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a b s t r a c t 

Wind-tunnel experiments were performed to study the effect of favorable and adverse constant pressure 

gradients (PG) from local changes in the topography right downwind of a model wind turbine. Particle 

image velocimetry was used to characterize the near and intermediate wake regions. We explored five 

scenarios, two favorable, two adverse PG, and a case with negligible PG. Results show that the PGs induce 

a wake deflection and modulate the wake. They imposed a relatively small impact on the turbulence 

kinetic energy and kinematic shear stress but a comparatively dominant effect on the bulk flow on the 

flow recovery. Based on this, a simple formulation is used to describe the impact of PG on the wake. 

We modeled the base flow through a linearized perturbation method; the wake is obtained by solving 

a simplified, integrated streamwise momentum equation. This approach reasonably estimated the flow 

profile and PG-induced power output variations. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and 

Applied Mechanics. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Wind energy has become a competitive source of electricity 

roduction worldwide. By the end of 2020, more than 100 coun- 

ries adopted wind energy, with 37 of those with more than 1 GW 

n operation [1] . Almost 93 GW of wind power capacity was added 

n 2020, increasing the global total of about 14% to nearly 743 GW 

1] . 

Advantageous topographic conditions are becoming scarce for 

arge-scale development, which may impact the monotonic growth 

f this technology. Hilly and inclined terrains induce particular ef- 

ects on the loading, wake, and power output of a wind turbine 

2–4] . The impact of local topographic singularities and their in- 

uced favorable or adverse pressure gradients on wind-turbine be- 

avior is not entirely clear. Understanding wind turbine dynamics 

nder negligible pressure gradient may serve as the basis to study 

he wind turbine wake under terrain effects. 

Experimental and numerical investigations have offered valu- 

ble insight into the characterization of turbulent wake develop- 

ent under adverse pressure gradients (APG) and favorable pres- 
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ure gradients (FPG). Experimental inspection of planar turbulent 

akes under adverse and favorable pressure gradients by Liu, et al. 

5] showed that the wake spreading rate and turbulence intensity 

re enhanced under an adverse pressure gradient. Also, Thomas 

nd Liu [6] noted that the ratio of the maximum velocity deficit to 

he wake width is agnostic to pressure gradients on symmetric and 

symmetric turbulent wake developments. Numerical simulations 

ave provided crucial insight into the topographic effects on the 

urbulent wake dynamics. Shamsoddin and Porté-Agel proposed 

n analytical model for the wake of planar [7] and axisymmetric 

isks [8] : they showed that turbulent wakes exhibit slower recov- 

ry under adverse pressure gradients, although their work consid- 

red only low turbulence levels and no boundary layer effects. 

Comparatively, a few studies have explored the effect of pres- 

ure gradient on wind turbine wakes. It is known that terrain 

nduces local changes in the pressure gradient [9] . Tian et al. 

10] conducted an experimental investigation to study the perfor- 

ance of wind turbines sited over hilly terrains and showed a 

ower power output and higher fatigue loads of the turbines in 

ront of the hill. Hyvärinen and Segalini [11] performed experi- 

ental measurements to study wind turbines over complex ter- 

ains and noted that hills may have a favorable effect on power 
ty of Theoretical and Applied Mechanics. This is an open access article under the 
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Fig. 1. Basic schematic of the experimental setup illustrating the topography-modulated adverse, favorable and zero pressure gradients, and the PIV field of view and location 

of the complementary hotwire measurements. 
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Fig. 2. Measured streamwise pressure coefficient, C p , distributions for various pres- 

sure gradient cases extending between x/d T = 5 and 10. 

Table 1 

Non-dimensional pressure gradient, d C p / d x , sce- 

narios illustrated in Fig. 1 . A and B define the to- 

pographic changes, Z s (x ) , inducing the PGs as fol- 

lows: Z s (x ) = A (1 + Bx ) 
−1 / 2 − A . 

Case 100 d T × d C p / d x A (m) B (m 

−1 ) 

APG 1 1.9 0.52 0.17 

APG 2 2.9 0.42 0.33 

FPG 1 -1.1 0.42 -0.48 

FPG 2 -3.5 0.42 -0.24 

ZPG 0 1 0 
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utput, especially for downwind turbines. Experiments by Howard 

t al. [12] indicate that coherent motions developing downwind of 

 hill have a greater impact on the unsteady dynamics of a tur- 

ine placed downwind in comparison to the modulation imposed 

y an upwind turbine. Numerical analysis on wind turbine wake 

nd terrain interaction by Nedjari et al. [13] suggest unfavorable 

ffects of wind farms operating in complex terrains. Shamsoddin 

t al. [14] . explored the effect of hill-induced pressure gradients 

nd streamlined wake distortion and proposed an analytical model. 

hey found that the favorable and adverse pressure gradient on the 

indward and leeward sides accelerates and decelerates the wake 

ecovery. Liu et al. [15] used large-eddy simulations to study the 

erformance of wind turbines in various topographies such as in 

he vicinity of a hill, in the middle of two hills, and wind farms 

ver a hill. Their simulations showed that steep hills have a sig- 

ificant impact on the turbines’ power output. Recently, Porté-Agel 

t al. [16] pointed out that topography can affect the development 

f turbine wake in three key aspects, namely, pressure gradients, 

ake-center trajectory deflection, and flow separation. 

Despite our basic understanding of the role of topography on 

ind turbines, the role of favorable and adverse pressure gradi- 

nts at even constant values on power output and wake dynamics 

as not received sufficient attention. As mentioned, uncovering the 

ower output and wake development under those conditions is es- 

ential to improve and optimize the layout of turbines under com- 

lex terrains. Here, we provide quantitative insight into the wake 

haracteristics in turbines under ground-induced constant pressure 

radients, then provides details of the present experimental setup. 

he experimental results, and a simplified formulation is given in 

ater paragraph, followed by concluding remarks. 

A model wind turbine was placed and operated in a turbulent 

oundary layer flow in the Eiffel-type wind tunnel of the Univer- 

ity of Illinois at the Renewable Energy and Turbulent Environment 

roup. The wind tunnel test section is 6.1 m long, 0.91 m wide, 

nd 0.45 m high and is equipped with a fully adjustable ceiling 

o control the pressure gradient along the test section. For more 

etails on the facility, see Adrian et al. [17] . 

Favorable and adverse constant pressure gradients (PG) were 

mposed from the topography right downwind of the turbine ex- 

ending �x/d T = 5 and 10 followed by a negligible PG (see Fig. 1 ).

here, the topography followed a profile of the form Z s (x ) = 

 (1 + Bx ) −1 / 2 − A , where A and B are characteristic constants de- 

endent on the PG level and estimated from a perturbative po- 

ential flow approach [18] . We explored five scenarios, i.e., two 

dverse and two favorable pressure gradients, and a zero pres- 

ure gradient (ZPG) included as a reference. Figure 2 illustrates 

he measured streamwise pressure coefficient distributions C p = 

 P (x ) − P ∞ 

] /q ∞ 

, where P (x ) is the local static pressure, and P ∞ 

and
2 
 ∞ 

are the static and dynamic pressures of the flow, respectively. 

ere, P (x ) and P ∞ 

are obtained following Liu et al. [5] . The asso-

iated non-dimensional pressure gradients and its corresponding A 

nd B values under investigation are included in Table 1 . 

An active turbulence generator placed at the entrance of the 

est section induced high turbulence levels in the incoming flow 

see Fig. 3 ). The turbulence generator consists of horizontal and 

ertical rods with rigid square blocks uniformly distributed. Each 

od is driven by a stepper motor controlled independently and 

otated at a frequency of 0.1 Hz. Surface roughness was added 

o help develop a turbulent boundary layer (TBL); it consisted of 

 mm thick chains aligned perpendicularly to the mean flow di- 

ection every 0.2 m. More information on the turbulence generator 

nd TBL setup can be found by Liu [19] . The model wind turbine is

ased on the reference model from Sandia National Labs [20,21] : 

t has a rotor diameter of d T = 0 . 12 m and hub height z hub = 0 . 13

. The blades and nacelle are made of PolyJet Vero material and 

abricated at the University of Illinois Rapid-Prototyping Lab using 

n Objet Eden 350 machine. More details about the model turbine 

an be found by Tobin et al. [22] . 
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Fig. 3. Characteristics of the incoming boundary layer. ( a ) Mean velocity U/U hub , ( b ) 

turbulence intensity σu /U hub , ( c ) kinematic shear stress −u ’ w 

’ /U 2 
hub 

. The horizontal, 

dashed lines indicate the top and bottom tips of the turbine rotor. 
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Fig. 4. Streamwise velocity distributions, U/U hub , under various pressure gradients 

defined in Table 1 . ( a ) APG 2, ( b ) APG 1, ( c ) ZPG, ( d ) FPG 1 and ( e ) FPG 2. 

Fig. 5. Profiles of the velocity deficit, �U/U hub , for the APG 2 (blue), ZPG (black) 

and FPG 2 (red) cases at x/d T = ( a ) 2, ( b ) 4 and ( c ) 6; z ′ is the relative height with 

respect to the wake center. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

a

i

d

[

a  

h

w  
The cases shared similar incoming flow conditions with a mean 

elocity at the hub height of U hub ≈ 10 m / s , resulting in a Reynolds

umber based on the rotor diameter of Re = U hub d T / v ≈ 8 . 4 × 10 4 ,

here ν is the kinematic viscosity. A Precision Micro-drives 112- 

01 Micro Core 12 mm was used as the loading system, result- 

ng in a rated power of P 0 ∼ 1 W [23] . The turbine operated at

 tip-speed ratio of λ = ωr/U hub ≈ 5 , where ω is the angular ve- 

ocity of the rotor and r = d T / 2 . The wind-turbine power output

as obtained at a frequency of 10 kHz for periods of 120 s us- 

ng a Measurement Computing 126 USB-1608HS data logger. It was 

alculated from the applied resistance and the voltage across the 

enerators terminals as measured with a data acquisition system 

DAQ). Additional characteristics of the turbine, its response, and 

peration can be found by Tobin et al. [24] . 

At the turbine location, the TBL has a roughness length z 0 
0.12 mm, and a thickness δ/z hub ≈ 2.4. Figure 3 shows the 

on-dimensional streamwise velocity profiles of the incoming flow 

/U hub , turbulence intensity, σu /U hub , and kinematic shear stress, 

u ’ w 

’ /U 

2 
hub 

, of the boundary layer near the turbine location, where, 

u is the standard deviation of the streamwise velocity fluctua- 

ions. 

The turbine wake was characterized with a planar particle im- 

ge velocimetry (PIV) system in two overlapped wall-normal fields 

f view (FOV) covering a region within x/d T ∈ [2 , 7 . 5] and z/d T ∈
0.1, 2.1], i.e., �x × �y = 330 mm ×250 mm and placed within the 

otor axis. The flow was seeded with 1 μm olive oil droplets gen- 

rated by Laskin nozzles placed upwind the wind tunnel inlet. A 

 mm thick vertical laser sheet was provided by a 250 mJ/pulse 

ouble-pulsed Quantel laser. Two thousand image pairs were col- 

ected by an 8 Mpixels (3320 × 1560 pixels), 16 bit frame-straddle 

CD camera at a frequency sampling of 1 Hz. The image pairs were 

nterrogated with a recursive cross-correlation method using the 

SI Insight 4G software. The final interrogation window had a size 

f 24 × 24 pixels with 50% overlap, resulting in a vector grid spac- 

ng, �x = �y = 1.4 mm. A basic schematic of the setup illustrating

he FOVs and topographic changes is shown in Fig. 1 . 

Complementary single-point flow measurements were per- 

ormed with a constant temperature hotwire anemometry along 

he rotor axis within x/d T ∈ [0 , 8] every �x/d T = 1 for the cases

ithout the wind turbine. The hotwire measurements were ob- 

ained at a frequency of 10 kHz for periods of 120 s at each loca-

ion. It was calibrated before and after the experiments to ensure 

egligible drift of the signal. 

Here, we present and discuss the effect of the constant pressure 

radients on the wind turbine wake statistics and mean power 

utput. 

The pressure gradient modulated significantly the wind turbine 

ake, as illustrated in the time-averaged streamwise velocity fields 

long the rotor axis. Figure 4 highlights differences within lev- 

ls and signs of the pressure gradient. The mean velocity deficit 
3 
nd width of the wake decreased as the pressure gradient var- 

ed from adverse to favorable, similar to simulations of Shamsod- 

in and Porté-Agel [8] and experimental pressure gradient studies 

5,6] . Selected vertical profiles of the velocity deficit distributions 

t x/d T = 2 , 4 and 6 in Fig. 5 evidence the faster flow recovery for

igher FPG. 

Dimensionless, in-plane turbulent kinetic energy, TKE = 〈 u ’ 2 + 

 

’ 2 〉 / (2 U 

2 
hub 

) , and Reynolds shear stress, −u ’ w 

’ /U 

2 
hub 

, shown in
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Fig. 6. ( a ) In-plane turbulence kinetic energy T KE distribution; ( b ) Reynolds shear stress for the various pressure gradients. 
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Fig. 7. Height of the wake center, z/d T as a function of streamwise distance x/d T 
under various pressure gradients. 
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ig. 6 , provide bulk quantification of the wake turbulence under 

he pressure gradients. Here, u ′ and w 

′ denote the streamwise and 

all-normal velocity component fluctuations. They show roughly 

imilar levels between the various cases in the near wake region, 

ith larger levels under APG; also, a faster reduction of T KE and 

u ′ w 

′ was promoted in the FPG cases, although not as strong as 

or the mean flow. This suggests that eddy viscosity is weakly de- 

endent on the pressure gradient compared to the base flow as 

hown later in the averaged-momentum equation. 

It is also worth pointing out the downward deflections of the 

aximum velocity deficit and maximum TKE locations for the APG 

ases; in contrast, upward deflections occurred in the FPG cases. 

igure 7 shows the height of the maximum velocity deficit with 

treamwise distance to illustrate the wake deflection phenomenon 

aused by the topography-induced local pressure gradient. Non- 

egligible deviation occurred at x/d T ≈ 4 , with | �z/d T | ∼ 15% for 

he FPG2 and APG2 cases. This phenomenon is not equally im- 

ortant in the ZPG case where | �z/d T | ≤ 3% . Similar behavior has

een noted in turbine wake under step topographies [25] . A closer 

nspection on the pressure gradient effects on wake statistics is 

one by redefining the vertical origin at the local minimum of the 

ake and determine relative vertical profiles of the streamwise ve- 

ocity deficit, T KE and −u ′ w 

′ in the near and intermediate wake 

s shown in Fig. 8 . Those profiles indicate minor differences in the 

econd-order statistics in the near wake at x/d T = 2 ( Fig. 8 a and

 b). The differences are relatively small compared to the velocity 

rofiles ( Fig. 5 ), indicating that the turbulent stresses played a rel- 

m

4 
tively minor contribution to the turbine wake recovery under the 

ressure gradient range inspected. Then, the distinct mean stream- 

ise velocity recovery is mainly modulated by the bulk flow accel- 

ration and deceleration. 

Here, we elaborate on a simple model for turbine wake over 

ocalized pressure gradients considering the bulk flow acceleration 

deceleration) effect induced by the topography. As inferred from 

ig. 8 , the topography played a secondary role in the turbulence 

odulation and impact on the momentum recovery. Using this ob- 

ervation makes it possible to infer a first-order estimation of the 

ean wake and mean power output. 
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Fig. 8. Profiles of (a) turbulence kinetic energy and (b) Reynolds shear stress at (a1, 

b1) x/d T = 2 , (a2, b2) x/d T = 4 and (a3, b3) x/d T = 6 for APG 2 (blue), ZPG (black) 

and FPG 2 (red) pressure gradients; z ′ is the relative height with respect to the 

wake center. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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Fig. 9. Comparison between outer layer base flow profiles, U b (x ) , between 

Eq. (6) and measurements. 
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The flow over the topography with local PG can be concep- 

ualized using a linearized perturbation method [26,27] . We con- 

ider cases where the topography does not induce flow separation, 

hich is satisfied here. 

Herein, we follow the convention used in, e.g., low hill studies 

27] , by dividing the flow field into and inner and outer regions. 

he former is comparatively thin and close to the wall, where the 

hear stress plays a significant role. Its vertical extent, l, can be ap- 

roximated by l = (1 / 8) z o ( L/z o ) 
0 . 9 [26] , where L is defined as the

alf-length of the topography inducing the pressure gradient, re- 

ulting in l ≈ 0 . 03 m in the APG 2 and FPG 2 cases. Sufficiently

igh above the topographic changes, H/l � 1 ; the flow may be ap- 

roximated as an inviscid perturbation from the incoming bound- 

ry layer, where the flow field depends weakly on the stress per- 

urbation [24,28] . Given that z hub /l � 1 , the outer region is used

or the base flow estimation. 

In this context, the topography induces perturbation to the mo- 

entum equation in the external region, as 

 ( x, z ) = U ( z ) + �u ( x, z ) , 

 ( x, z ) = �w ( x, z ) , 

p ( x, z ) = P ( z ) + �p ( x, z ) , 

xz ( x, z ) = T xz ( z ) + �τxz ( x, z ) , (1) 

here ū , w̄ , p̄ and τ̄xz are the time-averaged streamwise velocity, 

ertical velocity, pressure, and Reynolds stress, respectively. Capi- 

al letters and � terms represent the undisturbed quantities and 

mall perturbations, such that | �u | and | �w | � U , | �p| � P , and

 �τ | � T . Then, 

∂ u 

∂x 
+ 

∂ w 

∂z 
= 0 , 

 

∂ u 

∂x 
+ w 

∂ u 

∂z 
= 

1 

ρ

(
−∂ p 

∂x 
+ 

∂ τ xz 

∂z 

)
, 

 

∂ w 

∂x 
+ w 

∂ w 

∂z 
= 

1 

ρ

(
−∂ p 

∂z 
+ 

∂ τ xz 

∂x 

)
. (2) 
5 
Substituting Eq. (1) into Eq. (2) , subtracting the unperturbed 

quation of motion and eliminating high-order � terms, the lin- 

arized momentum and continuity equations are: 

 

∂�u 

∂x 
+ �w 

∂U 

∂z 
= 

1 

ρ

(
−∂�p 

∂x 
+ 

∂�τxz 

∂z 

)
, 

 

∂�w 

∂x 
= 

1 

ρ

(
−∂�p 

∂z 
+ 

∂�τxz 

∂x 

)
, 

∂�u 

∂x 
+ 

∂�w 

∂z 
= 0 . (3) 

ombining the linearized equations allow us to obtain �w and 

hus �u from continuity, leading to 

∂ 2 

∂x 2 
+ 

∂ 2 

∂z 2 
− 1 

U 

d 

2 U 

d z 2 

)
�w = 

1 

ρU 

(
∂ 2 �τxz 

∂x 2 
− ∂ 2 �τxz 

∂z 2 

)
, 

u ( x, z ) = −
∫ x 

−∞ 

∂�w 

(
x ′ , z 

)
∂z 

d x ′ . (4) 

ere we focused only in the outer layer where the right hand side 

f Eq. (4) is neglected and can be further reduced to the Lapla- 

ian of �w by neglecting d U/ d z term in the outer layer. The shear

tress effect is accounted by matching the inner and outer layer 

elocities at z = l; the matched velocity w I −O for each topography 

hange, Z s (x ) ( Fig. 1 ), can be derived from Eq. (2.16) of Hunt et al.

27] along with three additional boundary conditions set at far up- 

ind, downwind and above the topography for the upper flow, 

u, �w → 0 , as 
x 

d T 
→ −∞ , 

∂�u 

∂x 
, 

∂�w 

∂x 
→ 0 , as 

x 

d T 
→ ∞ , 

w → 0 , as 
z 

d T 
→ ∞ , 

 = w 

IO , at z = l . (5) 

he problem is solved by an implicit second order central differ- 

nce numerical scheme over a domain x/d T ∈ [ −20 , 20] and z/d T ∈
 l/d T , 20] . Now, the base flow, U b (x ) , i.e., without the presence of

he turbine, in the outer layer is approximated as Eq. (6) by su- 

erimposing the incoming hub height velocity and �u at a height 

quivalent to the hub measured from the topography Z s (x ) for var- 

ous PGs, which is used later in the wake estimation as U b 
d U b 
d x 

to 

epresent the pressure gradient term, 

 b ( x ) = U hub + �u ( x, z = Z s ( x ) + z hub ) . (6) 

igure 9 illustrates a reasonable agreement between the estimation 

nd hotwire measurements. The base flows under pressure gradi- 

nts exhibit a minor decrease upwind of the PG onset, followed 
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Fig. 10. ( a ) Basic wake parameters, ( b ) example of the maximum velocity deficit, U d , half width ( U d e 
−0 . 5 ) in the ZPG case, ( c ) wake width, δ0 ( = 0 . 54 x 2 + 3 . 96 x + 25 . 9 ), over 

the ZPG case. 

Fig. 11. Vertical profiles of various terms of the x -momentum equation for the ZPG case at ( a ) x/d T = 2 . ( b ), ( c ) Dominant terms at x/d T = 2 , 3 and 4, with vertical dashed 

lines indicate the location of the bottom and top tips of the turbine. 
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y a roughly linear velocity increase within the topography dis- 

urbance. The flow velocity monotonically decreases past the end 

f topography. This general trend matches those reported in early 

tudies [29,30] . 

Let’s consider an axisymmetric, self-similar wake with Gaussian 

hape [31] , as follows 

U b ( x ) − u ( x, r ) 

U b ( x ) 
≡ C ( x ) e −r 2 / 2 δ2 

, (7) 

here x and r representing the streamwise and radial directions 

rom the turbine center, U b is the base flow defined by Eq. (6) , C(x )

nd δ(x ) are wake parameters defined in Fig. 10 a. Figure 10 b and

0c show an example of the PIV-derived maximum velocity deficit, 

 d , and wake width, δ0 , for the ZPG case. 

Also, consider the averaged-momentum equation of the mean 

ow in cylindrical coordinates, neglecting the θ dependence. The 

treamwise pressure gradient term is expressed as U b d U b / d x using

uler’s equation and neglecting viscous-related terms. This results 

n 

 

∂U 

∂x 
+ V 

∂U 

∂r 
= −1 

r 

∂ 

∂r 

(
r u 

’ v ’ 
)

+ U b 

d U b 

d x 
. (8) 

igure 11 a shows various terms of Eq. (8) with an additional 

treamwise transport term. It indicates that, although the mea- 

ured turbine wake loses symmetry downwind ( Fig. 11 b and 11 c), 

he axisymmetric assumption is reasonable for this simple for- 

ulation. Following the derivation in Ref [14] , with the assump- 

ion of the ratio between maximum deficit velocity U d and wake 

idth δ ( λ = U d /δ) is agnostic to pressure gradient [5,6] , the equa-

ion for estimating an axisymmetric-like turbine wake within wall- 

ounded shear is given by 
6 
d C 

d x 
= 

−λ2 
0 

U 

4 
b 

(
3 C 2 − 2 C 3 

)
×
[

1 

4 

d U 

4 
b 

d x 

C 3 

λ2 
0 

+ 

(
C 3 − C 4 

2 

)
d 

d x 

(
U 

4 
b 

λ2 
0 

)]
, (9) 

here λ0 (x ) = U d0 (x ) /δ0 (x ) is the ratio of the maximum deficit ve-

ocity over the wake width of the ZPG reference case. A boundary 

ondition set to match C(x = 2 d T ) from the PIV measurements is 

sed to solve the equation. 

Despite Eq. (9) was formulated for axisymmetric free shear 

ow, we note that it serves as a reasonable first approximation 

or wall-induced pressure gradient. It is due to the relatively small 

 

∂U 
∂r 

term illustrated in Fig. 11 a, and 

1 
r 

∂ 
∂r 

(r u ′ v ′ ) only contribute to 

he integral form of Eq. (8) at the lower bound. 

Figure 12 shows that the maximum velocity deficit from the 

ormulation and measurements exhibit minor differences; it is less 

han 3% for the ZPG and FPG 2 cases, and approximately 5% within 

 . 5 < x/d T < 3 . 5 in the APG 2 case. This minor effect may be due

o the shear sheltering effect commonly observed at the leeward 

ide of hills [14,32] . Despite that, there is no separation between 

he bulk flow and the boundary. 

The bulk effect of the pressure gradient on the wind-turbine 

erformance can be obtained by comparing the mean power out- 

ut, P , for the various scenarios shown in Fig. 13 . There, the mean

ower output is normalized with that of the ZPG reference case, 

 0 . The APG cases induce a power increase of over 3%. A more sig- 

ificant negative change was produced by the FPG consistent with 

hose shown in the velocity deficit contour of Fig. 4 . A control vol- 

me using the wake profiles in previous paragrpah allows estimat- 

ng the mean power output under the various PG. The control vol- 

me is taken to be a cylindrical shape covering the vicinity of the 

ind turbine rotor and streamwise extent of −2 . 5 < x/d < 4 . 5 . 
T 
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Fig. 12. Comparison of the simple formulation (solid line) and measurements (dash line) of the ( a ) normalized maximum velocity deficit C = U d /U b and ( b ) wake width δ

under APG 2 (blue), ZPG (black) and FPG 2 (red) cases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 13. Comparison of the modeled and the measured power output of the turbine 

P̄ / ̄P 0 under various pressure gradients. 
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The upwind velocity is taken uniform while the mean shear 

orrection is minor [33] . The wake downwind velocity, U w 

, is es- 

imated by Eq. (7) . The mean thrust, T , is calculated as 

 = ρ

∫ 
A 

U w 

( r, θ ) ( U b − U w 

( r, θ ) ) d A . (10) 

The wind-turbine power output is then estimated by P ≈ T U e , 

ith U e the effective velocity at the wind turbine rotor [33] . 

igure 13 shows the power estimated accounting and ignoring 

ake deflection. It also includes direct power measurements for 

omparison. Figure 13 shows that the largest power increment oc- 

urs for the APG 2 case. An over-estimation is expected due to 

ther factors not accounted for, e.g., mechanical loss. Additionally, 

he approximation of uniform incoming flow tends to overestimate 

he incoming energy flux. However, this formulation captures the 

rends for the various pressure gradients studied here. 

Here, we show that the flow recovery in the wake of a tur- 

ine placed right upwind a topographic region inducing a constant 

ressure gradient, favorable or adverse, is primarily modulated by 

he bulk flow acceleration and deceleration. The TKE and Reynolds 

hear stress played a minor role under the range of pressure gra- 

ients inspected. 

Based on this, we estimated the base flow over the topographic 

egion inducing pressure gradients using the linearized perturba- 

ion theory proposed by Hunt et al. [27] and superposed a wake 

ormulation [8] . Although the wake formulation was defined for 

dealized axisymmetric disks subjected to free shear flows, it rea- 

onably estimates the near and intermediate wake profiles under 

all-bounded conditions. This is due to a relatively minor wake 

eficit asymmetry and minor contribution of the radial deriva- 

ive terms in the integral momentum equation. Additionally, we 
7 
howed that the impact of the pressure gradient on the power out- 

ut may be estimated using a control volume approach using the 

pproximate wake estimation. Future work will focus on inspecting 

ufficiently large and variable pressure gradients induced by topo- 

raphic singularities. 
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