similar behavior has been observed with Al,O,
nanoparticles [14] and better results were obtained by using Cu nanoparticles or carbon
nanotubes [15, 16].

Cooling system configuration

In the proposed cooling system the waste ther-
mal load from electrical generators and mechanical

Nanofluid components is dissipated through a WTHE, as fig. 1

[ circuit schematically shows.
The WTHE is made of a spiral pipe, welded on
d_’J:l:l the internal side of the tower. To reduce the height
N \ geicéfactm O of tower involved in the heat transfer, each spire has

(111 been considered welded side by side one to each
Airfow ~—  ———  Airflow other. Besides, to improve heat transfer, a wa-
S j ter-based nanofluid with Al,O; nanoparticles is
> ‘——' used in the WTHE circuit, instead of pure water.
L | In the present investigation, a 2 MW wind tur-
‘ ‘ bine has been studied, whose main characteristics
| are reported in tab. 1.

Tower heat For more details, fig. 2 shows the electric gener-
exchanger . .
ator efficiency curve and fig. 3 shows the relation-
Figure 1. Investigated cooling system ship between the generator cooling water flow and

configuration the related pressure drop.
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Table 1. Wind turbine dimensions 100 7
= |
Parameter Value £ %0
g 80
1 1 @
Maximum tower diameter 4.15m g 70 1
Minimum tower diameter 2.30m * 60
Tower height 60.00 m 201
40 +
Rotor diameter 76.00 m 30 -
20 1
Nanofluid characterization 10
; ; P 0 T T T
Nanoparticles characterization: 0 500 1000 1500 2000

measurements and models

Mixtures of base heat transfer fluid (water)
with AL,O;, commercially available nanoparti-
cles, have been tested in order to calculate
nanofluids thermal properties for all the investi-
gated operating conditions [3]. The main char-
acteristics of the Al,O; nanoparticles are re-
ported next:

— Spherical shape
— Effective density: 3970 kg/m?
— Mean size: 22.91 nm.

Thermal conductivity, k,, and specific heat
capacity, c,, of A,O; nanoparticles have been
calculated as function of temperature by means
of the following polynomial correlations:

k,=a,T*+a,T° +a;T? +a,T +as (1)

y=b T*b,T3+b,T2+b,T+bs  (2)

Electric power [kW]

Figure 2. Electric efficiency of the 2 MW wind
turbine generator
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Figure 3. Experimental electric generator's
cooling water flow volume as a function of
pressure drop

The value for all the constants a; and b;, reported in tab. 2, have been calculated by fit-
ting experimental data, provided by the nanoparticles manufacturer and reported in figs. 4 and 5.

In order to predict the thermal

Conduct'ivity 'and ) stabil%ty of " Table 2. Parameters for egs. (1) and (2)
nanofluid solid-fluid mixtures,

Parameter Value Parameter Value
many models have been devel-
oped, based on different theories a 3.564E-12 b, —2.003E-09
[8, 17], but this is not the aim of a, 2.037E-08 b, 4.989E-06
th.IS work and . fqﬂher conS}der- a3 4521E-05 by 4. 783E-03
ations about this important issue e ; 3353
will be developed in the next stud- %a : - 4 :
ies in order to optimize the thermal as 2.603E+01 bs 6.984E+02

performance of the system.
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Figure 4. Thermal conductivity of nanoparticles Figure 5. Specific heat of nanoparticles

Nanofluids characterization: measurements and models

The base fluid, used in the nanofluids samples, was demineralized water with
non-ionic dispersant to stabilize the suspension. The nanofluid thermal conductivity was mea-
sured through an instrument based on the hot-wire technology [18], which is the standard
method to measure thermal conductivity of non-metallic liquids, according to ASTM D 2717-95
[19].

To assure a perfect mixing between the
nanoparticles and the base fluid, both liquid
and solid phases were mixed for 60 minutes

Nanoparticle Experimental thermal with a magnetic mixer. The suspension
concentration [%] | conductivity value [mWm™'K™] then was shacked in an ultrasonic sonicator,

Table 3. Experimental data for nanofluid thermal
conductivity for Al,O; nanoparticles

6= 0% 606 tg break clusters of nanoparticles' on an op-
timal level to assure good stability for a
$=1% 622 long time, without compromising thermal

performance, according to other works
[20]. Table 3 shows measured nanofluid
¢ =3% 647 thermal conductivity as function of Al,O5
nanoparticles volume fraction.

The investigated solid volume fractions were 0.0% (demineralized water without any
particle inside), 1.0%, 2.0%, and 3.0%. Thermal conductivity was found to be directly propor-
tional to volume fraction. For the reader convenience, a short summary of the mathematical
models used for the calculation of nanofluids properties is reported next.

For particles concentration up to 3% thermal conductivity of the investigated
nanofluids was taken by the measured data, whereas for concentration above 3% it has been cal-
culated by means of Hamilton and Crosser model [21, 22] using eq. (3):

&: ko +(n—=Dky —(n=Dd(kys — k)
kot ky+(n=Dky =@k — k)

where 7 is the shape factor.

The best fit of the experimental data of tab. 3 was achieved for a value of n =4.7. Ac-
cording to Hamilton and Crosser [21] the shape factor is equal to 3 for spherical nanoparticles,
therefore the used value indicates that particles agglomeration is present, even though all sam-
ples were treated with ultrasonic mixing. In the present investigation, all the mathematical mod-
els of nanofluids have been considered acceptable up to a nanoparticles volume concentration

¢ =2% 635

)
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equal to 10%. In this way, fig. 6 shows a com-

2 740
parison. between experim§ntal data and § | 720 ;:nglm e [ L
nanofluid thermal conductivity calculated ac- B g ;go
cording to eq. (3). 5 E ssg
Other thermophysical properties, such as E*?Eﬁw
nanofluid density and nanofluid specific heat, = = g20
have been calculated by using the models pro- 600
. 0 1t 2 3 4 5 6 7 8 9 10
posed by Buongiorno [23]: Volume fraction [%]
Pt =0p, + (=) “4) Figure 6. Thermal conductivity of nanofluids
pp,c, +(1=@)pyec
e =200 bt Cbf )
P uf

Several models have been proposed to calculate the convective heat transfer coeffi-
cient for nanofluids. Wang and Mujumdar [24] presented a complete review of existing models
and available data about thermal conductivity and heat transfer characteristics of nanofluids. All
the reported models are able to predict nanofluids thermal properties as function of the base fluid
and nanoparticles type and concentration. However, all the reported models often give results
very different one from each other, because they have been developed on a semi-empirical base
and, to the knowledge of the authors, no universal correlation has been proposed in literature so
far.

According to Mansour ef al. [25], the experimental work by Pak and Cho [26], Li and
Xuan [27], and Wen and Ding [28] have provided interesting insights into the hydrodynamic
and thermal behavior of nanofluids in confined flows and have confirmed their superior thermal
performance. These results led to empirical Nusselt number correlations for nanofluids with Cu,
TiO, and Al,O; particles, under laminar and turbulent flow conditions. However, none of the
proposed correlations considered the effect of particles volume fraction. Xuan and Li [29] ac-
counted for such a contribution by suggesting eq. (6) to calculate the Nusselt number for
nanofluids as a function of particles concentration. Xuan and Li [29] derived their correlation
from an experimental investigation on convective heat transfer of nanofluids flow in a tube un-
der turbulent conditions, similar to the ones considered in the present study:

Nu - =00059(1 + 762866856 Pe 0001 ) R 0.9238 Pr 0.4 6)

where Peclet number is calculated as Pe,; = D u,J/a,, Prandtl number is calculated as Pr,;=
= Gl nf/knﬁ and Renf = pnfunpoipe/:unf'

In the above reported equations the effective dynamic viscosity is calculated using the
polynomial curve fitting proposed by Wang et al. [30] and reported next:

Hop = Hp(123¢7+7 3¢ +1) (7
Finally, the heat transfer coefficients of nanofluids were evaluated by:
h Nu, k&
nf _ nf bf (8)

hg ko Nuye

where ;= Nubf/kbepipe and h ;= Nunyknpoipe.
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The Dittus-Boelter correlation, reported in eq. (9), has been used to calculate the
Nusselt number for the base fluid.

Nu,, = 0.023Re®$Pr03 9)

Numerical simulations

The heat transferred from the tower to the environment has been modeled by using the
&-NTU method, already used in other studies of high performance heat exchangers [31, 32], un-
der the following hypothesis:
the heat transfer between two neighboring pipes is neglected,
— it is assumed an external flow normal to the axis of the wind turbine pole, and
— the heat transfer takes place between the liquid phase, flowing in the pipe welded on the
inner side of the pole, and the air outside the pole.

Under such conditions the wind tower results similar to a heat exchanger with a ratio of
the heat capacity rates that approaches zero and therefore the WTHE efficiency can be calcu-
lated by:
e~1-eNU (10)

ype25o A parametric TRNSYS 16 model has been devel-
oped (see fig. 7) to simulate the overall performance of
the proposed cooling system. Particularly, the 2 MW

weﬁne. o ' wind turbine was modeled by means of TRNSYS ele-
' i Tvpessn‘ ment Type90, which allowed to calculate the electric
" Lm I wind power (P,) as a funs:tion of wind velocity. The
Wind L WTRE emperature waste heat from the electric generator has been evalu-
| ated according to eq. (11) and using the generator effi-

S S ciency curve reported in fig. 2:
Figure 7. TRNSYS model Py =(1-noP, (11)

Several parameters, as the height of the WTHE, the nanoparticles volume fraction, and the
mass flow rate of nanofluid were changed on 3 levels, as reported in tab. 4.

Table 4. Values of the investigated parameters

Investigated parameters Values
Height of WTHE [m] 5 7.5 10
Volume nanoparticles concentration [%] 1 5 10
Flow rate of nanofluid [1/s] 0.5 1.0 2.0

Particularly, the values in tab. 4 have been set, bearing in mind the following consider-
ations:

— the WTHE height has to be minimized, compatibly with the pole dimensions,

— the volume nanoparticles concentration is normally less than 5%, due to viscosity increment,
but can be interesting to study the performance of the system in the case of higher
concentrations, and

— the nanofluid flow rate has been set accordingly with wind turbine characteristics, as showed
in fig. 3.



De Risi, A., et al.: High Efficiency Nanofluid Cooling System for Wind Turbines
THERMAL SCIENCE: Year 2014, Vol. 18, No. 2, pp. 543-554 549

The results, that will be discussed next, are referred to meteorological data, acquired
by the meteorological station number 163200 located in Brindisi, Italy, at the following coordi-
nates N 40°39'00" E 17°57'10".

Results and discussion

As first result, nanofluids can allow increasing the heat transfer coefficient signifi-
cantly, accordingly with eq. (8), as reported in fig. 8. The ratio of the convective heat transfer co-
efficients rises with mass flow rate, due to the increased Reynolds number (as fig. 8 shows) and
this irrespectively of nanoparticles concentration. The ratio of heat transfer coefficient curves,
up to 5% in volume of nanoparticles, rises more than linearly, whereas for higher particles con-
centrations it leans towards a linear correlation. In addition, the heat transfer coefficient ratio for
nanoparticles concentration equal to zero is not equal to one as it should be. This is due to the
different values of the Nusselt number calculated with eq. (6) and (9) for nanofluids and water,
respectively. Even with this discrepancy, the Xuan and Li correlation remains the best available
in literature and all the other correlations [25, 29] yield greater errors in the calculations of the
heat transfer coefficient as function of particles volume fraction.

—— =Q=0.5kg/s, T=40 C:
- ~Q=05kg/s, T=50°Ci
1]

Q=2kg's, T=60°C
Q=2kgls, T=70°C

5]
w
B
o
@
-~

8 gtf'{%] 10

Figure 8. Heat transfer ratio between nanofluid and base fluid

The temperature dependence in the range between 40 °C and 70 °C is due to the change
in material properties for both the base fluid and the nanoparticles. According to previous results,
fig. 9 shows that the WTHE efficiency rises with nanoparticles concentration and mass flow rate,
whereas the effect of nanofluid temperature in the range between 40 °C and 70 °C is negligible, in
spite of the observed increment of the convective heat transfer coefficient. These results can be ex-
plained observing that the convective heat transfer coefficient of the nanofluid is generally two or-
der of magnitude larger than that of the air on the outer surface of the wind turbine pole and, there-
fore, the overall heat transfer coefficient, U, given by eq. (12) is only marginally affected by a
change of the convective heat transfer coefficient of the nanofluid side:

(D tower ZS) 1n[Dt0werj
-2s

L:_Jr tower +L (12)
U nf hair 2k steel h nf
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Figure 9. WTHE efficiency as function of nanoparticles concentration

Such considerations bring to the conclusion that the potential of nanofluids can be
completely exploited in all the cases where a high heat flux can be achieved. For the system un-
der investigation the highest heat fluxes are achieved for high value of the wind speed, when
high thermal load has to be dissipated, and on the generator side, where the heat exchange sur-
faces are relatively small. Hot and windy days represent the most severe working conditions for
the WTHE, because of both the high thermal output from the generator and the mechanical sys-
tems and the lower heat flux extracted by the air around the wind turbine pole. Such conditions
were found in Brindisi, Italy, in the third and fourth week of July, therefore all the plots are re-
ferred to this period.

In order to optimize the WTHE performance
and to define the best combination of the pa-
rameters shown in tab. 4, several working con-
ditions have been investigated. Particularly, the
best value of nanofluid flow rate, among 0.5 /s,
1 I/s, and 2 I/s, has been found by means of the
nanofluid temperature variation between the
WTHE inlet and outlet (this variation is oppo-
site in sign with respect to the electric genera-
tor). In this way, fig. 10 reports the results for 3
nanofluid flow rates, equal to 0.5 1/s, 1.0 I/s, and
2.0 1/s, respectively, with a nanoparticles con-
Figure 10. Nanofluid temperature decrement  contration of Al,O; equal to 5 vol.%. Figure 10
between the inlet and the outlet of the WTHE for S
three nanofluid flow rates and a nanoparticle ShQWS that temperature variation in the WTHE,
concentration of ALO; equal to 5 vol.% (top  Strictly follows the thermal load from the gener-
panel) ator. This should not lead to the misleading con-

clusion that the system thermal inertia is negli-
gible, but it is only due to the coarse time scale used for the graph. It was observed that peak
temperature oscillations decrease with an opposite trend with respect to the flow rate, while the
pumping power, as known, increases much more, being nearly proportional to the cubic power
of the flow rate. The best compromise is achieved for a flow rate equal to 1 I/s, that assures a
temperature variation between inlet and outlet from the WTHE lower than 20 °C. The height of
the WTHE has been calculated on the base of the generator cooling specifications, which al-
lowed maximum outlet temperature of the cooling fluid equal to 70 °C. Figure 11 shows the

O 0=
[=]=]=] Dg
Thermal load, P, [kW]

July 31
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nanofluid outlet temperature from the electric 6133
generator. Data of fig. 11 are plotted for three =80
different WTHE heights, using nanofluid with 5 = 7%’
vol.% of Al,O; nanoparticles and a flow rate 50 E
equal to 1 I/s. ;g__ o
As the curves of fig. 11 show, outlet temper- 20 " - E
ature is always lower than 65 °C, only using a % 8
WTHE height equal to 10 m. The last parame- ns
ter, that has been analyzed, is nanoparticles vol- v K o 5 8 8 & 8 5
ume concentration. Particularly, the effect of z 2 z 2 z z z z =z
- | = . = = = = =2

nanoparticles concentration has been investi-

gated following two approaches: Figure 11. Nanofluid outlet temperature from

— analyzing the generator inlet temperature for the electric gener.ator for three' heights of the
three nanofluids concentration equal to 0 WTH.,E » anoparticle concentration equal to

5 vol.% of Al,O; and mass flow rate equal to 1 I/s
vol.% (water only), 5 vol.% and 10 vol.% of  (top panel)

Al,O5 in water, respectively;

— calculating the maximum generator tempe- 20
rature, that cannot exceed the value of 90 °C. S0 y
The results of fig.12 show the curves rela- '

tive to the most critical day in summer, whereas

the results of fig. 13 refer to the coldest days in
winter.

In the bottom panel of fig. 12 the thermal
load to be dissipated is shown, the nanofluid in-
let temperature of the generator panel is re-
ported in the middle one and the temperature
percentage difference of the nanofluid, with re-
spect to the base fluid calculated by using eq.
(13), is presented in the top panel:

— ATjypu wal. %)
" | L‘ | C .ul'l 5

ATige; vel, %)
—¢ = 0% = 5% ¢ =10%

sl

th B0

60
40
20
0

W - o
(=} o o
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o

Nanofluid outlet temperature ["C]
Thermal load. Py, [ kW]

July 15
July 17
July 19
July 21
July 23
July 25
July 27
July 29
July 31

Ty =T Figure 12. T t tage diff f
0/ _ - bf of igure 12. Temperature percentage difference o
AT (%) = 100 (13) the nanofluid with respect to the base fluid

bf ) calculated by using eq. (13) (top panel). Mass
where Ty; and T, are the base fluid (water) and  flow rate equal to 1 I/s and WTHE height equal

nanofluid temperature at the exit of the genera-  to 10 m (middle panel) in summer
tor, respectively.

Figure 13 reports the same curves of fig. 12, but referred to winter. These charts reveal
that by increasing particles concentration it is possible to reduce peak temperatures. Such reduc-
tion can be quantified up to 15% in summer and 34% in winter, using a nanofluid with 10 vol.%
of Al,O; and it is more relevant in winter, because of the higher achieved heat fluxes. To under-
stand such a phenomenon it is important to notice that when WTHE is used, the overall heat
transfer coefficient, given by eq. (12), is strongly limited by the low value of the convective heat
transfer coefficient, hair, on the outer surface of the wind turbine pole, thus mitigating the effect
of nanofluids. Vice versa, the advantage, that can be achieved by using nanofluids, is on the gen-
erator side, due to relatively small heat exchange surfaces. Figure 14 shows the maximum gen-
erator temperatures for 3 nanoparticles concentrations equal to 0 vol.% (water), 5 vol.% and
10 vol.% of Al,O;, mass flow rate equal to 1 I/s and WTHE height equal to 10 m.
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40 . . .

F 30 'ﬂr:;ﬂv::fr}.. As it is shown in fig. 14, nanofluids allow

k20 ' : TR reducing significantly the maximum generator

10 A IR, e temperature. In fact, at peak thermal load, a
nanoparticles concentration equal to 5 vol.% al-
lows cutting the peak generator temperatures of
about 20 °C. Therefore, the capability of
nanofluids to extract a large amount of waste
heat from the generator and from the mechani-
cal apparatus can increase the performance of
wind turbines, reducing thermal stress on the
generator during wind blasts.

Nanofluids yield high heat transfer potenti-
ality and thus it is expected that much smaller
Figure 13. Temperature percentage difference of  concentration of nanoparticles is required to
the nanofluid with respect to the base fluid  jchieve the same enhancements of larger parti-
;zgvcv“:ittide(?zal“:;nlg ]/esq;ln((li3\)V§It‘;)'{)Ephaeli1§2t; e‘;’z;i cle suspensions. For this reason less material is
to 10 m (middle panel) in winter needed so that the viscosity increase is smaller

and the pumping power required is also re-
duced, if compared to larger particles. Under
the point of view of pumping power, it increases
almost ten times to double the heat transfer of
traditional heat transfer fluids. For nanofluids it
is different, because the heat transfer enhance-
ment is higher and thus pumping energy can be
saved if compared to traditional fluids at the
same heat transfer rate. On the other hand, as re-
ported in other studies [33-36], pressure drop
could be negligible at low concentrations (un-
der 3 vol.%), but it could be a big issue for high
concentration or high Reynolds numbers. In
| . these cases the use of nanofluids has to be eval-
three nanoparticles concentrations; mass flow . . . .
rate equal to 11/s and WTHE height equal to uate.d with attention under the economic point
10 m (top panel) in summer of view, because of the risk of too high pumping
power required by the system.
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Figure 14. Maximum generator temperature for

Conclusions

In this work an innovative cooling system for wind turbine has been analyzed. In the
proposed cooling system the thermal load, mainly from the electrical generator, is dissipated
through the wind tower heat exchanger (WTHE), using nanofluids as heat transfer fluids.

Nanofluids, due to their high convective heat transfer coefficient, were found to im-
prove the performance of the cooling system, especially when the environmental conditions al-
lowed the establishment of high heat fluxes. Under steady-state condition the use of nanofluids
increased the efficiency of the cooling system up to a maximum of 30%, depending on flow rate
and particles concentration.

It was also found that for a wind turbine of 2 MW the height of the WTHE should not
be lower than 10 m, with an Al,O; nanoparticles concentration of 5 vol.%. In conclusion, the
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cooling system of wind turbines, operating in harsh environment, is often a critical apparatus, in
order to maintain the entire system working properly, and the proposed solution has been shown
to be a very promising way to face this problem.

Nomenclature
c — specific heat capacity, [Jkg 'K ™'] Greek symbols
A ﬁgniftte[rr’n[]m] @ - thermal diffusivity, [m’s ']
h _ hea% tr;ns fer coefficient, [Wm 2K '] & — wind tower heat exchanger efficiency
k — thermal conductivity, [Wm 'K ] ¢ — volume concentration
" _ nanoparticle shape factor Ne — generator electrical efficiency
Nu - nusselt number H B lecqsny,k[l)ag]
P, — electric power, [W] P — density, [kgm ]
Pe — Peclet number Acronyms
Pr — Prandt]l number .
Py, — thermal load to be dissipated, [W] NTU - nqmber of transfer unit
0 ~ heat flux, [Wm '] WTHE — wind tower heat exchanger
q — flow rate, [m’s '] Subscripts
Re — Reynolds number .
s — thickness of the wind turbine tower, [m] bf : }.Jalsi fluid
T — temperature, [°C] m miet.
p _ time, [s] nf - nanoﬂulq
u — mean velocity, [ms™'] p ~ nanoparticle
out — outlet
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