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Abstract

Results from two new direct numerical simulations (DNSs) are added to the database
described in Coleman, Rumsey & Spalart (2018) (henceforth CRS18), and available
at the NASA TMR website (https://turbmodels.larc.nasa.gov). The new flows,
Cases D and E, are similar to the earlier ones (Cases A-C) in that a transpiration
profile above a flat plate creates a prolonged adverse pressure gradient (APG) that
drives a canonical turbulent zero-pressure-gradient (ZPG), flat-plate boundary layer
towards separation; they differ in that for the new cases (1) the APG is not followed
by a favorable gradient (FPG), since only suction transpiration is employed, and
(2) the mean shear stress does not cross zero, so that the width of the mean bubble,
strictly defined, is zero. However, the probability of reversed skin friction exceeds
49%. The motivation was to produce a flow more akin to technological flows, includ-
ing shock-boundary-layer interaction, with a gradual turbulence-controlled recovery.
One of the new simulations is also at a significantly higher Reynolds number than
the earlier flows.

Description of new DNS

The fully turbulent incompressible ZPG boundary layer over a flat no-slip surface
is subject to streamwise (z) pressure gradients induced by a transpiration profile
Viop () through a virtual parallel streamwise-spanwise (2-z) plane offset a fixed wall-
normal distance y = Y from the no-slip surface. The strength and duration of the
pressure gradients are controlled by the maximum velocity Vi,ax and length-scale o;
for Cases D and E (cf. (2.1) of CRS18),
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where z( sets the location of the peak Viop, ¢iop is a small ‘bleed’ velocity, ad-
justed to offset the blockage in the (nominally) ZPG regions upstream of separa-
tion, and thereby produce dP/dx ~ 0 along the wall there; the bleed velocity is
constant for z < x, and zero for x > x,, since g(x) = 0.5(1 —erf ((x — z,)/0y)).
We use z, = 15.35 and o, = 0/10 for both cases. The transpiration is very
similar to that of Alam & Sandham (2000) and Spalart & Strelets (2000), al-
though both those studies had a laminar incoming boundary layer, and Wu, Men-
eveau & Mittal (2020). The inflow/outflow boundary conditions are imposed by
the fringe-zone treatment described in CRS18, which allows a fully spectral spa-
tial scheme to accommodate the spatially developing, nonparallel flow. The fringe
parameters given in Table 3 of CRS18 (z1, V2, ya, Y, yg), along with (Al) and
(A2) of CRS18, are also used for Cases D and E. The last term in (1) main-
tains zero net mass flux across the y = Y plane, by injecting mass into the fringe
zones (and only there): ®(z) = —(Vinax0 /1 + PropTy/v/mx1) H(x), where H(x) =
exp (—(z/z1)?) + exp (—((z — Az)/22)?). Other numerical details are as given in
CRS18.



Table 1. Case parameters.

Case UxY/V Vmax/Uxs x0/Y /Y  @op/Uso

D 80000 0.125 12762 2.407  0.0032
E 180000 0.125 12762  2.407  0.0032

The cases are summarized in Table 1. Case D is at the same Reynolds number
as the previous Case C, whereas the Reynolds number of Case E is more than twice
as high. Figure 1 illustrates the qualitative differences between the new suction-
only cases (dashed and solid curves) and the earlier APG/FPG flows (the chain-
dotted curves are from Case C of CRS18). Note the weak APG (replacing a strong
FPG), and continued growth of the boundary layer, downstream of the Vio, > 0
region. Mean-flow contours and streamlines for Case E are shown in Figure 2. The
‘hotspot’ in the Reynolds shear stress —u/v/ near x = 21 (Figure 2b) is qualitatively
similar to that observed in the NASA wall-mounted hump experiment (Greenblatt
et al. 2006a,b; Naughton et al. 2006), although here it is milder: compared to the
peak value found in the experiment of about 0.03 (AU)? (where AU is the velocity
difference across the effective shear layer within which the hotspot is embedded),
the Case E equivalent is —u/v/ ~ 0.01 (AU)2. The latter is similar to the value
in a plane mixing layer, and therefore there is some expectation that turbulence
models may reproduce it, provided the growth from the much lower levels typical
of boundary layers is rapid enough.

We interpret the z/Y = 7.5 station as the ZPG reference states. At these loca-
tions, the Case D and E flows both agree well with ZPG boundary-layer results from
DNS and experiment, in terms of mean velocity at momentum thickness Reynolds
numbers of 1479 and 3069 (Figure 3). The profiles of near-wall turbulence kinetic
energy and terms in its budget (neither shown) also agree well with Schlatter &
Orli’s (2010) DNS at comparable Ry. In the outer layer, the Case E profile is some-
what more energetic than the pure ZPG DNS benchmark at the same y* location
(cf. Figure 6 of CRS18, regarding Case C).

The numerical parameters are summarized in Table 2; in general they meet the
standard required of a DNS (cf. §2.2 of CRS18): the spatial resolution is quite
close to that used in CRS18, and all scales are fully captured throughout most of
the domain. The exception (as in CRS18) is the marginal accommodation of the
residual vorticity near the top wall, associated with the layer thickness approaching
the transpiration plane — which in CRS18 resulted in minor near-wall oscillation
(Gibbs phenomenon) in the profiles above the separation bubble (see Figure 4 of
CRS18). The present Figure 4 shows mean and root-mean-square (RMS) fluctu-
ations of vorticity at several z-stations. At upstream stations (z/Y = 7.5 shown
here), the profiles decay cleanly to zero well below the upper, transpiration bound-
ary. But starting near x/Y = 15 and extending downstream (z/Y = 15 and 23
are shown), nonzero levels of W, and Wl/ 2 are evident near the upper boundary.
These nonzero levels extend from near x/Y = 15 (where the skin friction is smallest)

(2
until the outflow station, where for both new cases the RMS vertical velocity fluc-
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Figure 1. Streamwise variation of (a) transpiration profile along y = Y, (b) mean
wall pressure and (¢) momentum-thickness Reynolds number and shape factor.
Case D and E results are identical in (a). Vertical lines mark the assumed ZPG
reference station for Cases D and E. Shaded rectangles (approximately 3Y wide)
indicate regions where the fringe/inflow-treatment is active for Cases D and E. (For
Case C, the effective fringe regions are each approximately 2Ywide, since the bound-
ary layer to which the fringe forcing is applied is thinner in that flow, due to its
FPG downstream of separation.)
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Figure 2. Contours of mean streamlines and (a) spanwise vorticity @, and
(b) Reynolds shear stress —u/v’" for Case E. Shaded/grey regions at in/outflow of
domain are fringe zones.
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Figure 3. (a) Mean-velocity in ZPG regions. (b) Skin-friction and shape factor: +,
Coles (1962); e, Spalart (1988); o, SC97; I, Case A; A, Case B; ¢, Case C; #,

Case D; H, Case E.

Table 2. Numerical parameters. Dealiasing is enforced by defining the number
of quadrature/collocation points, N, N, and N, such that they are related to
the number of streamwise, wall-normal and spanwise Galerkin spectral expansion
coefficients, respectively, by M, = 2N,/3, M, = (2N, —9)/3 and M, = 2N, /3.
Spatial resolution is quantified in terms of the quadrature grid, such that Az =
Ay /N, and Az = A, /N, where A, and A, are respectively streamwise and spanwise
domain periods. The distance y1q is that of the tenth wall-normal quadrature point
from the bottom of the domain (with y; = 0). Wall units, e.g., Azt = Az u, /v and

Yo = Y10 ur /v, are based on skin friction at /Y = 3.

Case A,/Y A.JY N, Azt N,

C 26.0 4.0 7680 12.3 240
D 26.0 4.0 7680 13.4 240
E 26.0 4.0 18432 11.6 320

Y10
4.6

5.0
5.8

N

2560
2560
6400

Azt

5.7
6.2
5.1
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Figure 4. Profiles of (a) mean spanwise vorticity @, and (b) root-mean-square vor-

ticity fluctuations wiw! /2.

tuations (not shown) are approximately 0.025U, at y =Y, compared with a peak
value of about 0.064 (near y = 0.45Y"). As was true for Cases A, B, and C, although
the vorticity oscillations are relatively small, this implies certain statistics (such as
the dissipation term in the turbulence-kinetic-energy budget) should be viewed with
caution in the affected regions, downstream of the minimum skin-friction station.

The parameters of the transpiration profile were adjusted to drive the layer just
to the point of mean separation, near x/Y = 15, before allowing the flow to recover
under nominally ZPG conditions before exiting/reentering the domain through the
fringe zones (Figures 1 and 5a). The mean-velocity profile evolves in the downstream
Viop = 0 region such that a mild APG ensues (see the shape-factor 6*/6 profile in
Figure 1c). Despite the skin friction just ‘kissing” C'y = 0 before growing again,
the structure of the near-wall turbulence under the APG is qualitatively similar to
flows for which a finite separation bubble forms. This can been seen by comparing
Figure 6 with Figure 1d of CRS18. This underlines the oft-made observation that
the flow does not fundamentally change once it passes the mean Cy = 0 location,
which also closely corresponds to the 50% back-flow station (Figure 5b). Figure 5b
also demonstrates the tendency for the small but nonzero number of instantaneous
reversed-flow events at the wall under the ZPG layer (e.g. at /Y = 7.5) to increase
with Reynolds number (Spalart 1988).

Statistics were gathered by averaging over z and in time, involving 381 and
763 z-y fields over periods of 35.1 and 16.35Y /Uy, respectively, for Cases D and



Figure 5. (a) Skin-friction Cy = 7,/3p U2 and (b) fraction of reversed wall shear
vr. Horizontal lines in (b) denote v, = 0.50 threshold.
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Figure 6. Contours of instantaneous surface shear stress for Case D. White contours
denote du/dy < 0.
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Figure 7. Integrated momentum balance for (a) Case D and (b) Case E. See Ap-
pendix C of CRS18 for definitions.



E (respectively corresponding to 1.35 and 0.6 domain-flow-through times A, /Us).
Some quantities were also locally averaged in x. The 2- and t-averaged data are
available from the NASA Turbulence Modeling Resource (TMR) website.!

Computations were done on the NASA Advanced Supercomputing (NAS) Divi-
sion’s Aitken AMD Rome system, on 4096 cores. A total of about 245,000 (Case D)
and 2,561,000 (Case E) CPU-core-hours were utilized during the statistics-gatherings
phase of the computations. The resulting z-variations of the y-integrated momen-
tum balances are shown in figure 7. For Case D, the balance is very good at each
streamwise station. For Case E, on the other hand, the imbalance grows slowly with
streamwise distance (primarily because 67, the term proportional to the standard
momentum thickness, is too large), such that the sum of the 6; — 05 thicknesses (see
Appendix C of CRS18) differs by more than 1% of the skin-friction integral down-
stream of z/Y =~ 8.75, where II"™ = [d(P/p)/dz]/[u3/v] ~ 0.001. Consequently,
the uncertainty of the higher-Reynolds-number, Case E data is lowest in the ZPG
region and early stages of the ZPG-to-APG transition, where the trajectory towards
separation is first established.

Closing comments

Taken in tandem with CRS18, these new DNS data are expected to aid understand-
ing of canonical smooth-body separation driven by APG. The new data provide a
different type of recovery from separation (gentle APG rather than FPG), and also
include two different Reynolds numbers.
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