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10 Direct numerical simulations (DNS) of an incompressible turbulent boundary layer on an airfoil (suc-
1 tion side) and that on a flat plate are compared to characterize the non-equilibrium turbulence and the
12 effect of wall curvature on the flow. The two simulations effectively impose matching streamwise dis-
13 tributions of adverse pressure gradient (APG) quantified by the acceleration parameter (K). For the
14 airfoil flow, an existing compressible DNS carried out by Wu, Moreau and Sandberg, J. Fluid Mech.,
15 868, 584-610 (2019) of the flow around a controlled-diffusion airfoil is used. For the flat-plate flow, a
16 separate simulation is carried out with the aim to reproduce the flow in the region of the airfoil bound-
17 ary layer with zero to adverse pressure gradients. Comparison between the two cases extracts the effect
18 of a mild convex wall curvature on velocity and wall-pressure statistics in the presence of APG. In the
19 majority part of the boundary layer development, curvature effect on the flow is masked by that of the
20 APG, except for the region with weak pressure gradients or a thick boundary layer where the effect
21 of wall curvature appears to interact with that of APG. High-frequency wall-pressure fluctuations are
2 also augmented by the wall curvature. Overall, the boundary layers are qualitatively similar with and
23 without the wall curvature. This indicates that a flat-plate boundary layer DN'S may serve as a low-cost
2 surrogate of a boundary layer over airfoil or other objects with mild curvatures to capture important
25 flow features to aid modeling efforts.
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I. INTRODUCTION

Turbulent boundary layer flows are ubiquitous. Existing physical understandings and models of wall-
bounded turbulent flows are usually focused on equilibrium flows such as fully developed channels and turbulent
boundary layers with statistics that are invariant along the streamwise direction!. Yet, most flows encountered
in realistic applications are non-equilibrium flows, such as those characterized by unsteadiness and streamwise
varying pressure gradients that are induced by curvature of the wall. Existing turbulence models often yield
significant uncertainties in predicting flows with large departure from the equilibrium state>”’.

This work focuses on a type of boundary layers developed on surfaces with mild curvatures, such as airfoils
in low-speed fan applications. We focus on a subset of non-equilibrium boundary layers—those with streamwise
varying adverse pressure gradient and convex wall curvature. Typically, the pressure gradients experienced by
the boundary layer is generated by the wall curvature. The strength of a pressure gradient can be quantified
by the Clauser parameter®®, §(x) = (6*/7,)(dP./dx), where 8* is the displacement thickness, 7, is the wall
shear stress, dP.,/dx is the freestream pressure gradient and x is streamwise coordinate. For a non-equilibrium
boundary layer,  varies along the flow direction. Another dimensionless pressure gradient often used is the
acceleration parameter, K (x) = (v/U2)(dU../dx), where V is the kinematic viscosity, and U.. is the streamwise
freestream velocity.

The effects of APG on the boundary layer have been widely studied theoretically, experimentally and

numerically in the past decades'®-2

. The consensus is that APG leads to reduced wall friction compared to
that in a zero-pressure-gradient (ZPG) boundary layer, an increase in the outer peak of Reynolds stresses due
to excitation of large turbulent structures in the outer layer, a stronger wake in the mean velocity profile, and

augmented sweep events. Na and Moin '+!

investigated effects of pressure gradient on turbulent boundary
layer with and without separation using DNS. They found that in addition to the aforementioned effects of
APG, the two-point correlation of wall-pressure fluctuations is widened in the spanwise direction, and vice-
versa in the case of favourable pressure gradients (FPG). Moreover, the convection velocity of wall-pressure
fluctuations, defined based on the space-time correlation of the pressure fluctuations, is extensively reduced
in the presence of APG. Based on laser doppler anemometer measured statistics of a non-equilibirum APG
boundary layer, Aubertine and Eaton ' pointed out that even with mild pressure gradients (with § from 0 to
2), the boundary layer is non-equilibrium. Harun et al. '* carried out experiments to understand the effect of
pressure gradients. They showed that the large-scale structures across the boundary layer are more energized in
APG boundary layers compared to those with ZPG. Kitsios et al. '8
ZPG, mild APG (with 8 = 1) or strong APG on the verge of separation (with § = 39) based on DNS. They

found that in APG boundary layers the Reynolds stresses, turbulence production and dissipation rate all exhibit

studied equilibrium boundary layers with

an outer-layer peak. Lee and Sung?’ evaluated the effect of APG on turbulent structures, and found that under
APG, the average spacing of near-wall streaks is increased and the outer region of the boundary layer is filled
with streamwise aligned vortex packets. Monty, Harun, and Marusic ?* carried out parametric studies for APG
boundary layers based on measurements using hot-wire anemometry and found that, under approximately the
same 3 values, turbulent statistics do not vary significantly even with different Reynolds numbers. But with
different § values, turbulent statistics vary even with similar Reynolds numbers and acceleration parameters, K.

The Boundary layer flow statistics are not only affected by the local (x) value, but also its accumulated

history prior to that location. This is termed the “history effect” of the pressure gradient®?!>32428  Based
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on large-eddy simulations (LES) and DNS data on flat plate and airfoils, Bobke et al.?° and Vinuesa et al. **

studied the history effect of . They showed that, even with matched local 8 values, turbulent statistics between
boundary layers can be different, dependent on the flow development prior to that location and the streamwise
variation of 8. This also helps explain boundary layer development on airfoils, as studied by Vinuesa et al. >?°.

The effects of longitudinal convex wall curvature on turbulent boundary layers have already been stud-
ied!>*%#! Bradshaw**-3! showed that even a mild convex curvature weakens turbulent diffusion to the outer
layer. Ramaprian and Shivaprasad*> showed that a mild convex curvature reduces the Reynolds stresses in the
outer layer and enhances turbulent kinetic energy distribution to smaller scales. So and Mellor*® carried out
experiments with strong convex curvatures; they found that the Reynolds stresses decrease both near the wall
and in the outer layers. Gillis and Johnston* conducted experiments at medium and strong convex curvatures;
they showed that normalizing the wall-normal distance using the radius of curvature (R) collapses the wall-
normal Reynolds shear stress profiles. Established understanding of the effects was summarized by Patel and
Sotiropoulos *®: with a stronger convex curvature, there is considerable reduction in Reynolds stresses especially
in the outer region, a decrease in skin friction, increase in the wake in of mean velocity profile, and reduction
in turbulent diffusion to the outer layer. Most of these existing studies aimed to understand the sensitivity of
boundary layers to longitudinal convex curvatures, free of the interference of any pressure gradient. Thus the

pressure gradients were kept minimal in these studies.

II. OBJECTIVES

The objective of the present work is to understand the effect of convex curvature in the presence of APG
that is relevant to low-speed fan applications*>** (with Reynolds numbers based on the chord length below 10°)
and other applications with radii of surface curvature higher than around 50 times of the local boundary layer
thickness, such as a highly cambered airfoil close to its separation point in a turbomachinery. The purpose is
two-fold: one is to enrich the fundamental understanding of non-equilibrium turbulent boundary layers on a
curved wall, which is present in many engineering applications; the other is to gauge the suitability of using
flat-plate simulations on individual sides of the airfoil as low cost surrogates of airfoil-flow simulations for
DNS data collection to aid turbulence and aeroacoustics model*>? development. To this end, DNS simulations
of flow over the suction side of a controlled-diffusion (CD) airfoil®* and flow over a flat plate are compared.
Both flows are subjected to matching streamwise pressure gradient quantified by the acceleration parameter, K.
Comparison between the two cases isolates the effect of wall curvature.

The organization of the paper is as follows. The governing equations, numerical methods, parameters and
solver validation are described in Sec. III. Section IV presents results of the comparison on boundary layer
development and flow statistics (Sec. IV A to Sec. IV C), as well as characteristics of wall-pressure fluctuations

(Sec. IV D). Conclusions are provided in Sec. V.

III. APPROACH

Data on the CD airfoil flow are available from Wu, Moreau, and Sandberg >*>*. The distribution of K (x) of

the boundary layer on the suction side is shown in Fig. 1(a). Along the streamwise direction, the boundary layer
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& 1. (a) Sketch of the useful streamwise domain of the flat-plate DNS designed to match K (x) of the airfoil boundary layer from

x/c = —0.6 downstream. (b) Simulation domain and boundary conditions used in the flat-plate simulation.

first experiences FPG (K > 0), then ZPG (K = 0) near the mid-chord location and APG (K < 0) downstream.
A separate DNS of a flat-plate boundary layer is conducted and is described in this section. The simulation is
designed to match the K(x) distribution of the airfoil flow in the ZPG to APG region only (i.e. from around mid-
chord, x/c = —0.6, to the trailing edge x/c = 0, where c is the airfoil chord length). In the flat-plate simulation,
an x axis different from that in the airfoil simulation is used. The start of the useful region (x,) of the flat-plate
simulation corresponds to x/c = —0.6 location on the airfoil, as shown in Fig 1(a).

The incompressible flow of a Newtonian fluid is governed by the equations of conservation of mass and

ot ax,‘ axj 8x,~(9x,- '

momentum:
(9ui
ox 0, (D
du; 8u,uj:_8P+v °u; )

Here, x;, x, and x5 (or x, y and 7) are, respectively, the streamwise, wall-normal and spanwise directions, u;, u,
and u3 (or u, v and w) are the velocity components in those directions, ¢ is time, P = p/p is the modified pressure,
p is the density and v is the kinematic viscosity. The flat-plate simulation is performed using a well-validated
code that solves the governing equations (1) and (2) on a staggered grid using second-order, central differences
for all spatial derivatives, second-order accurate Adams-Bashforth semi-implicit time advancement, and MPI
parallelization®. An instantaneous flow variable ¢ (x,y,z,7) is decomposed as ¢ = (9) (x,y) + ¢'(x,y,z,1), where
(-) denotes spatial averaging in z and (-) denotes averaging in time.

For the flat-plate DNS, the freestream pressure gradient is imposed by prescribing the streamwise-varying
U..(x) at the top boundary of the domain (indicated in Fig. 1(b)); the wall-normal freestream velocity V..(x) is
obtained based on the conservation of mass®®. A fully turbulent boundary layer flow upstream of the useful
domain is obtained using the recycling/rescaling method of Lund, Wu, and Squires’. A convective outflow
boundary condition’® is used at the outlet and periodic boundary conditions are used in the spanwise direction.

The domain sizes in x, y and z are 930 6,, 100 6, and 80 6,, respectively. Here, 0 (x) = fo‘s U(x,y)[Ux(x) —
U(x,y)]dy/U.(x)?* is the momentum thickness and 6, is the 0 value at the x, location. § is calculated based on
the total pressure method**33-°, Specifically, the wall-normal profile of mean total pressure at each streamwise

location, P,(x,y) = 0.5pU (x,y)> + P,(x,y) (where P, is the total pressure, P, is the mean static pressure, and
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[ 2. Validation of boundary layer simulations. (a) Skin friction coefficient comparison between present test case ( ) and
ZPG boundary layer DNS of Schlatter and Orlii ® (o); (b) Skin friction comparison between present test case ( ) and APG

boundary layer DNS data of Na and Moin '* (o). (c,d) Comparisons of streamwise mean velocity ( ) with Na and Moin'#
(0): (c) before detachment (x/6* = 100, 115, 130 and 145 in arrow direction) and (d) after reattachment (x/§* = 270, 285, 300
and 330 in arrow direction).

U = (u)) is calculated; the wall-normal location at which P, reaches 95% of its maximum value is defined as
the edge of the boundary layer. The streamwise length of the recycling/rescaling region is 756,. The x, is
located at 150 6, downstream from the most upstream location of the domain. The pressure gradient is applied
starting from x, for 400 6, downstream, up to the corresponding trailing-edge location of the airfoil. Uniform
grids are used in x and z, while in y the grid is refined near the wall. The x and z grid sizes in wall units are
Ax" € [4,10] and Az" € [2,5]. In y, the smallest grid size (at the wall) for each x is Ay;. € [0.06,0.15]. The «’
two-point correlation at a spanwise separation of half the spanwise domain size is less than 0.1, indicating that
the spanwise domain size is sufficiently large. The total number of grid points are 1536, 200 and 256 in x, y and
z directions, respectively. The total averaging time for simulation is 7' = 30000, /U,. The Reynolds numbers
based on the momentum thickness (Reg) at the x, locations are 320 in both cases.

The fluid solver was validated by running a ZPG flat-plate boundary layer simulation and comparing it with
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) at the inlet of the boundary layer flow (or x/c = —0.6
161

¥l 3. Comparison between airfoil (=== ) and flat-plate cases (

location on the airfoil): (a) streamwise mean velocity and (b) Reynolds stresses normalized by inner units. o Spalart®' data at a

similar Reg.

the results of Schlatter and Orlii® with similar Reynolds numbers. The comparison of skin friction Cy(x) =
27, /pU2 shows excellent agreement in Fig. 2(a). To validate the prescription of the mean pressure gradient
at the top boundary, another DNS was carried out to reproduce the results of a separating boundary-layer flow
conducted by Na and Moin'*. Very good agreement in C; is shown in Fig. 2(b), and in the mean velocity

profiles before and after the boundary layer separation, as shown in Figs. 2(c) and (d) respectively.

IV. RESULTS
A. Statistics at the inlet of flat-plate boundary layer

From here on, the x, location at the airfoil is set as x = 0 (and called the “inlet”) for the flat-plate simulation.
Before comparing the developments of the flat-plate boundary layers and the airfoil one in the APG region, the
extent to which the flat-plate boundary layer inlet represents the airfoil boundary at x/c = —0.6 is evaluated in
this section. Both single-point and two-point statistics are compared between the flow at x = 0 for the flat-plate

boundary layer and the flow at x/c = —0.6 for the airfoil boundary layer.
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In Fig. 3, the comparisons of the streamwise mean velocity and the Reynolds stresses are shown, together
with the results of a ZPG boundary layer simulation by Spalart®' at a similar Reynolds number of Rey ~ 300.
The profiles of all cases match very well. The mean velocity profile in the airfoil simulation is slightly lower in
the outer region, which is probably due to the FPG imposed upstream of this x location because of the airfoil
curvature. The friction coefficient is approximately 5 percent higher in the airfoil case, consistent with the
difference in the U7 value shown in Fig. 3(a). For the root-mean-square (r.m.s.) velocities and Reynolds shear
stress, the differences between the three cases are within 5 percent.

Next, the structural characteristics of the two cases are compared using two point velocity correlations, R,

which is defined as

Ruu(rxaryvyref) = <M'(X7Yref,z7l)u'(x+meref+Vy,ZJ)>/(ﬁ>(yref), 3)
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where r,, is the separation in x; direction and y is the elevation at which the correlation is centered. In
Figs. 4 and 5, the two-point correlations of #’ and V' in x-y and x-z planes are compared, centered near (y/6 =0.1)
and away (y/d = 0.8) from the wall.

First, the x-y contour lines of the auto-correlations of #’ centered at a near-wall and an outer elevations are
shown in Figs. 4(a) and (b) respectively. In Fig. 4(a), the spatial extent and shape of the contour lines represent
the size and shape of the coherent structures of '. These characteristics agree well across the cases. At a low
correlation level of 0.05, the overall length of structures vary between 6 to 85 for all cases. But at correlation
levels higher than 0.15, all of the cases lie in close proximity. The correlation centered at y = 0.88 (Fig. 4(b))
shows velocity correlation across the boundary layer. Some differences are observed in correlations outside
boundary layer (in the region y/d > 1), which could be due to the difference in the top boundary condition
between the two cases.

The correlations of #' and V' in the x-z plane at y = 0.1 and 0.88 are shown next in Fig. 5. The region
of positive auto-correlation of ' shows the extents in x and z of near-wall low-speed streaks. The extent is
larger on the airfoil than on the flat plate, which is due to the FPG region in the airfoil boundary layer prior
to x/c = —0.6. It is known that FPG stabilizes near-wall coherent motions associated with a lower bursting

21,56,62,63

frequency and, consequently, leads to elongated near-wall streaks . Similar observations are made for
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the V' auto-correlation. These results are overall consistent with the observations made by Sillero, Jiménez,
and Moser® for a flat-plate ZPG boundary layer with Re, ranging from 2780 to 6680, indicating that velocity
correlations are weakly sensitive to the Reynolds number.

These results demonstrate that the boundary layer over the airfoil is fully turbulent at x/c = —0.6, after
the laminar separation bubble at the leading edge and the subsequent transition to turbulence. The comparison
also provides confidence that the inlet state of the flat-plate flow essentially matches that in the airfoil boundary
layer at x/c = —0.6. The developments of the two boundary layers from this streamwise location downstream

are compared in the next section.

B. Boundary layer development

Figure 6(a) shows the distributions of the acceleration parameter K(x) that are designed to match between
the two cases. Note that K(x) is calculated at the edge of the boundary layer, y/8(x) = 1. The streamwise
variations of the mean pressure at the wall in the two cases also match very well, as shown in Fig. 6(b). This
justifies the setup of the present comparison; any significant difference in the boundary layer development
between the two cases would be a result of the additional wall curvature in the airfoil case.

First, the streamwise variations of the strengths of wall curvature and APG are evaluated. The strength of
wall curvature can be quantified by the ratio between the boundary layer thickness and the radius of curvature;
it is shown in Fig. 7(a). The increasing 6 /R along x toward the trailing edge indicates that curvature effects are
strengthened along the streamwise direction’*343%38; this is predominantly due to the growth of the boundary
layer. The §/R ratios in the airfoil case fall in the range from small*®3! to mild**** values (§/R < 0.05) as
discussed in Patel and Sotiropoulos 3#.

Next, the Clauser parameter (Fig. 7(b)) shows an increase along x in both cases. As 3 is obtained as
the pressure gradient normalized using u., an increase of f(x) along x suggests that the mean pressure force
relative to near-wall forces becomes stronger with increasing x. The 3 values are similar between the two cases
throughout most part of the boundary layer. Near the trailing edge, however, B is higher in the airfoil case,
despite matching K (x) and wall-pressure gradient between the two cases; this is due to the lower wall friction
in the airfoil case near the trailing edge as discussed next.

The displacement thickness normalized by the momentum thickness at the inlet, 6*(x)/6,, and the wall

friction coefficient are compared in Figs. 7(c) and 7(d), respectively. The overall variation of §*(x) matches



202

204

205

206

208

209

210

211

212

213

214

215

0.02 : : : , )
/’ 10 [
V4
0.015¢
= S
L) ,/ 5 1.
0.01 et
0.005 : : : 0
0 100 200 300 400 0
(a) x/0o (b)
20 1.2
15}

200
%78,

400 0
(d)

0 100

200
z/6,

300 100

Kl 7. Streamwise developments of the ratio between boundary layer thickness and radius of curvature (a), Clauser parameter

(b), displacement thickness (c), and skin friction coefficient normalized by its value at x, (d), for the airfoil (——-) and flat-plate

(

) cases.

well between the two cases, except for the region near the trailing edge where it increases faster in the airfoil
case, which is most likely an APG effect due to the augmented 8 values along x. The comparison of Cy(x)
normalized by their respective values at x, shows a faster reduction of wall friction in the airfoil flow than the
flat-plate one in two regions: x/6; < 150 (where 8 < 1, i.e., weak-APG region) and x/6, > 290 (where 8 > 6,
i.e., strong-APG region). In the weak-APG region, the lower Cy in the airfoil case is probably a manifestation
of the effect of wall curvature observed in the past for ZPG flows 39343338 In the strong-APG region near the
trailing edge the lower C; in the airfoil case may be due to the strengthened curvature effect (i.e., high 8 /R ratio)
in this region with a thickened boundary layer. The higher displacement thickness and lower Cy in the airfoil
trailing edge region compared to the flat-plate case may also be due to the abrupt change in boundary conditions
at the trailing edge and the airfoil wake generation downstream®, affecting boundary layer growth immediately

upstream of the trailing edge. Yet, for most part the flow 6* and C; are similar between the two cases.

C. Mean streamwise velocity and turbulent statistics

Figure 8 compares wall-normal profiles of the streamwise mean velocity and turbulent statistics at different

stations along the streamwise direction. These locations are marked alongside the streamwise variation of 8 in

10
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Fig. 8(a). The flow statistics are normalized by u,. The variations of the mean velocities (Fig. 8(b)) and Reynolds
stresses (Fig. 8(c,d,e)) are overall similar throughout the boundary layer development between the two cases.
Specifically, the wake of the mean velocity becomes intensified due to the imposed APG. The Reynolds stresses
normalized by u, are augmented throughout the boundary layer, associated with the decrease of wall friction.
For the r.m.s. velocity u,,;, a prominent outer peak appears at the most downstream station due to the strong
APG. The augmentations of the r.m.s. velocity v,,; and the Reynolds shear stress in the outer layer are also
evident.

The blue overall agreement between the profiles in both cases up to around x/6, = 325 suggests that for the
majority part of the flow the curvature effect (though increasingly strengthened as the boundary layer develops)
is masked by the APG effect without significant modification of turbulence statistics. the low-APG region
(x/6, < 175), A slightly lower outer-layer Reynolds shear stress magnitude is observed in the airfoil case than

in the flat-plate case as shown in Fig. 8(e). This is consistent with previously observed effect of curvature in

11
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ZPG flows!'*3%#, The main differences between the two cases are seen in the strong APG region at x/6, = 350.
Specifically, the airfoil case yields a noticeably stronger velocity wake, as well as higher outer-layer turbulence
intensities and Reynolds shear stress magnitude, compared to the flat-plate case. These phenomena suggest
an effectively stronger APG present in the airfoil flow, consistent with the higher 8 at x/6, = 350 than in the
flat-plate case as shown in Fig 8(a). It is therefore inferred that 8 is more appropriate than K as an indicator for
the extent to which the turbulence statistics are affected by freestream pressure gradients.

These results above indicate that the airfoil boundary layer is overall similar to a flat-plate boundary layer
subjected to the same pressure gradients. The increased airfoil curvature or trailing edge effects® for x/6, > 300,

appears to quantitatively modify the boundary layer turbulence statistics by modulating 3.

D. Wall-pressure statistics

In aeroacoustics models used to predict far-field noise generated by the flow past an airfoil, the wall-
pressure statistics (such as the power spectral density (PSD) and the streamwise and spanwise correlations
of wall-pressure fluctuations) provide the main input parameters to predict far-field noise generated by the
boundary layer. In this section, wall-pressure statistics between the airfoil and flat-plate cases are compared to
pinpoint the curvature effects on wall-pressure statistics.

Figure 9(a) compares the streamwise variation of the wall-pressure r.m.s. An overall match is seen between
the cases till x/6, ~ 300. Further downstream, more intense wall-pressure fluctuations are observed for the
airfoil case, again consistent with the effect of an effectively stronger APG'>6¢67,

The power spectral densities of wall-pressure fluctuations, ®pp, are calculated using fast Fourier transform
with the Welch periodogram technique and Hanning window with zero padding, at three streamwise locations
of the flat-plate case: x/6, = 0, 290 and 340. These x locations correspond to the following sensor locations in
the airfoil case™, respectively: sensor 7 (in the ZPG region) and sensors 21 and 24 (both in the APG region).
Figure 9(b) compares the airfoil and flat-plate cases at x/60, = 0. At very high frequencies f (i.e., 10 kHz),
the PSD levels are slightly lower in the flat-plate case, but an overall match is observed for the majority of the
frequency range. This suggests that any effect of the history of airfoil boundary layer prior to the flat-plate inlet
location is minimal on the wall-pressure spectrum.

In Fig. 9(c), the PSDs are compared at x/6, = 290. At this x location the 3 values are similar between
the two cases (Fig. 7(b)). The PSD levels in both cases overlap in the low- and mid-frequency ranges. But
for frequency higher than 7000 Hz, a faster drop of PSD level with increasing frequencies is observed for the
flat-plate case. Thus the effect of convex curvature on wall-pressure PSD appears to be an augmentation of
high-frequency contents.

At x/6, = 340 near the trailing edge shown in Fig. 9(d), a faster drop in high-frequency levels with in-
creasing frequency is again seen for the flat-plate case, for a wider range of frequencies starting from 4000 Hz.
Such a difference in a wider range of the frequency spectrum than at upstream x locations is expected as the
wall-pressure r.m.s. are significantly different, higher in the airfoil case, at this location (Fig. 9(a)). In addition,
the spectrum in the airfoil case displays a local peak at high frequencies between 10 kHz and 20 kHz, which is
likely acoustic and caused by the extra noise source in the airfoil wake as seen in the compressible DNS studies

of Wu, Moreau, and Sandberg 3*. Such an acoustic hump at high frequency is not observed in the flat-plate case
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& 9. (a) Variation of r.m.s. wall-pressure fluctuations in airfoil (=== and flat-plate ( ) cases. Vertical dotted lines indicate

x locations used for comparison in (b,c,d), associated with sensors 7, 21, 24 on airfoil>*. Power spectral density of wall-pressure
fluctuations at (b) x/6, =0, (c) x/6, = 290, and (d) x/6, = 340. In (b-d), vertical lines indicate the frequency at which the
difference between both cases is at around 5 percent.

for which an incompressible solver is used.
The spanwise coherence of wall-pressure fluctuations at each frequency can be quantified using the span-

wise coherence function®”%, y2, defined as:

_ [ Wer(x i )P

X1 f) = ————F5 “4)
rwras) @pp(x, f)?
where Wpp is the cross spectral density of wall-pressure fluctuations at any two spanwise locations at a given x:
1 oo
Wop(x,rs f) = o </ P'(x,0,7,0)P'(x,0,z+r,,t +7) exp(i27rf7:)dr> , %)

T is a time separation, and r, is the spanwise separation between the two points.

Figure 10 compares the spanwise coherence of wall-pressure fluctuations at x/6, = 0 and 290 on the airfoil.
Atx/6, =0 (Fig. 10(a,b)), the coherence distribution is approximately uniform at all frequency levels. This is
seen for both flat-plate and airfoil cases. Atx/6, =290 (Fig. 10(c,d)), the spanwise coherence is significantly
widened at frequencies lower than 3000 Hz for both cases. This increase in coherence for wall-pressure statistics
due to APG is consistent with previous observations of Na and Moin 1.

The spanwise coherence at two specific frequencies of 1500 Hz and 4500 Hz are quantitatively compared in

Fig. 11 at the two x locations. For both cases, a faster decrease in coherence with a larger spanwise separation is
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observed for 1500 Hz than for 4500 Hz, at both x locations. This is consistent with the overall shorter spanwise
coherence extent at the lower frequency as shown in Fig. 10. One difference between the two cases is the
consistently shorter spanwise coherence for different frequencies in the airfoil case at the ZPG location of the
airfoil (x/6, = 0). This is thought to be an history effect of the upstream FPG in this case. Na and Moin '*13
also observed that FPG leads to a decrease in wall-pressure correlations with spanwise separations. In addition,
a shorter coherence is seen for the airfoil case than the flat-plate one for the lower frequency at x/6, = 290. This
could indicate that the convex wall curvature reduces the spanwise coherence of wall-pressure fluctuations at
low frequencies. Another possible explanation is that the difference seen in the ZPG region is inherited by the

flow and still present at this downstream location.
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& 11. Zoomed-in plots showing spanwise coherence function at x/6, = 0 (a) and 290 (b) in airfoil (top) and flat-plate (bottom)
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of spanwise coherence function with spanwise separation at x/6, = 0 (c) and 290 (d) for 1500 Hz ( ) and 4500 Hz (—- —),
in airfoil (red) and flat-plate (black) cases.

V. CONCLUSIONS

This study characterizes the effect of wall curvature in the presence of APG, in a setup designed to approx-
imate typical flows on the suction side of a fan blade with a CD airfoil. To this end, flow statistics are compared
between two DNS simulations of turbulent boundary layers over a flat plate and an airfoil with matching ac-
celeration parameter, K (x), in the ZPG to APG region of the boundary layer. At the “inlet” of the flat-plate
simulation (located in the ZPG region of the boundary layer), the single-point statistics of velocity and wall
pressure match well between the two cases. However, two-point statistics display quantitative differences in the
extents of spatial coherences of velocity and wall pressure that are attributed to the history of upstream FPG
flow in the airfoil case, absent in the flat-plate simulation.

As the boundary layer develops, the strength of pressure gradient relative to near-wall forces (measured
by the Clauser parameter, 3) and the strength of wall curvature (measured by 8 /R) are both intensified. In the
majority part of the boundary layer development, curvature effect on the flow appears to be masked by that of
the APG. A few exceptions include the following. Far from the trailing edge (where the pressure gradient is
relatively weak), the skin friction is lower in the airfoil case, consistent with the curvature effect observed in
ZPG flows in the literature. In addition, near the trailing edge the outer-layer Reynolds stresses in the airfoil

case is stronger than those in the flat-plate case, opposite from the expectation in a ZPG flow as found in past
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studies. This suggests that, there, the APG effect (on augmenting outer-layer Reynolds stresses) is amplified
and it dominates that of the curvature. Such an amplified APG effect in the airfoil case is consistent with the
higher local 8 values than in the flat-plate case, suggesting that 8 is more appropriate than K as an indicator for
the extent to which the turbulence statistics are affected by the mean pressure gradients. This higher 8 in the
airfoil case may be attributed to the effect of curvature in reducing wall friction. As a result, one may conclude
that in flows where pressure gradients are present the convex wall curvature indirectly augments the effect of
pressure gradients on the boundary layer.

The statistical differences in wall-pressure fluctuations between the two cases are also quantified. The wall-
pressure r.m.s. are more intense in the airfoil case approaching the trailing edge, which could be attributed to the
higher . In addition, the wall curvature appears to augment high-frequency fluctuations of the wall pressure.
Thirdly, at the ZPG location the airfoil case gives more limited spanwise coherence of wall-pressure fluctuations
at a wide range of frequencies due to the upstream FPG flow. Such a difference in coherence persists throughout
the boundary layer development.

Other factors beside the wall curvature are also expected to contribute to the differences between the results
of the two DNS simulations, mainly in the region close to the trailing edge. First, the lower wall friction and
thicker boundary layer near the trailing edge in the airfoil case may also (at least partially) be attributed to
trailing-edge effects®>, which are absent in the flat-plate simulation as the trailing edge is not simulated. In
addition, the incompressible solver in the flat-plate simulation do not resolve acoustic fluctuations. This is
probably the reason of the lack of a high-frequency hump in the wall-pressure spectra near the trailing edge,
which is believed to originate from noise source in the airfoil wake®.

The results demonstrate the modulation of APG effects on the flow by a convex wall. Overall, the boundary
layer development, turbulence statistics and wall-pressure statistics are qualitatively similar with and without the
wall curvature. This indicates that incompressible flat-plate boundary layer simulations similar to the present
one can serve as low-cost surrogates of flows past an airfoil or other objects with mild curvatures to capture
essential features of the developing boundary layer, for the purpose of turbulence and aeroacoustics models
development. In other words, incompressible flat-plate boundary layers may be used to construct numerical
databases used for modeling development, instead of using more expensive airfoil boundary layer simulations,

as they reproduce key flow dynamics in a boundary layer developing on a curved airfoil blade.
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