Visualizing wind power at full-scale
[an D. Brownstein', Roberto Zenit*, and John O. Dabiri'

i R T T T ———

— ™ -
o -
e R IR el e I e addl ah R o o S - — - e e
............... ‘-‘“-- - R - S -~ -~ -
--~H —— - ey — A
3 - - . -
--“"' — '--~-ﬂl-~
QO-—.-.--.ﬂ e BN Ny bl e ) v - A~
. S -, . e A SV e vl .. N e e v g e - B o i A - .,
L M P L 4 . - . L o
‘-"-‘ ~A oo o~ - . - . ~“"P~...' ‘‘‘‘‘‘‘
- > - - 5 - -
o W e e et i i el 8- ¥ - e e e o o P T Sl s. o 4 T
-
- - - PN . i o g i
- — - £ . — . o -
- - Wy BT RN R A w0l g e i ol &F B B i i — M.‘o\? e - = =
B - B - - el i . - . - R . ‘ . - -
------ b o ; B B \.-:- I -,-_‘)\'".“’;“' - - b-“- “‘:;‘-_Aﬂ' . . - o~ -
v i A R B B A A N S o B e o o e oy 10 s S o oo A et el S
-aw - - ~ . l s
e - 3 e B - . \.J-- - - __- -- s o R --—- - -
- —
- - —
- - . - B —— i — -~ Rl e—
- -’,.--.' - e - — v - - -~ C— - — — <
iy B St . - - e e kL g g " = i -
> - - ’f e A o - -
— - - - " . —
P G S Bl e et ok o D i o an D ™ » ”~ . . > " a o -~ - - - o o
- __J— - - -
- - -
- - A —— - - Al o e S e e T . - AL ; - -
SN T : o - o - e A
- ) - o - - . e - P -~
- - i "A - "‘/ -
- - -_..‘,.‘--_-_‘_.. ’, ‘ . »® e &3 -~ o -
- . o - - Tt Tt e P o
- - - - - ~ '/‘ -
- e - M P s o™ -
- . < - Y a? W 0 S e ’
- P - - o » - - T -- - -
' ,.( S A Sl B ", * - 'w“‘-;'{"-. ,."-.\—‘ —“;54 ' o “ .-“' - - lv‘ - " - - -
’/‘” — .~ I." 3 o - ~ Ty ars -~ - . '-"’.‘.,- ;’ -4 . g " — - - - - T M . = e
¢ - » -
Paim. ta® VA "‘-——" - ” -~ P -, - ,'.',,-—-—-“”"' -
g - . .- > ¥ 4 . - - - - —
. e . o ../" PR - “’ oA - ._« - P » -~ $—-_,.p"" o .‘f
-‘°-¢\d - - S Ty -t - : - /-""‘ - g -
’ v ety 2t ) - " - - T A e - - - - -~ -
e ” - o b > - i ',o.-.--.is'-' > g - -:""} -.'— - = . r -
, > . 4 >
— > ot L e = 2 A i S~ ! - -
- .r\( . . ) e ) _,,,;"-"! . o ) I~ e = eyl - - Lo P .
' . > - g - — - -
- - ’ . » - = —
- e - g owmnd = SN ”"’ -l e - -”> -
- r L ™ A .’-;’_ ™ e A" e —/ e - - - —
- - - " ' e - - - i Lol TPt -
" S - > . A - -y -
‘ oAl A P - ’
A 2w = T it . - s s TN ST S B A - X
- " - » o e * - - -
- -7 s A R Bl - “..3._.'-- nT G .’1/‘ .c”‘ e W 2N .
- - P > ¥ ‘ » p . ~ - - - -
< ‘.. TN, ' A » . 4 Famn- e .-I._‘-‘\/.'_’..-O).<> ..,o:’. ’V(_-- PR .- ) e T - y—
’ r . . - é - o Dgu . . .
o L {. . - ~— -t 5 - - " P o . > ~ , -
\ i ey NS s o o Ve Sy e = : 2
* & e ‘ P - ™ 7 J et L AL g T i e / T g 3
& § ~% G - oo . B g . - . > - .
_;' - . v® . - - / v < - AS e ..' ..'--*.“-‘..- ] ‘ _—— " “ B
S SPwn boblw r —————
‘-gn_v_vo‘--‘--’-""‘..on
- - -~ »
- -".”..o
° —
B
i y
et Ay \ < 22 Wl Yoees .
ek Y : L P \
> ’ . . - -
’ .'..“....'.'4. .‘Q :”*..“ - - 4 - —
. .
-
I. -—
.

»
-
™
-

»
~ = R
e - shsnan
-
-
) o M
.'\ "-
.. ,-“" »
-..
p : >
-
) < “\"-’ /
"R e
. ' A e -
- -—"e " - e -
! o
- - .-/ -
P Ve o ¥ g e
. -
T -
y ——
» - — -
"X - -
-
-~ g ‘\
AT .

............

- -
- -
- -
e

-~ - - _ | ‘ | ‘ ‘
P A S Wt A P T P Lol PN NN N cvavtsvasivrmnmandng gy e o S e T A ‘ : - ’ : : : a2
.“-.‘-‘ ............... -‘.f--- - - - . » . - . 5 - ‘--a
. L
- -
- - | . .
..... .‘...“".“-;
- - 4
& -
vy : - o >
-’.’O..";..J‘.-L-- ..... - - ."
PR - - = 2
. — - - - -
e e B, BT W < 23
- .- % "
w« - A A - ".
: “ﬁ'.‘d’w‘tm-—w-.—--‘. d < o o Eoyt . e SN I
» - = . o BNl T s W s e A e EEAAAL I AR i G an S nanme
- e . o qt.-.-"--.‘.k-...v ........ -
sssss s - > --1-‘ P
----- > a > L W -~ e -
--------- -~ o .Q-o.-- i R e Q‘ o_: '.-‘.:-..-----.----‘\.-..‘:-t--\"."v =
- o :
e ot A B . 3“‘”.'.~"--.'~ - - el R . r + @ .
- - e LN i - - NN . : ;
‘-- _ ?v~“—._. ™ i
- - - W - - - R - = 2 |
IR P P e R R R R R .u--o\‘%(.—‘.’ ~ ‘0\.‘---*.-.-1,,':_(\",1:..;‘.’ - P 2 LS
] - -sc-o..\% v -

. - . . - a2 ¥ av
------ il -~.---- B SRR TR RTEESEY ..-. - - e -.“ . r ' AL E _- e ‘.’::: : : :; ‘ ‘ - { : ......,. -
1 m ~ : it bk bk L 1S T S g L R T A LR e ~

A - - “;-sb

\\ -------------- A v TP YrFTrTrTT A HEAYNSNSEYSEERNTERR AL L T AN T ey Al LT - ‘ >
R I e o o oy A ---..-..55‘5“@\..,’.’."4“%‘ ...... - - - -
b ----.‘_- ....... "‘...-.--.:‘...“o-.. a g
- -.---““' e ) - - - -
. AT g ool N L G Y T T k| (T

-
— — -
- -— - - .
- e b .

The complexities of wind turbine aerodynamics motivate their study at the scale of turbine operation. It 1s difficult
to match both the Reynolds number (Re) and tip speed ratio (TSR) of real world wind turbines 1n laboratory settings
without artificially driving the turbine to faster rotation. Additionally, the added complexity of operating 1n the at-
mospheric boundary layer 1s difficult to reproduce. Motivated by these facts, this work represents a validation for
a novel seeding technique designed for 1n situ flow measurement around commercial, power producing wind tur-
bines. In these i1mages, the flow around a 2kW vertical-axis wind turbine (VAWT) was seeded using artificial snow
encompassing a volume of approximately 9m x 6m x 6m at a Re_~10° and TSR~1. While the goal of this work will
be 3D particle tracking using multiple cameras, these 1mages were taken using one camera positioned below and to
the side of the VAWT over independent measurement campaigns. These images are composites over ~2s of footage
to reveal the pathlines of the seeded particles. The shear layer separating the freestream from the more turbulent
wake 1s clearly illustrated. Additionally, the side view below demonstrates the rapid entrainment of the above
freestream flow 1nto the wake which 1s believed to be responsible for the rapid energy recovery behind VAW Ts.
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