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This paper reports the findings from a study that applies wall-resoled large-eddy simulation to investigate
flow separation over the NASA wall-mounted hump geometry. Despit its conceptually simple flow configu-
ration, this benchmark problem has proven to be a challenging testase for various turbulence simulation
methods that have attempted to predict flow separation arising fom the adverse pressure gradient on the aft
region of the hump. The momentum-thickness Reynolds number ohie incoming boundary layer has a value
that is near the upper limit achieved by recent direct numerical simuldion and large-eddy simulation of in-
compressible turbulent boundary layers. The high Reynolds numbebf the problem necessitates a significant
number of grid points for wall-resolved calculations. The present simlations omit the end plates used in the
actual experiment and are performed on a spanwise-periodic doma with a specially contoured top tunnel
wall that attempts to duplicate the flow blockage effect of the engblates. The calculations provide a reasonable
estimate of the separation-bubble length (error in the range 0.2 to 9.4%) and good overall prediction of the
skin-friction distribution, including the plateau observed over the front portion of the hump that we attribute
to the well-known tendency of flow relaminarization in the region of stong favorable pressure gradient. We
discuss a number of problems that were encountered during the cwse of this work and present possible so-
lutions. A systematic study regarding the effect of domain span,ubgrid-scale model, tunnel back pressure,
upstream boundary layer conditions, grid refinement, upstream Mach number and top wall contour is per-
formed. The predicted separation-bubble length is found to be sesitive to the span of the domain, upstream
Mach number and details of the top wall contour.

[. Introduction

Smooth-body flow separation is an important problem of jcattnterest, due to its appearance in many tech-
nological applications. The problem involves a boundaygtattached to a solid surface, which becomes detached
from the surface after interaction with an adverse presgua@ient generated by a change in body contour or the pres-
ence of a shock. This phenomenon commonly occurs in flowsawenaft wings, helicopter rotors, turbomachinery
blades and high-lift configurations, to name a few. Sepamaiften leads to increased aerodynamic drag, stall and re-
duced system performance. Such separated flows are ggribffedult to predict because they involve high Reynolds
number turbulence. These high Reynolds number flows have traditionally studied using techniques such as
Reynolds-Averaged Navier-Stokes (RANS) calculationd]-madeled large-eddy simulations (WMLES) or hybrid
RANS-LES type approaches. In the case of RANS, availableutance models commonly fail to properly account
for non-equilibrium effects in separated flows, and theeefeave room for improvement. An example demonstrating
the failure of RANS in a low-speed flow separation problemlpafound in the paper by Rumsey etalhe problem
involves a wall-mounted hump geometry, also known as the AASmp, representative of the upper surface of an
airfoil, as depicted in Figuré(a). The aft portion of the hump generates an adverse peegsadient, which causes
boundary layer separation @afc ~ 0.665 and flow reattachment further downstreamgat ~ 1.11. Figurel(b)
depicts the failure of RANS in the prediction of separatiipble length, which is overestimated by ab®&ffo.

We note here that the experimental setup includes end @#teshed to the wall hump model, as seen in Figure
1(a). Almost all simulations of this test case to date, ingigdthe present work, omit these end plates and have
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(a) Experimental model. (b) Skin friction predicted by RANS.

Figure 1. NASA wall-mounted hump experimeng.

been performed on a spanwise-periodic domain instead.vBgaiperiodic calculations of the problem usually use a
specially contoured top tunnel wall that attempts to dgtéche flow blockage effect of the end plates. This point is
discussed in more detail in sectidh.A.

In addition to RANS, this benchmark problem has been comynsiuidied using WMLES (e.g., see the studies
of Avdis et al.? Shur et al? Park® Duda and Fare$Jyer and MaliK). In WMLES, the critical near-wall region of
the turbulent boundary layer is modeled, rather than resblo avoid stringent grid resolution requirements. Diespi
generally promising results from these studies, the ovsuatess of WMLES at present can be characterized as mixed
at best. The success or failure of WMLES in separated flowsglyadepends on the accuracy of the wall model
employed in the near-wall region. While wall models have bemposed for both equilibrium and non-equilibrium
conditions, the true performance of some wall models is tmadsess since certain critical information, such asserfa
skin-friction distribution, is not always provided or gidnvergence of the solution is not clearly demonstrateomFr
aerodynamic considerations, the skin-friction distribnis one of the most important quantities and WMLES usually
does not yield satisfactory results for this quantity. Téeent study by lyer and Malfkshowed in particular that for
the NASA wall-hump problem, the skin friction predicted bWAMLES based on an equilibrium wall model needed
improvement. For the current configuration, there is alsegéon of strong favorable pressure gradient over the front
part of the hump, where RANS and WMLES both tend to yield inaatmuskin-friction distributions.

There have also been studies of the wall-mounted hump proivievhich traditional LES was applied without
any wall models (e.g., see the studies by You €t ahd Franck and Colonitls However, careful examination of
these studies reveals that the near-wall grid resolutiomgeat sufficient. In particular, the boundary layer resolut
in wall units reported by You et &l.cannot be attained with the number of grid points used (abéutillion points
total) and therefore, is in error. As will be discussed, artore grid points are needed for a wall-resolved simulation
at high Reynolds number. Even though these prior studies tegported some encouraging results, we believe that the
practice of performing an LES using an under-resolved gitdaut wall modeling is ill-founded because the near-wall
region of the boundary layer has to be modeled if the gridiséiem is not sufficient to properly resolve that region.

A survey of the current literature confirms the lack of welsolved turbulence simulations for complex separated
flows at high Reynolds number. To our knowledge, for the NAS#np problem, the best-resolved simulation prior
to the current work is the coarse-grid “DNS” performed by tPasd Fasel® This DNS is labeled “coarse-grid”
because the resolution in wall units is more in line with alwesolved LES (WRLES) rather than DNS. A total of
210 million points were used in their DNS with a relatively smglanwise domain df.142¢, wherec is the hump
chord length. Despite reasonable overall agreement, gndighed separation-bubble length was found to be larger
than that in the experiment. A more recent WRLES was conddotettie same problem by Yeh et This WRLES
was performed at half the experimental Reynolds number and §panwise domain @f2¢, using93 million grid
points. The predicted separation-bubble length was ldahgar the experimental measurement by al20Gs.

Well-resolved simulations of complex separated flows ary vare in the literature mainly because of the ex-
tensive computational resources required. To addressi¢isiency and generate detailed data needed for a better
understanding of the problem at hand, WRLES of the NASA hurmglenark test case is performed using ugio
million grid points in the present work. A systematic stuégarding the effect of domain span, subgrid-scale (SGS)
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model, tunnel back pressure, upstream boundary layer thomsli grid refinement, upstream Mach number and top
wall contour is performed. As will be seen, the separatiobkte length is found to be particularly sensitive to the
span of the computational domain, upstream Mach number etadsiof the top wall contour. This paper will also
discuss the main problems encountered during the couréésofiork and present viable solutions.

lI. Computational Methodology

The code used in the present study solves the unsteady liodlg-dimensional compressible Navier-Stokes equa-
tions discretized on multi-block structured and overstgrA turbulence simulation can be run in the form of direct
numerical simulation (DNS), large-eddy simulation (LE&¢Jayed detached eddy simulation (DDES) or unsteady
Reynolds-Averaged Navier-Stokes (URANS) calculation.

The code employs an optimized prefactored fourth-orderpamnfinite-difference schertfeto compute all spa-
tial derivatives. This optimized scheme offers improvespérsion characteristics compared to standard sixth- and
eighth-order compact schem¥s To eliminate spurious high-frequency numerical oscitlasi that may arise from
several sources (such as grid stretching, unresolved tiohis and approximation of physical boundary conditions)
and ensure numerical stability during the simulation, wsoa@mploy a sixth-order compact filtering schethé?
The overset-grid capability is useful in meshing compleargetries and avoiding grid-point singularities. To main-
tain high-order accuracy throughout the entire computatidomain, we perform a sixth-order accurate explicit La-
grangian interpolatioff whenever overset grids are used. A Beam-Warming type appabely factorized implicit
scheme is used for the time advancenténtlore details of the simulation methodology are given intedgpublica-
tions18-21 Successful applications of the methodology to some waliabed flow problems can be found in papers
by Uzun and coworkers:22:23

lll. Test Case: Flow Separation Over NASA Wall-Mounted Hump

The test case studied in this paper involves low-speed flpara&ion over a wall-mounted hump geometry, also
known as the NASA hump, representative of the upper surfhaa airfoil, as depicted in Figurga). In the follow-
ing sub-sections, we provide a description of the expertalesetup and computational modeling, discuss the main
problems encountered and examine the simulation results.

A. Experimental Setup and Computational Modeling

An experimental investigation of the NASA wall-mounted hyrdepicted in Figuréa, was conducted by Greenblatt
et al? The reference length scale is taken as the hump chord length}20 mm. The Reynolds number based on
freestream velocity and chord length has a valu®&ef ~ 936, 000. As will be discussed, there is some uncertainty
regarding the momentum-thickness Reynolds number of tbenimg boundary layerRey, measured about two
chord lengths upstream of the hump. The experimental striginally reported a value afey = 7200. Our estimate
for this parameter iRey ~ 6454, as discussed in sectioh .B.1. Regardless of the exact value, sugby values
are relatively high from a computational point of view, as thighestRe, achieved by DN&' and WRLES® for
incompressible turbulent boundary layers at the time o writing is 6500 and8300, respectively. Because of the
high Rey, a significant number of grid points is needed for the wadlbheed calculations in the present study.

The freestream Mach number upstream of the huntplis The experimental setup includes end plates attached
to the model as depicted in Figufie. Modeling of these end plates in a wall-resolved simutatimuld prove
computationally very expensive. The simulations theefme a periodic spanwise domain. The simulations consider
two spans of).2¢ and0.4¢. The distance between the end plates in the experimdntds The flow blockage effect
caused by the end plates in the experiment causes additiowahcceleration over the hump. A specially contoured
top wall that mimics this effect is therefore used here. Fedtidepicts the main features of the problem under
investigation and also shows the specially contoured tdp Wéore details can be found on the NASA Turbulence
Modeling Resource website at: http://turbmodels.lakangov/nasahumypal.html @ The original top wall contour
shown in Figure2 was obtained in an ad hoc manner from the ratio taken betwemmproximate local cross-
sectional area of the end plates and the local cross-sataosa of the tunnel above the splitter plate. The top wall
was then scaled by this factor to construct the original @antin reality, the boundary layers developing on the end
plates will create additional blockage while the cornerticess generated at the junction of the end plates and the

A\\ebsite last accessed 12 December 2016.
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hump will cause further complications. Expecting the sienfdp wall contour to account for all of these effects is
unrealistic. We examine the possible influence of the top emdtour on the predictions by performing a simulation
with a modified top wall contour, as discussed furthellirD.2.

The experimental chord-based Reynolds number is matctetlgin all simulations. The experimental Mach
number is also matched exactly in the narrow-span case. heowide-span case, the Mach number is initially in-
creased td).2 to speed up the calculations since the computational cosases with decreasing Mach number for
our compressible flow solver. This change is made on the gstamthat the flow would be mostly insensitive to
compressibility in the low Mach number regime. As will be isethis turns out to be an invalid assumption once
we examine the Mach number effects in more detail. The Machhau is subsequently changed back tbfor the
remainder of the wide-span calculations. Further detdilee@simulations are provided in sectidh.C.

Contour on top wall approximates
the effect of end plates

Top wall is modeled

as an inviscid wall
1.372
1.273
1.174
- 1.074
0.975
0.876
0.776
0.677
0.578
0.478
0.379
0.280
3 : 0.180
T— 0.081
-0.018
-0.118
H -0.217
Separated flow region e
-0.416

Turbulent boundary layer
approaching the hump

Wall-mounted hump
Figure 2. Main features of the NASA hump problem depicted in tems of instantaneous normalized streamwise velocity contos. (Only
part of the full streamwise extent of the computational doman is shown.)

B. Problems Encountered

Before examining the computational results, we discusswben of important problems that were encountered during
the course of this work and present possible solutions.

1. Experimental Incoming Boundary Layer Details

The first problem is concerned with the details of the incaroundary layer measured atc = —2.14 in the
experiment, where: denotes the streamwise distance measured from the humipdeadbe (located at/c = 0).
Although the experimental stuélpriginally reported a momentum-thickness Reynolds nunafeiRe, = 7200 at
that location, the momentum-thickness integral of the mesdacity profile obtained from a RANS calculation (that
matches the experimental mean velocity préfii@rovides a lower value oRey ~ 6454. The comparison between
this RANS mean velocity profile and the experimental measert is shown in Figur8. Moreover, the experimental
skin-friction measuremefittaken atr/c = —2.14 provides a normalized friction velocity value of /., ~ 0.0378.
The corresponding Reynolds number based on the experimeniadary layer thickness and friction velocity is
Re, =~ 2225. For a canonical flat-plate turbulent boundary layer, thitibn velocity corresponds t®egy ~ 5000.
Flat-plate turbulent boundary layer data available from®Nand WRLES® were examined to determine thie,
corresponding to the reported skin-friction velocity. @ig4 shows the flat-plate turbulent boundary layer profiles
from these DNS and LES f&000 < Rey < 7000 in the form of mean streamwise velocity and streamwise tertne
intensity, and the comparison with the experimental mesamant. We see that none of the computational profiles are
an exact match to the experimental profile. These findinggesighat the boundary layer upstream of the hump in
the experiment (at/c = —2.14) is perhaps not precisely a flat-plate turbulent boundargrla

Given this uncertainty in upstream boundary layer cond#jonve considered two options for the simulations.
The first option is to match the reported upstream skin ficin the experiment and hence g&ty, = 5000 for the
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Figure 3. Comparison between RANS-predicted mean streamwe velocity profile and experimental measurement at/c = —2.14.

incoming boundary layer upstream of the hump. A turbulefibin generation technique that generates a canonical
flat-plate turbulent boundary layer &y = 5000 can be employed for this purpose. The second option is to take
the mean velocity profile available from RANS and add theulebt fluctuations to this mean profile using an inflow
generation technique. We use only the first option for theawasspan calculation but explore both options for the
wide-span case. For the turbulent inflow generation, a 8pe@rsion of the rescaling-recycling technique, discdsse
in Uzun and Hussairf€ is used. This inflow generation method is additionally augi®e with several modifications
proposed by Morgan et &.to eliminate possible energetic low frequencies that magrhificially introduced by the
turbulent inflow generation technique. The distance betvike inlet and recycle stations i§ times the incoming
boundary layer thickness. This distance is in the typicayommended range.

wall hump experiment inflow

wall hump experiment inflow
— flat plate DNS, Rg = 5000
e = flat plate DNS, Rg = 6500 ——
BF flat plate LES, Rg = 7000

20 F
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(a) Mean streamwise velocity profiles in wall units.
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(b) Streamwise turbulence intensity profiles in wall units.

Figure 4. Comparison of experimental inflow measurements wh flat-plate turbulent boundary layer data from DNS 24 and LES?®.

2. Grid Size for WRLES

The second problem is concerned with maintaining a reasegaidl resolution while keeping the total number of grid
points at a manageable level for the available computdti@saurces. A proper WRLES requires a significant grid
resolution in the near-wall region of the turbulent bourydayer. This is because energy-containing small eddidsein t
near-wall region need to be resolved and are not accountedtéarately by the SGS modeling. Our preliminary tests
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on a canonical flat-plate turbulent boundary layer showtti@present methodology requires a streamwise resolution
of Axt ~ 25, a spanwise resolution @gfz* ~ 12.5, and a wall-normal resolution aky™ ~ 1 on the wall, where

the superscript- indicates wall units, in order to predict the wall skin fi@et accurately. This resolution approaches
the typical values used in DNS of turbulent boundary layéras will be seen, these values predict the skin friction
reasonably well (within a few percent) in the attached-flegion prior to separation.

Maintaining this grid resolution all the way to the edge o thrbulent boundary layer in the present problem be-
comes prohibitively expensive because of computatiorsalinee limitations. A reasonable compromise is to maintain
the fine grid spacings only in the near-wall region, say ugbtouéy ™ ~ 200, and then coarsen both the streamwise and
spanwise resolution by a factor of two in the outer regionyairam the wall. This is the strategy adopted here. In the
near-wall region, the turbulent boundary layer approaghive hump is resolved usinz™ ~ 25, Az™ ~ 12.5 and
Ayt =~ 0.8 on the wall. Similar resolution is maintained for the bourydayer over the hump. The flow solver has
overset-grid capability, and the inner and outer regiodsgcommunicate by means of sixth-order accurate overgibt-gr
interpolation. Figuré shows a cross-section of the two-level overset-grid systeanstreamwise location upstream
of the hump and the instantaneous boundary layer structupEsposed on the overset-grid. The small structures near
the wall are resolved by the near-wall fine grid while the seaouter grid seems appropriate for the larger struc-
tures away from the wall. A similar overset-grid strategyswsaccessfully tested in the study of Tollmien-Schlichting
instability waves developing in a subsonic laminar boupdayer. Comparison with the solution of the parabolized
stability equations showed that the overset-grid techaidjd not introduce an error in the computation of instaypilit
waves.

Y

0.100
2 0.095

Coarser grid away 0.040
from wall 0.034

Overlap region 0.001
between grids

Near-wall fine grid

(a) Overset-grid system. (b) Boundary layer structures (depicted in terms of instaewas
streamwise velocity contours) superposed on overset-grid.

Figure 5. Two-level overset-grid system at:/c = —2. For better clarity, the vertical scale in the left and right figures is not the same.

3. Acoustic Resonance and lts Effect on Turbulent Inflow @G¢&nea

The third problem is concerned with the turbulent inflow gatien in the region upstream of the hump. In our initial
simulations, we attempted to employ a rescaling-recydaupniqué® to generate a turbulent incoming boundary
layer at about two chord lengths upstream of the hump. Horyvihis strategy did not work as expected in this region
because it did not produce a boundary layer with properiieies to those of a canonical flat-plate turbulent boundary
layer. Upon further investigation, an acoustic resonamempmenon was determined to be responsible for this issue.
We found that the acoustic disturbances generated by thegitomg over the hump get trapped inside the closed
tunnel and excite an acoustic resonance, eventually giissgto trapped waves in front of the hump, as depicted
in Figure6(a). These trapped acoustic waves continuously propageagad down in front of the hump, precisely
in the region where information is rescaled and recycledttier turbulent inflow generation. Upon impingement
onto the lower wall, they instantaneously create local eskver favorable pressure gradients, thus violating the zer
pressure gradient assumption on which the inflow generé&tidmique is based. Wind-tunnel acoustic resonance is a
phenomenon that is known to occur in physical experimerdshas previously motivated Ikeda et*8lto perform a
computational investigation of the wind-tunnel acoustisanance induced by the flow over a 2-D airfoil.

We considered two possible solutions to this problem. Ttst diption is to perform an auxiliary simulation for
a turbulent boundary layer developing on a flat plate and hiseihsteady information at a given streamwise station
(where the local momentum-thickness of the boundary layey correspond to a value such Bsy = 5000) from
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this calculation as the inflow conditions for the hump sintiola This option was in fact employed in the narrow-
span simulation. However, this strategy further increadBescomputational cost and complexity as it requires two
simulations to be carried out simultaneously. A second andpeitationally cheaper option is to suppress the acoustic
resonance by adding a damping term to the right-hand sideeofioverning equations. The damping term is only
active in the vicinity of the top tunnel wall and has the forhwdq — q), whereo is a function of the vertical distance
and controls the strength of the damping teenis zero in the region where the damping term is inactive. Tdmaming
term forces the numerical solutiog, in the chosen region toward a reference state, such as mguime-average of
the local flow,g. The region in which the damping term is applied is suffidieatvay from the turbulence-containing
region, hence the turbulent fluctuations in the attachedsaparated regions are not affected by this term. Figure
6(b) shows a schematic of this approach and demonstratethéhdamping term is indeed effective in suppressing the
acoustic resonance. With the troublesome trapped acauaties out of the picture, the inflow generation technique
can work successfully in the region upstream of the hump hecketis no need for an auxiliary simulation. This
approach is used in the wide-span calculations.

0.9890 0.9910 0.9930 0.9950 0.9970 0.9990 1.0010 1.0030 1.0050 1.0070 1.0090 1.0110 0.9890 0.9910 0.9930 0.9950 0.9970 0.9990 1.0010 1.0030 1.0050 1.0070 1.0090 1.0110

Normalized density contours Normalized density contours

5 Damping term gradually turned on in this region

S s
L2
Trapped waves bouncing up and down
between two walls
(a) Waves trapped upstream of hump. (b) Suppression of acoustic resonance.

Figure 6. Acoustic resonance giving rise to trapped waves ats suppression by use of a damping term.

C. Simulation Details

The experimental chord-based Reynolds number (Re., = 936, 000) is matched exactly in all simulations. The
simulations consider two spans@®®c and0.4c. The time step of all simulations &5 x 10~%¢/aret, Whereayet is the
reference speed of sound. The reference freestream aorglitie taken at/c = —2.14. With this time step, the max-
imum CFL number is aboduit7. Three subiterations per time step are applied for the failylicit time advancement
scheme. Our experience shows that the maximum CFL numbbeisimulation should be kept below a maximum
of approximately25 to ensure sufficient temporal accuracy from the secondramgaicit time advancement scheme.
This was determined by examining the skin-friction predits in a canonical flat-plate turbulent boundary layer
obtained with different CFL numbers.

A schematic of the computational domain is shown in FiguiréThis figure depicts part of the full streamwise
extent of the domain. To reiterate, the hump leading edgecetéd at:/c = 0, while the inlet boundary of the hump
domain is atc/c = —2.14. The physical region of interest in the hump domain exterm®uw /c = 1.6. A sponge
zone is placed downstream of the physical region of interBlsé outflow boundary of the computational domain is
placed at the end of the sponge zone and is located@at= 4. The back pressure on the outflow boundary is set
slightly below the upstream pressure (see sedtioB.2). The top wall of the computational domain is treated as an
inviscid wall while viscous adiabatic boundary conditicare imposed on the lower wall. Characteristic boundary
conditions are applied at the outflow boundary. The inflowruzury is based on characteristic relaxation boundary
conditions$?! that inject turbulent fluctuations (generated by the inflemeration technique) in the boundary layer
while allowing upstream-traveling waves to exit the domaihe turbulent boundary layer approaching the hump is
resolved using0 to 100 points in the wall-normal direction. Flow acceleration ottee hump causes a significant
thinning of the boundary layer. The thinnest part of the lazug layer over the hump is resolved using a minimum of
about30 points in the wall-normal direction.
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1. Narrow-Span Calculation

As mentioned earlier, the narrow-span calculation inv®le auxiliary simulation that computes the turbulent beund
ary layer developing over a flat plate and a main simulationtiie flow over the hump. An instantaneous plane
extracted from the flat-plate domain Bty = 5000 is injected as the inflow conditions on the upstream boundary
of the hump domain. The flow solver runs on the two domains kameously and generates the inflow conditions
for the hump domain on the fly. The flat-plate domain contabwug9d0 million points while the wall hump domain
contains abou210 million points. The two-level overset-grid strategy is dder both domains. The experimental
Mach number of).1 is matched in the narrow-span calculation. The static Vre®@S modéf is employed with

a fixed model coefficient 0§.025. Statistical results are averaged over abiduchord flow times, where one chord
flow time unit (i.e.,c/Ures) is defined as the time it takes for the reference freestredatity, Ures, to travel one chord
length.

2. Wide-Span Calculations

The wide-span grid is obtained by doubling the spanwisengaéthe narrow-span grid while keeping the same
resolution as for the narrow-span grid. In the wide-spacutations, the tunnel acoustic resonance is suppressed
by the use of a damping term in the vicinity of the top wall ahd turbulent inflow generation is done upstream of
the hump within the main simulation. The number of pointshie Wide-span grid is abodf0 million. Because of
the increased grid size, the Mach number is initially insezafrom0.1 to 0.2 to speed up the calculation and help
reduce the computational cost. This change is made on thenpsion that the flow would be mostly insensitive to
Mach number as both values are within the low Mach numbenregAs will be seen, this turns out to be an invalid
assumption once we examine the Mach number effects in mdad.d€he Mach number is subsequently changed
back to0.1 for the remainder of the wide-span calculations. The tirep & kept the same as that in the narrow-span
case 2.5 x 10~ *c/arer). The inflow and outflow boundary locations are the same asethothe narrow-span case.
A number of calculations are performed for the wide-spamr cd$iese calculations reveal the effect of SGS model,
tunnel back pressure, upstream boundary lder, grid refinement, upstream Mach number and top wall contaur o
the numerical predictions. Statistical results are tylpicveraged over abol0c/Uyes in the case of Mach.2 flow
and20c¢/Uyet in the case of Mach.1 flow.

D. Results

We now examine the simulation results and make comparisg@hdive experimental measurements.

1. Narrow-Span Calculation

The results from the narrow-span WRLES are analyzed firsturig depicts the complex nature of the separated
flow in the aft portion of the wall-mounted hump. The initiathin separated free shear layer quickly gives rise
to the formation of large-scale structures, which in turmega the dynamics of the shear layer growth and dictate
the reattachment location of the separated flow. Figushows the skin-friction and pressure coefficients and the
comparison with the experimental measurement. The skdtiefin and pressure coefficients are defined as

Twall P — Dref
Cf %Prerrzef and Cr %PrerrQef @

where 1y, IS the viscous wall shear stress.and p, respectively, are the density and pressure, and the spbscr
ref denotes the reference freestream conditions/at= —2.14. The WRLES results are based on the mean flow
obtained by averaging the unsteady flow in time and along pla@.s The skin-friction comparison figure includes
the error bars for the experimental data. The overalldistribution and the separation-bubble length are predict
by the simulation reasonably well. The separation andaelhent locations in the simulation are determined by
the streamwise locations at whicty becomes zero. The predicted separation and reattachnoatioless based on
this criterion are fairly close to the experimentally oh&et values. The separation location isgt ~ 0.665 in the
experiment and at/c =~ 0.659 in the simulation, while the reattachment iszgic ~ 1.11 in the experiment and at
x/c = 1.095 in the simulation. The underprediction 6f; in the peak region prior to flow separation is primarily
related to SGS model and top wall contour effects, as will&mmahstrated in the wide-span calculations.

Of particular note is the plateau in the measured skin @nicat0.1 < a/c < 0.2, which is predicted well by
the present simulation. This plateau is presumably caugedtbndency toward relaminarization due to the strong
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Figure 7. Complex structure of separated flow in the aft porton of the wall-mounted hump shown in Figurel. Instantaneous iso-surface
of Q-criterion 32 (constantQ = 15ayer/c) colored by streamwise velocity is plotted.

favorable pressure gradient in this region. Figdasncludes the relaminarization paramet€r, and shows that this
parameter reaches its peak just before the platedlyinThe original definition of the relaminarization parameter
is K = (u/Ue2) (0U./0s), wherev is the kinematic viscosityl/. is the boundary layer edge velocity ands the
surface distance. For an incompressible flow, the folloneagation was derived fokK in terms of C, and the
Reynolds number by Bouraséaising Bernoulli’'s equation and boundary layer assumptions

11 1 1¥? a0
K=—- — P wh * = 2
> Ree. L CJ 5. \Where s s/c 2

The relaminarization parameter shown in FigBags computed using this more convenient expression. Thergky
accepted critical value ok above which relaminarization can take pi¥cs about3 x 10-¢. The peak value of
in Figure8a (K ~ 4.87 x 107°) is greater than this critical value. Previous RANS and WMLde&putations have
missed this plateau i’'; because of their inherent inability to capture relamiretian.

Figure8b includes the experimentéal, measurements taken with and without the end plates, andssthevwcom-
parison with the computational results. Since the simohaiticludes a specially contoured top wall that approximate
the end-plate effects, the comparison against the expetipezformed with the end plates is more appropriate. The
C), comparison displays reasonable agreement between th&asonuand the experiment. Although the simulation
accurately captures the primary suction peak caused by fteeleration over the hump, the secondary peak region
within the separation bubble is somewhat underpredictetthégimulation. As will be seen, this underprediction of
the secondary peak is also present in the wide-span catmgawith the same top wall contour. This suggests that
the end plates attached to the experimental model may hawe sfect on the separation region, which cannot be
captured in a spanwise-periodic simulation with the splgc@ntoured top wall. This is supported by the recent
findings of Duda and Far&svho performed a wall-modeled simulation of the problemudahg the end plates and
obtained bette€’,, comparison with the experiment, although some differeneewmined in the secondary peak. That
simulation captured corner vortices at the junction of the glates and the hump, which were found to affect the shape
and size of the separated region. Despite an accurate egpation of the experimental setup in their simulation, the
C' curve missed the relaminarization plateau, overpredittedpeak region prior to separation and needed further
improvement both in the separated and attached regions.

Figures9 and10, respectively, plot the mean velocity and Reynolds stresgparisons at a number of streamwise
stations. The WRLES profiles are obtained by averaging theeadg flow in time (over0 chord flow times) and
along the span. The first station is located: At = 0.65, which is just upstream of the separation location. The last
station is located at/c = 1.3, which is downstream of the reattachment location at ~ 1.11. The experimental
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Figure 8. Skin-friction coefficient (C'y) and pressure coefficient ;) comparisons for the narrow-span WRLES.
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(b) Vertical velocity profiles shifted byA (V' /Uyer) = 0.25 along the horizontal axis.

Figure 9. Mean flow velocity comparisons for the narrow-span WRLES.
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Figure 10. Reynolds stress comparisons for the narrow-spaWw/RLES.
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data shown in the comparisons have been obtained usingitm@ndional particle image velocimetry (PIV) on the
central plane. For clarity, a horizontal shift is appliedhe profiles displayed in each subfigure. The respectivé shif
noted for each subfigure denotes the distance between tlog titdis on the horizontal axis. These comparisons
display good overall agreement between the simulation gperanent. The Reynolds stress profiles in the simulation
appear to be more energetic than the experiment at the firgpadgson station. We note that the attached boundary
layer just upstream of separation is rather thin and theraxpatal PIV measurement is not sufficiently accurate in the
near-wall region. These profiles show that flow separati@ei®mpanied by a rapid growth of Reynolds stresses and
thickening of the separated shear layer. The separatedlglgeaexpands with streamwise distance and subsequently
reattaches on the lower wall.

Although these initial results from the narrow-span WRLE&\&ry encouraging, the calculations performed on
a domain with a doubled span predict an earlier reattachofahie separated flow, as will be seen. We discuss the
findings from the wide-span calculations next. The obs@matmade from the wide-span WRLES suggest that the
seemingly good predictions obtained in the narrow-span WRkight have been fortuitous.

2. Wide-Span Calculations

The follow-up calculations performed on a domain with a spifi4c show that the separation location in the wide-
span WRLES is located at/c ~ 0.661, which is fairly close to the experimentally observed vabtie:/c ~ 0.665.
However, the separated flow in the wide-span WRLES is founddtiaich earlier than expected. This clearly indicates
that the simulation predictions are sensitive to the sparseh in the calculation. Other WMLES studie$’ also
show a similar trend in which increasing the span moves thgaehment location upstream and the reattachment
location settles down with a span of abdutc. A systematic study regarding the effect of SGS model, tlbaek
pressure, upstream boundary lay&y, grid refinement, upstream Mach number and top wall contopeiformed in

an attempt to better understand the reason for the eartacbatent observed in the wide-span case.

EFFECT OFSGSMODEL: We initially conjectured that the separated shear layiéiairconditions might have been
affected by the SGS model and this could in turn have affébedrowth rate and the subsequent reattachment location
of the separated flow. To explore whether this might indeethbease, two calculations are performed at Maeh

to study the SGS model effect. The first one employs the staman SGS mod# with a fixed model coefficient

of 0.025. The second calculation is run as implicit LES (ILES), whibtees not employ any explicit SGS model,
but treats the dissipation of the numerical scheme as andinglGS model. For both cases, the upstream incoming
turbulent boundary layer is generated by adding the redytcibulent fluctuations to the RANS mean inflow profile,
as discussed earlier in sectibhB.1. Figurellcompares th€’; distributions from the two calculations. Interestingly,
the peakC'; region prior to flow separation is predicted better by ILE®wdver, the two predictions are nearly the
same everywhere else and the early reattachment locataisdsearly identical. Because of its better ovefal
prediction, ILES is used in all subsequent calculations.

EFFECT OF TUNNEL BACK PRESSURE The tunnel back pressure in the earlier-referenced RANGiest was set
slightly below the upstream reference pressure in an ad feomer and the possible back pressure influence on the
separation region has not been thoroughly examined. Tlaleaelations are therefore performed at Méchto study

the effect of tunnel back pressure. There is in fact an amittirationale for this parametric study. In the experiment
the hump model was mounted on a splitter plate, which was pleaed some distance above the lower tunnel wall.
To control the flow underneath the splitter plate and preseparation over the leading edge, a flap deflected upward
was used at a short distance downstream of the hump tradigeg. o see whether the downstream flow modifications
caused by this flap might have influenced the flow reattachipeint, we perform three simulations in which the
tunnel back pressurg,, is respectively set tp;, /prer = 0.998,0.999 and1.001, wherepys is the reference upstream
pressure (at/c = —2.14). For all cases, the upstream incoming turbulent boundeyrlis generated by adding the
recycled turbulent fluctuations to the RANS mean inflow pegféls discussed in sectidih.B.1. Figurel2(a) shows
theC'; comparison between the case®fprer = 0.998 and0.999. According to this figure, the tunnel back pressure
does have some effect on the reattachment location, witkliftely lower back pressure creating earlier reattachimen
than the slightly higher back pressure case. To see whéeilsetrénd will continue to hold, we increagg/prer to
1.001 and examine the corresponding comparison withprer = 0.999 in Figure12(b). We see that the difference
between these two cases is minimal. These findings suggtshthback pressure effect is not strong enough to fully
explain the early flow reattachment.
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Figure 11. Effect of SGS model orC'; distribution for the wide-span WRLES.

EFFECT OF INCOMING UPSTREAM BOUNDARY LAYER The possible influence of the upstream turbulent boundary
layer conditions on the reattachment location is invegtig@ext. As discussed earlier in sectldnB.1, we consider

two approaches to define the upstream boundary layer conslitiThe first approach matches the reported upstream
skin friction in the experiment and hence sé&tsy = 5000 for the incoming boundary layer upstream of the hump.
Available mean velocity and Reynolds stress profiles froeNS of a canonical flat-plate turbulent boundary 18yer

at Rey = 5000 are used for the inflow generation technique in the first aggito The second approach, on the other
hand, takes the mean velocity profile available from RANSi¢Wwimatches the reported experimental velocity profile
fairly well) and adds the turbulent fluctuations to this meaofile using the inflow generation technique. We note
that the skin friction of the RANS profile does not exactly atethe reported experimental value. Both cases are run
at Mach0.2 with a back pressure qf, /prer = 0.999. Figure13 shows theC'; comparison between the two inflow
conditions. We observe that the first approach creates atlgligigherC' in the region upstream of the hump, which
also seems to affect tlie; values in the peak region prior to separation. Thevalues in this region are slightly higher

in the first approach. Nevertheless, the overall effect erstparated and reattachment regions appears minimal and
both inflow conditions cause a nearly identical reattachrpemt.

EFFECT OF GRID REFINEMENT The parametric studies conducted so far with regard to @® Sodel, back pres-
sure and upstream boundary layer conditions reveal relgtiminor effects that do not completely explain the early
reattachment observed in the wide-span calculation. Thégmvation prompted us to next turn our attention toward
a grid refinement study. After an inspection of instantaseftaw structures, we determined that a grid refinement in
the wall-normal direction would likely be beneficial bothtire attached and separated regions. Hence, in the first step
of grid refinement, we increase only the number of grid paimtihe wall-normal direction both in the attached and
separated regions, while keeping the minimum grid spacmthe wall the same as before. By readjusting the grid
stretching ratio, we obtain a factor 8fto 3 wall-normal grid refinement both in the attached and sepdraggions.
The refined grid contains abo850 million points total. The streamwise and spanwise grid sugcin the refined
grid are the same as those in the original wide-span griditast20 million points. For both cases, the upstream
incoming turbulent boundary layer is again generated bynadtie recycled turbulent fluctuations to the RANS mean
inflow profile and the back pressure is sept@prer = 0.999. The Mach number is again setG@.

Figure 14(a) shows the effect of grid refinement on &g distribution. We observe that grid refinement has
essentially no effect o’y in the attached region but the curve is shifted downstreathdrseparated flow region,
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Figure 12. Effect of tunnel back pressure orC'y distribution for the wide-span WRLES.
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Figure 13. Effect of upstream boundary layer onC/ distribution for the wide-span WRLES.

bringing the reattachment location closer to the experiméiowever, the predicted reattachment location on the
refined grid still falls short of the experimental locatiomdais atz/c ~ 1.091. The effect of grid refinement on the
C,, distribution is shown in Figuré4(b). The primary suction peak remains unaffected by grichesfient, while the
secondary peak displays a small downstream shift in acnoedeith the delayed flow reattachment. To re-iterate,
the separation-bubble length measured in the experim@m45c. The wide-span refined-grid WRLES at Ma@l2
predicts the separation-bubble lengttbak3c. This translates to an error of ab®#% in the separation-bubble length
relative to the experimental observation. Rather tharoperihg a further grid refinement, we opt to study the possible
Mach number effect on th&0 million point grid next.

EFFECT OFMACH NUMBER: To investigate any possible Mach number influence, we n@eatthe wide-span
refined-grid WRLES at a Mach number @fl. All conditions and parameters are kept the same as thobe ifirst
refined-grid WRLES, except for the Mach number. Figiisga) shows the effect of upstream Mach number ortthe
distribution. Although both cases separate at the saméidocahe lower Mach number flow reattaches considerably
earlier than the higher Mach number cas¢d ~ 1.064 versusz/c ~ 1.091). The peakC region prior to flow
separation is also lower than that in the higher Mach numase.cThe”,, comparison depicted in figufes(b) shows

a slight weakening of both suction peaks in the lower Machlmemecase and an upstream shift in the secondary peak
that is in accordance with the earlier reattachment. ThledtipeakC; levels observed prior to separation in the Mach
0.2 case suggest that the higher Mach number flow achieves @&geeateleration over the hump. This likely affects
the growth rate of the separated shear layer and the reatéadttpoint. These observations invalidate our previous
assumption that the flow would be mostly insensitive to caagibility in the low Mach number regime. Hence, the
experimental Mach number has to be matched exactly to makaingful comparisons between the simulation and
the experiment. The worse agreement observed between tble Masimulation and the experiment suggests that
there may yet be some hidden effect in the simulations wattirbe uncovered.

EFFECT OF TOP WALL CONTOUR As discussed earlier, expecting the simple top wall cantised in the simulation

to account for all end-plate related effects is unrealidtife now examine the possible influence of the top wall contour
on the simulation results by introducing a modification te tiriginal contour. The maximum displacement of the
original contour, as measured from the top wall, is arhirancreased by50% for this purpose. This modification
can be thought of as a fudge factor to account for the additiftow blockage due to boundary layers developing on
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Figure 14. Effect of grid refinement onC'y and C}, distributions for the wide-span WRLES.
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Figure 15. Effect of Mach number onC'; and C, distributions for the wide-span refined-grid WRLES.
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the end plates and other complications arising from theezorartices generated at the junction of the hump and the
end plates. The original and modified top wall contours apeatied in Figurel6.

1.2
- —— original top wall contour
L e modified top wall contour
1 =
| |
~y e e e e s e e e e e
08 |-
06 |-
! 1 ! 1 ! 1 ! 1 !
05 0 0.5 1 1.5

“x/c

Figure 16. Original and modified top wall contours.

A new wide-span refined-grid WRLES is performed at Machwith the modified top wall contour. Figure?
shows the effect of the top wall contour on tfi¢ andC,, distributions. We observe that the modified contour causes
additional flow acceleration over the hump, which strengshihe primary suction peak and increases the [geak
levels prior to separation. The secondé&ry peak is also strengthened by the modified top wall contoursuiits
downstream. Such effects of the modified top wall contouaylthe reattachment of the separated flow. However, the
reattachment location obtained with the modified top walitoar is still earlier than the experimental observation.
The reattachment points obtained with the original and tloelified contours, respectively, aigc ~ 1.064 and
x/c =~ 1.083 (i.e., error in the separation-bubble lengtriof% and5.2%, respectively).

Figures18 and19, respectively, plot the mean velocity and Reynolds stressparisons for the two cases. The
profiles taken in the attached region just before flow sejmardt.e., atz/c = 0.65) show nearly identical mean
velocity and Reynolds stress distributions for the two sa3ée mean velocity field predicted with the modified top
wall contour appears to have a slight improvement at sonmteea$thown locations. Both cases generate more energetic
Reynolds stress levels relative to the experimental measemt. Unfortunately, there are no mean flow and Reynolds
stress measurements taken in the attached region welkapsof the separated region in the experiment, and hence
we cannot judge how well the simulation and experiment aigréeat region. Any considerable disagreement between
the two well upstream of separation would likely contribtatéhe differences seen in the separated region. We observe
in Figure19 that the original contour case predicts generally highgmRkls stress levels than the modified contour
case within the separation bubble, particularly in theastr@ise component. The higher Reynolds stress levels of
the original contour case correlate well with the earliga@iment observed with the original contour. It appears
that the top wall contour modification has a similar qualraeffect as with the increase in Mach number. With the
modified top wall contour, the flow attains a greater accétamaver the hump prior to separation, which then affects
the growth rate of the separated shear layer and delays dftaciement location. These findings indicate that the
details of the top wall contour clearly have an importangéetfion the features of the separated flow region. Hence, in
a spanwise-periodic simulation that omits the end plated usthe experiment, end-plate related effects may need to
be represented more realistically in order to obtain a closgch between the simulation and the experiment.

REVISED ASSESSMENT OFNARROW-SPAN RESULTS.  In light of the observations made from the wide-span sim-
ulations, we now reassess the narrow-span results distessker. Although the narrow-span WRLES results are
found to be in better overall agreement with the experimi,findings from the wide-span WRLES suggest that
numerical errors from different sources might have carmteech other and fortuitously produced good predictions in
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the narrow-span WRLES. The first source of error originatesfthe narrow span, which might have constrained the
growth of large-scale structures in the separated sheer. |&pis would in turn influence the growth rate of the shear
layer. Another error could have originated from the pogsibsufficient grid resolution since grid refinement in the
wall-normal direction is found to improve the reattachmenation prediction of the wide-span WRLES at Mdch.
Finally, top wall contour effects have likely created yebtrer source of error. Our observations therefore sughast t
these errors might have canceled each other and fortujtpustiuced good predictions in the narrow-span WRLES.

V. Conclusions

A number of wall-resolved simulations have been perfornrethis study for the NASA wall-mounted hump
problem, which has proven to be a challenging benchmarkfoasiee numerous turbulence simulations. The present
simulations omit the end plates used in the actual expetiraed are performed on a spanwise-periodic domain
with a specially contoured top tunnel wall that attemptsuplitate the flow blockage effect of the end plates. The
calculations provide a reasonable estimate of the separhtibble length (error in the rangef®® to 9.4%) and good
overall prediction of the skin-friction distribution, inaing the plateau observed over the front part of the hunighv
was not captured in the earlier studies of the problem byradsearchers. We attribute this plateau in the skin-éircti
to the well-known tendency of flow relaminarization in thegence of strong favorable pressure gradient.

The problems that emerged during the course of this work meisised and viable solutions are presented. A
systematic study regarding the effect of domain span, SG&mtunnel back pressure, upstream boundary layer
Rey, grid refinement, upstream Mach number and top wall con®yeiformed. The predicted separation-bubble
length is found to be particularly sensitive to the span efdlomain, upstream Mach number and details of the top
wall contour. The comparison between a calculation donb thi¢ Vreman SGS model and another one performed
as ILES shows that the SGS model mainly affects the peakfskiion region prior to flow separation, but does not
alter the reattachment location. ILES predicts the peak-BiGtion region better than Vreman SGS model does. The
details of the upstream incoming turbulent boundary laygeiine the skin friction upstream of the hump, which
then influences the peak skin-friction levels prior to sapian. The two different upstream boundary layer condgion
cause a similar reattachment point. The tunnel back predsas a small effect on the reattachment location. The
more significant change in the predicted reattachmentitotat the wide-span WRLES at Maé¢h?2 is seen after grid
refinement in the wall-normal direction.

A repeat of the wide-span refined-grid WRLES at the experiaidviach number of).1 shows that the lower
Mach number results in earlier reattachment than the hifamh number case. The higher upstream Mach number
causes additional flow acceleration over the hump priorpausgion, which is believed to affect the growth rate of the
separated shear layer and its reattachment location. Bsireation invalidates the assumption that the flow would
be mostly insensitive to compressibility in the low Mach rhenregime. Hence, the experimental Mach number has
to be matched exactly to make meaningful comparisons betiveesimulation and the experiment in the separated
flow region. The wide-span refined-grid WRLES performed witimedified top wall contour at Mach.1 reveals
the important top wall contour effect on the features of thgasated flow region. Therefore, in a spanwise-periodic
simulation that omits the end plates used in the experineskplate related effects may need to be represented more
realistically in order to obtain a closer match between thrikgtion and the experiment.

Although the narrow-span WRLES results are found to be irebeterall agreement with the experiment, the
findings from the wide-span WRLES suggest that numericalrerftom different sources (such as narrow span,
possibly insufficient grid resolution, top wall contour)ght have canceled each other and fortuitously produced
good predictions in the case of the narrow-span WRLES. Ouweréapce and observations in this study reaffirm the
daunting challenges associated with the prediction of Rigiinolds number separated flows. Any future benchmark
experiment should be designed so that the geometric defate model setup could be simulated with relative ease.
Furthermore, mean and turbulence statistics profiles dhmeilmeasured at several locations ahead of separation as
well, to ensure that the simulation and experiment coulddmepared both ahead and downstream of flow separation.
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Figure 17. Effect of top wall contour onC'y and C), distributions for the wide-span refined-grid WRLES at Mach 0.1.
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Figure 18. Mean flow velocity comparisons for the wide-span fined-grid WRLES at Mach 0.1 with different top wall contours. Symbols
denote the experimental measurement.
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Figure 19. Reynolds stress comparisons for the wide-spanfired-grid WRLES at Mach 0.1 with different top wall contours. Symbols
denote the experimental measurement.
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