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AGENDA
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Continuum v1.3.2 Release
* New features and improvements
“Continuum Wind Flow Model Explained”
 Part 2: Understanding Flow Types
Open Q&A Forum
Continuum Contributor Program



NEW FEATURES

CONTINUUM COMMUNITY HIGHLIGHT
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NEW FEATURES

CONTINUUM 1.3.2 Release Update

Summary of New Features and Updates
» Land Cover key: “Missing” category

 Ignored in surface roughness / AV AI LABLE N—Qw

displacement height calculation
* Max. Shadow Flicker Distance setting SOON!
» Updated “Time Series” analysis tab
* New release alert
* Map generation using parallel threading
* LT Reference TAB file export
« USGS 10m data now available through

‘Download Topography’

 South Africa Land Cover Key
« ERAS 10m data download fix




NEW FEATURES

CONTINUUM 1.3.2 Release Update: “Missing” Land Cover Key
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NEW FEATURES

CONTINUUM 1.3.2 Release Update: Max. Shadow Distance Setting
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NEW FEATURES

-
UPDATED TIME SERIES TAB
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NEW FEATURES

UPDATED TIME SERIES TAB

Focus in on specific years to view deviations from long-

View Monthly Trends including long-term monthly estimates
term trend
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CONTINUUM EXPLAINED

CONTINUUM EXPLAINED:
WIND FLOW MODEL LECTURE SERIES

AWS =
v () ) | [rs(e(e) G
EprW ExpDW + o - WSl + oW - WSl | AElev + @ (EprW + Expr)
S (z - dl,,w) @ In (m)
Zo1yw 201pw
" — _/
~

SESSION 18&2: Understanding the UW and DW exposure components, flow types
SESSION 3: Understanding the UW and DW SR/DH components
SESSION 4: Understanding the elevation and valley components
SESSION 5: Understanding terrain complexity and model coefficient definitions

SESSION é: Understanding machine learning model coefficient determination
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CONTINUUM EXPLAINED

What is Terrain Exposure?

Exposure = Average elevation difference_between
a site and the surrounding terrain (within a
specified R) weighted by inverse distance.

Exposurey

ey
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N T
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CONTINUUM EXPLAINED
L

How do we calculate a sector’s exposure? ZL»

N Zo—Zi ) _
1= 15 =
(dzo_zi) =
Exposurey = 1 o
N =
i=0 3) S
< (dzo_zi) %

N: all elevation datapoints -6000 -4000 -2000 0 2000 4000 6000

within the directional sector Distance [m]
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CONTINUUM EXPLAINED
-
Exposure vs. Wind Speed Relationship

« Observedin nature Previous Studies Involving Exposure-based modeling

N Linear re lationship between UW « A New and Objective Empirical Model of Wind Flow Over Terrain

— AWEA Wind Resource & Project Assessment Workshop 2007, Portland, OR

exposure, DW exposure, elevation — Presented by: Jack Kline, RAM Associates
— First introduction of exposure-based modeling to the wind industry. The linear
and WS relationship that exists between wind speed and exposure was demonstrated.
e RAMWind model based on » Wind Flow Modeling Software Comparison
. . . . - AWEA Wind Resource Assessment Workshop 2009, Minneapolis, MN
corre latl 0] n/l’egl’eSS ionre lat Ions h | p — Presented by: John Vanden Bosche, Chinook Wind

— Wind flow model results were compared at two project sites with moderately complex terrain.
The models included WAsP, CFD models and RAMWind (exposure) model. The RAMWind
model produced the most accurate results.
« Comparison of WAsP, MS-Micro/3, CFD, MWP, and Analytical Methods
for Estimating Site-Wide Wind Speeds
— AWEA Wind Resource and Project Energy Assessment Workshop 2009, Minneapolis, MN
— Presented by: David VanLuvanee, GEC-DNV

1 1 1 ’? — Wind flow model results were compared at four project sites with moderately complex terrain.
B Ut WHY I S t h e re a re latlo n S h I p * The models included WAsP, CFD models and RAMWind (exposure) model. At three out of
four sites, the RAMWind model produced the most accurate results.
RAM Assaciates

——

Resource Assessment & Micrositing

13




CONTINUUM EXPLAINED

-
CONTINUUM MODEL PREMISE

e Continuum is a wind flow model derived from Navier-Stokes / conservation of momentum theory

* Conservation of momentum theory:
* Change in momentum of moving fluid (flow) is equal to the sum of the forces acting on the fluid
* Acceleration of a fluid is directly proportional to the net force acting on the fluid and is inversely
proportional to mass

ov

F ma —] p E‘I‘U'V’U =—-VP+ VT +F

accel = pressure + shear + gravity

14




CONTINUUM EXPLAINED

DOWNHILL FLOW: THEORY

Use ‘Control Volume’ approach

* Define imaginary surface that encompasses a volume of
fluid analyzed (parcel)

* Treat parcel as a free-body diagram and examine forces on it

* Sum of the forces acting on parcel determines acceleration

The acceleration in the wind flowing downhill is equal to the sum of
the forces acting on the wind. Those forces are:

* P, =Horizontal Pressure Gradient Force (HPGF)

* P,=Vertical Pressure Gradient Force (VPGF)

* T =Shear Force

» g ="Force of gravity

v
p E+v-\7v = —VP + VT + F ey pgq = P,.cos@ — P,sinf — 1 + pgsin 6

15



CONTINUUM EXPLAINED

DOWNHILL FLOW: THEORY DERIVATION EXAMPLE

Say there are two sites both with positive downwind exposure, but steeper terrain at
Site 2:
* Exp,>Exp;
The acceleration in WS at the two sites due to the downhill flow:
Site 1 accel: pya; = Py1c050, — P,15in6; — 11 + pgsinb,

Site 2 accel: p,a, = Py,c0s0, — P,,sinf, — 1, + pgsind,

Apply conservation of momentum theory between the two sites:
Site 2 accel — Site 1 accel =0
(pzay — Pyyc0s0, + P,ysinf, + 1, — pgsind,) — (p1aq — Py1c0s60; + P,sinB; + 14 — pgsind;) = 0

p2Qy — p1aq — Pyyc050, + PyicosO, + P,ysinf, — P,ysinBy + 1, — 11 — pgsin, + pgsinf, = 0

P, P,
a, —a; = ;AcosQ - ;Asm@ + gAsin

P, Assume similar conditions at the two sites:
Since Acosf K Asin@( a; —a; = <g - —> Asinf * Density: p;=p, * VPGF: P, =P,
p * HPGF:P,; =P, * Surface roughness: 1,=T1,

16



CONTINUUM EXPLAINED

DOWNHILL FLOW: THEORY DERIVATION EXAMPLE

. . . . . .. D
Acceleration can be defined using the material derivative, D—v

P\, .
_Dv, v _ (0w, <6vx Lo 3172) ov <6vx Lo, avz) Butremember, a;—a; =g ——|Asinf
Q2= 0= 0" T\ T2\ ax Tay T az) ) \ar T \ax Ty ez P
\ Y \\ ~ J
h 4
' o3 ' p N
0 v, 0yl dv, v v, 0 av, o ]
X 2 I et 27z | = —2Z\A
8t+v2(6x+ y+02>> t+v1(6x+6y+62 — sinf
Assume:
- v, PZ
Steady-state conditions (F =0) g — F
. 6& — VUV, =1 + Asin6
2D flow(ay =0) <avx + 0 Z)
%and%are equal at Sites 1 and 2. ox 0z

Coeff: Function of
atmospheric stability

Since Sin 6 «< Exposure/Radius:

Coeff: Function of
terrain complexity

17



CONTINUUM EXPLAINED

UPHILL FLOW: THEORY

The acceleration in the wind flowing uphill is equal to the sum of the
forces acting on the wind. Those forces are:

* P, =Horizontal Pressure Gradient Force (HPGF)

P, = Vertical Pressure Gradient Force (VPGF)

T = Shear Force

» g ="Force of gravity

dv
p<a+v-l7v>=—\7P+VT+F

pa = P,cosO + P,sinf — 1t — pgsin 6

Pressure gradient forces Gravity acting
acting WITH flow AGAINST flow 18




CONTINUUM EXPLAINED

UPHILL FLOW: THEORY DERIVATION EXAMPLE L

Say there are two sites both with positive upwind exposure, but steeper terrain at Site 2:
* Exp,>Exp;

The acceleration in WS at the two sites due to the uphill flow:
Site 1 accel: pyay = Py1cos64 + P,1sinB; — 11 — pgsinb,

Site 2 accel: p,a, = Py,c0s0, + P,,sinf, — 1, — pgsind,

Apply conservation of momentum theory between the two sites: 2

Site 2 accel — Site 1 accel =0

(ppay — Pyyc050, — P,ysinf, + 1, + pgsind,) — (p1aq — Py1c0s0, — P,sinB; + 11 + pgsinf;) = 0

P20, — p1aq — Pypco0s0, + Pyycos6y — P,ysinf, + P,qsinb; + 1, — 11 + pgsinf, — pgsinf, = 0

Py P ,
a, —a; = ;Acos@ + FASLTI@ — gAsinf

P, .
Since AcosO K Asin@( a; —a; = <— — g> Asin®
p Assume similar conditions at the two sites:
* Density:p=p,  + VPGF:P, =P,
* HPGF:P,,=P, * Surface roughness: t,= T, 19




CONTINUUM EXPLAINED

UPHILL FLOW: THEORY DERIVATION EXAMPLE

. . . . . ... D
Acceleration can be defined using the material derivative, D—:

P, .
_Dv, v _ (0w, <6vx Lo 3172) ov <6vx Lo, avz) Butremember, a;—a; =|(—— g |Asinf
Q2= 0= 0" T\ T2\ ax Tay T az) ) \ar T \ax Ty ez P
o 7 W ~ J
h 4
ra 5} d a a a d 0 W rP h
Uy Y v, v Uy v, o ,
— — |- — — | |=—=- Asin6
ot +”2<ax +%y+6z>> t+v1<ax+ay+az>> <p g)
Assume:
- v, PZ
Steady-state conditions (F =0) F -9
. 6& — VUV, =1 + Asin6
2D flow(ay =0) <avx + 0 Z)
%and%are equal at Sites 1 and 2. ox 0z

Coeff: Function of
atmospheric stability

Since Sin 6 «< Exposure/Radius:

Coeff: Function of 20
terrain complexity



CONTINUUM EXPLAINED

UPHILL FLOW: INDUCED SPEED-UP, CRITICAL EXPOSURE (UW sector only)

*  When wind travels over a hill, there is pressure build-up on
the upwind side which may cause an induced acceleration

* Atthe same time, gravity and shear forces decelerate the
wind

* The pressure gradient forces act against the shear and
gravity forces

* Pointwhen pressure gradient forces are equal and opposite
to shear and gravity forces defined as the ‘critical upwind
exposure’, EXpPyy crifical

Expyw> Expyw critical

* IfEXpyw > EXpyw,criticary then the wind decelerates as it travels g> F
uphill _ p
*  If Expyw < EXPyw,criicarr the Wind accelerates over the hill Uphill Flow: Decelerates

Typical critical UW Exposure value is ~20 m

Model-specific and determined within the model algorithm

EprW < EprW,critical

P,
Z>yg
p
Induced Speed Up: Accelerates

21



CONTINUUM EXPLAINED

COMBINING UW & DW SECTORS

* Momentum of wind may change due to variations in BOTH UW and DW directions
* Total WS change effect of UW and DW terrain are simply summed

DW v, = V1 + Mpy AEXppy JW: vy = vy + mywAExpyw
Downihill (DH) Uphill (UH) ) Downhill (DH) Speed Up (SU) Uphill (UH)\
WD WD

Avpy = mpyAExppy Avpy = myyAExppy Avyy = —mpyAExpyy  Avyw = MsyAExpyw  Avyw = —myyAExpyw

Total WS change: Av = Avyy, + Avpy,

g Av = myw AExpyyw + mpw AEXDpy 2




CONTINUUM EXPLAINED

Wind Farms for Examples R 2 e - e

g

Three wind farms selected 3 e B =
with low, moderate, and high e I

levels of complexity ) .."'I'(in;gf&:h;\uing‘”d_u
—'. | I_-_ i Armiateh 4 ATEiEEs

2 Wy = Lot
- Kingfisher Wind (low) e R h .

Western Spirit

- Western Spirit (moderate) g

- Allegheny Ridge (high) ~ s - -
\ j 0 500 1,000 km — N

[ — A

i

:
I
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CONTINUUM EXPLAINED

Wind Farms for Examples

OpenTopoMap

Western Splrlt Modera’re

Kingflsher - Low

Allegheny Rldge ngh |

] ﬁlleg heny Ridge

A OpenTopoMap

@ ‘Western Spirit

0 25 5 7.5 10 km ™ I(mgﬁsl'ieerd
| ___aa e
OpenTopoMap

=+



Wind Rose UW sector: 270 DW sector: 90
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CONTINUUM EXPLAINED

600
500

400

uw

-6000

00

-4000 -2000  pjstafice [m]

Elevation [m]

400

U W ann.
o0

2000 4000 6000

DW

-6000

-4000 -2000  pistafice [m]

2000 4000 6000
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CONTINUUM EXPLAINED

UW Uphill / DW Downhill Flow WS Example: Allegheny Ridge (H)

UW sector: 270 What can we say about the signs of the
secton DW Se&,;‘”' 0 UW and DW exposure for each site?
T12: T16:
Expyw is positive Expyw is positive
Exppyw is positive Exppw is positive

Elevation [m]

Both sites are HIGHER than the average
elevation inthe UW and DW sectors

UW uphill flow, DW downhill flow
Distance [m]
T12 127.2 173.1
T2 Ti16

T16 89.0 304.5



CONTINUUM EXPLAINED
-
UW Uphill / DW Downhill Flow WS Example: Allegheny Ridge (H)

= = What’s the WS difference

127.2 173.1 -0.003 0.004 . :
6 50.0 2045 goingfromT16to T12 in
’ ' the 270 sector?

AWS = mUwAEprW + meAExpDW

AWS = myw (Expyw,r16—ExXPuw r12) + Mpw (EXPpw,r16 —EXPDW T12)

AWS = —0.003(89.0 — 127.2) + 0.004(304.5 — 173.1)

AWS = 0.11 +0.53 WS at T16 will be 0.64 m/s
AWS = 0.64 m/s HIGHER than the WS at T12

27



CONTINUUM EXPLAINED

UW Downhill / DW Downhill Flow WS Example: Western Spirit (M) 1900
=g W /e 1880 13
e UW sector: 300 DW sector: 120 -
i RN TR CTRYY E 1649
235) % 3 E 1820
P é 1800 ey S
'L*:)? =
uw ™ DW =
-6000 -4000 -2000 e 0 2000 4000 6000
Distance [m]
1900
1880 z |
1860 X
y | N A -6000 -4000 -2000 e 0 2000 4000 6000
X

Distance [m]
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CONTINUUM EXPLAINED

UW Downhill / DW Downhill Flow WS Example: Western Spirit (M)
UW sector: 300 DW sector: 120

1900

What can we say about the signs of the
UW and DW exposure for each site?

T16: 13:
Expyw is negative Expyw is negative
Exppyw is positive Exppw is positive

1820

Elevation [m]

Both sites are LOWER than the average
elevation in the UW sector and HIGHER than
the average elevation in the UW sector

1800

1780

Rain UW downhill flow, DW downhill flow

-6000 -4000 U WOO 0 2000 D WAOOO 6000
Distance [m]

T16 -14.3 25.4
T3 -23.3 42.7



CONTINUUM EXPLAINED
-
UW Downhill / DW Downhill Flow WS Example: Western Spirit (M)

= = What’s the WS difference

14.3 25.4 -0.013 0.013 . :
2 233 4o going fromT16to T3 in
o ' the 300 sector?

AWS = mUwAEprW + meAExpDW

AWS = myw (Expyw r3—Expyw r16) + Mpw (ExPpw,r3—EXPpw,r16)

AWS = —0.013(—23.3 — (=14.3)) + 0.013(42.7 — 25.4)

AWS = 0.12 + 0.23 WS at T3 will be 0.34 m/s
AWS = 0.34 m/s HIGHER than the WS at T16
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CONTINUUM EXPLAINED

UW Speed-Up / DW Downhill Flow WS Example: 85
Kingfisher Wind (L) : 0 T24
UW sector: 330 DW sector: 150 ¥

Wind Rose

Elestion [m]
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CONTINUUM EXPLAINED

UW Speed-Up / DW Downhill Flow WS Example: Kingfisher Wind (L)

UW sector: 330 DW sector: 150 What can we say about the signs of the
UW and DW exposure for each site?

T24: T28:
Expyw is positive Expyw is positive
Exppy is positive Exppyw is positive

Elevation [m]

Both sites are HIGHER than the average
elevation in the UW and DW sectors

UW exposure at both sites are below UW critical

UW uphillinduced speed-up flow,
2000 4000 6000 DW downhill flow

124 9.0 9.4

-6000 -4000 -2000 0

Distance [m]

T24 7128

T28 16.0 9.6 ’



CONTINUUM EXPLAINED
-
UW Speed-Up / DW Downhill Flow WS Example: Kingfisher Wind (L)

= = What’s the WS difference

0:006 0:04 going from T24 to T28 in

T28 16.0 9.6
the 330 sector?

AWS = mUwAEprW + meAExpDW

AWS = myw (Expyw,r24—Expyw r28) + Mpw (EXPpw 124 —EXPpW 128)

AWS = 0.006(16.0 — 9.0) + 0.04(9.6 — 9.4)

AWS = 0.04 + 0.01 WS at T28 will be 0.05 m/s
AWS = 0.05m/s HIGHER than the WS at T24
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"JPEJ\J FORUM

ANY QUESTIONS, COMMENTS, CONCERNS ON CONTINUUM?
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BECOME A CONTRIBUTOR

-
CONTINUUM CONTRIBUTOR: someone who actively participates to enhance the Continuum® wind energy software

Continuum’s mission is to further the pre-construction
wind energy industry through collaboration of wind

. Projects are broken into two categories:
professionals, researchers, and students

software development and R&D

We have an eXtenSive hSt Of .‘" Continuum® Wind Energy Software

) . . Software Development R&D
projects to incorporate into o h P q N thod
o | carmns | s | oo | amoe | soneoo | s . - New metho
the software on the Getting into the code ,
Continuum® Corirbutors Open Proet L and making changes to development and analysis

Continuum website, but are

L. existing framework
always open to additions

- Example: wake loss

from the community - Example: allow for model parameter
manual filtering, sensitivity analysis, new
" o oein incorporating other long- ice impact model
term reference datasets algorithm
(non-US)

https://www.continuumwind.com/contributors
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%i ONE POWER COMPANY

centinuum

THANKS FOR JOINING!

CONTINUUM TOWN HALL

Liz Walls
liz@onepower.com

Erin Roekle

erin@onepower.com APRIL 23 2025




