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Direct simulation of hypersonic spatially-developing turbulent boundary layers (SDTBL)
was carried out over Zero-Pressure Gradient (ZPG) flat plates at a Mach number of 5
and at different wall thermal conditions: wall cooling, adiabatic and wall heating. The
Reynolds number range (Res2) is approximately 300-1200, based on the momentum thick-
ness, freestream velocity and wall viscosity. Turbulent inflow information is generated via
a dynamic rescaling-recycling approach (J. Fluid Mech., 670, pp. 581-605, 2011), which
avoids the use of empirical correlations in the computation of inlet turbulent scales and
it has been adapted to hypersonic flow. In addition, low/high order flow statistics are
compared with DNS of an incompressible isothermal ZPG boundary layer at similar low
Reynolds numbers and the temperature regarded as a passive scalar. It was concluded that
wall normal transport of Reynolds shear stresses significantly increased as the wall temper-
ature increases in the hypersonic regime. Furthermore, large thermal turbulent structures
look more organized (anisotropy increase) with more intense “gaps” of freestream fluids in
between as wall cooling is applied. The thermal structures appear less organized but more
isotropic as the wall temperature is increased.
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I. Introduction

High-speed wall-bounded flows play a key role in aerospace applications, such as unmanned super-
sonic/hypersonic vehicles, scramjets and advanced space aircraft. The development of an extremely thin
boundary layer plus the abrupt changes of the wall to freestream flow parameters result in high momen-
tum/thermal gradients with significant impact to the transport phenomena. Hypersonic flows are energetic
and result in regions of high temperature, causing internal energy excitation and aerothermodynamics prob-
lems Candler.!® Therefore, the acquired knowledge of the physics behind hypersonic boundary layers can
lead to the development of more efficient turbulence modeling or control techniques for aerodynamic heating
design, Leyva.!! Furthermore, most of turbulent boundary layers evolve in space due to turbulent entrain-
ment, showing non-homogeneous conditions along the flow direction. From a computational perspective,
spatially-developing turbulent boundary layers (SDTBL) exhibit tremendous challenges due to the need for
realistic (having the correct energy power spectra), accurate, and time-dependent inflow turbulence infor-
mation. The problem becomes harder if one wants to resolve the full energy flow spectrum (i.e., Direct
Numerical Simulation or DNS), to evaluate compressibility effects and to account for wall thermal condi-
tions. This article intends to address the nature of the three points previously stated.

Candler'® in his recent transport phenomena review article in hypersonic flows stated “little effort has been
directed toward understanding turbulent motion at the extreme conditions of hypersonic flight.” Further-
more, Bertin and Cummings'® discussed experimental and numerical research efforts done on hypersonic
flow and concluded that “there were still many challenges to analyzing and designing high-speed vehicles.”

Martin’s research group carried out several studies on supersonic-hypersonic flows by means of DNS in
order to inspect the effects of wall temperature,® Mach number,” high enthalpy® and initialization'® on
zero-pressure gradient (ZPG) boundary layers, which were performed at low momentum-thickness Reynolds
numbers (Rege ~ 1600) or Re, = du, /vy, ~ 500 in spatial domains with streamwise lengths in the order of
109, being & the inlet boundary layer thickness. In Duan et al., DNS of a flat plate at Mach 5 with the ratio
of wall-to-freestream temperature T, /Ts from 1.0 to 5.4 was performed, totaling five cases. They found that
scaling laws employed in adiabatic compressible boundary layers also hold for non-adiabatic cases. Priebe
& Martin'® studied low-frequency unsteadiness by carrying out DNS over a 24° compression ramp at Mach
2.9 and Re, = 340. They utilized the turbulent inflow methodology by Xu & Martin?! and considered
an auxiliary domain (~ 8.3 in length with the recycle plane at 7.35) to feed turbulent information to a
principal domain (~ 14.3§ in length) obtaining a mesh with 28 million points in total. In Araya et al.,3
DNS of turbulent spatially-developing boundary layers was performed over an isothermal flat plate at several
flow regimes: incompressible, supersonic (Mach 2.5), and hypersonic (Mach 5). They extended the dynamic
turbulent inflow generator for SDTBL proposed by? to compressible flows, which avoids the use of empirical
functions in the calculation of inlet turbulent scales. More recently, assessment of the Reynolds number
dependency was conducted in supersonic SDTBL up to momentum-thickness Reynolds numbers, Ress, in
the order of 3000.4

Hypersonic turbulent boundary layers at Mach 4.9 with the ratio of wall to recovery temperature from 0.5 to
1.5 were examined via DNS in?? at Resy ~ 1900 with streamwise domain lengths in the order of 20-boundary
layer thicknesses. In terms of Reynolds analogies, they concluded that correlation between the streamwise
velocity and temperature fluctuations (i.e., R,/ and the turbulent Prandtl number, Pr;, were not affected
by wall temperature.

According to,'? the ultimate goal of CFD would be to perform DNS in hypersonic flow simulation. Further-
more, unsteady predictions of compressible, spatially-developing turbulent boundary layers require not only
highly-scalable parallel flow solvers but also significant computational resources. What is more, the need of
realiable turbulent inlet conditions and small physical time steps have certainly prevented the advancement
of high spatial/temporal resolution numerical simulations or DNS. In the present study, we are considering
a dynamic multiscale approach to connect the friction velocities at the inlet and recycle stations, which
allows to account for the effects of arbitrary Reynolds and Mach numbers. Thus, there is no need of an
empirical correlation as in Lund et al.,** Urbin & Knight? and Stolz & Adams.'” In DNS, much attention
has been paid to the velocity field so far; whereas the temperature field is “in the background.” Our focus
consists of examining the wall temperature effect on Mach-5 turbulent boundary layers, particularly on local
maxima of thermal fluctuations and turbulent heat fluxes, vertical transport of Reynolds shear stresses and
momentum/thermal turbulent coherent structures.
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II. Turbulent Inflow Conditions and Numerical Details

Unsteady simulations of turbulent spatially-developing boundary layers via DNS is not trivial since high
mesh resolution is required in order to resolve the smallest turbulence scales (Kolmogorov and Batchelor
scales). Also, the computational box must be large enough to appropriately capture the dynamics of the
large-scale turbulent motions. Additionally, it requires the prescription of accurate and realistic turbulent
inflow information. In this manuscript, we are employing the inflow generation method proposed by Araya
et al.,> which has been adapted to compressible flow in? (inlet instantaneous velocity, temperature and
pressure) which is a modified version of the original rescaling-recycling method by Lund et al.'* The basic
concept of the rescaling-recycling method is to extract the flow solution (mean and fluctuating components
of the velocity, thermal and pressure fields) from a downstream plane (called “recycle”) and after performing
a transformation by means of scaling functions, the transformed profiles are re-injected at the inlet plane.
In Figure 1 can be seen the streamwise locations of the inlet and recycle plane (flow from left to right), the
recycle plane being the one located most downstream. In between, the reader can visualize the test plane,
whose function is explained later in the present article. Moreover, iso-surfaces of instantaneous density
(approximately three-times larger than that of the near wall region) colored by instantaneous streamwise
velocity have been plotted. The turbulent boundary layer is divided into inner and outer zones, where
different scaling laws are applied® in a multiscale fashion. The projection of flow parameters from the
recycle plane to the inlet is performed along constant values of y* (inner region) and y/d (outer region).
During the re-scaling procedure of the flow parameters, the ratio of the inlet friction velocity to the recycle
friction velocity (i.e., A\ = wr ini/Ur rec) is required. The friction velocity is defined as u, = /7w /p, where
Ty 18 the wall shear stress and p is the fluid density. Since the inlet boundary layer thickness must be
prescribed according to the desired inlet Reynolds number, prescribing also the inlet friction velocity would
be redundant. To solve this issue, Lund et al.,'* Urbin & Knight? and Stolz & Adams'” used the well-known
1/8-power law that connects the friction velocity to the momentum thickness in zero-pressure gradient flows;
thus, Ur ini/Urrec = (02.in1/02.rec) /8. The empirical power (-1/8) might be strongly affected by external
conditions; therefore, we explicitly compute this power, vs2, by relating the mean flow solution from a new
plane (so-called the “test” plane, as seen in Figure 1) to the solution from the recycle plane as follows:

_ ln(ur,test/ur,rec)
ln(627test/52,7'ec) .

Figure 2 (a) exhibits time variation of the dynamically computed power law exponent 752 computed by Eq.
1 in the hypersonic flat plate under adiabatic wall condition. It is observed that 752 fluctuates significantly
during the transient stage where the time filter was changed in order to quickly remove initial condition
effects (“on the fly” mean flow calculation). After approximately 47 flowthroughs, the ~52 power tends to-
ward the approximate value of -0.044, which differs in about 65% from the classical empirical value of —1/8
for high Reynolds numbers (see White!?). This confirms the importance of selecting appropriate empirical
correlations in numerical simulation, which might be highly impacted by external conditions, for instance
the Reynolds number. Moreover, the computed 752 values were -0.076 and -0.059 in the wall cooling and
wall heating cases, respectively. This indicates some moderate effect of the wall temperature on the ~s2
exponent in the hypersonic regime at low Reynolds numbers. Once the exponent 75 is obtained from Eq.
1, the values of ur;n; and A can be calculated. Figure 2 (b) depicts the temporal variation of A during the
simulation of the adiabatic wall condition case, tending toward a value of approximately 1.012.

V52 (1)

To perform the proposed DNS, a highly accurate, very efficient, and highly scalable CFD solver is required.
The flow solver PHASTA is an open-source, parallel, hierarchic (2" to 5! order accurate), adaptive, sta-
bilized (finite-element) transient analysis tool for the solution of compressible?’ or incompressible flows
(Jansen'?). PHASTA has been extensively validated in a suite of DNS under different external condi-

tions,!,> 3.4

Boundary Conditions: At the wall, the classical no-slip condition is imposed for all velocity components.
Cooling, adiabatic and heating wall conditions are assumed for the thermal field with the ratio T, /T =
2.25, 5.45 and 8.175, respectively. Here, T, is the wall temperature and T, is the freestream temperature.
The T, /T ratios are 0.41, 1 and 1.5, respectively. T, is the recovery or adiabatic temperature. The lateral
boundary conditions are handled via periodicity; whereas, freestream values are prescribed on the top sur-
face.
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Figure 1. Schematic of the adiabatic hypersonic spatially-developing bound
test planes (iso-surfaces of instantaneous density).
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Figure 2. (a) Time-series of the dynamically computed power-law exponent 52 and (b) friction velocity ratio

variation for hypersonic flow and adiabatic wall condition.
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Table 1 summarizes the characteristics of hypersonic cases at My, = 5 at different wall thermal conditions.
Additionally, an incompressible case was considered at similar low Reynolds numbers for compressiblity effect
assessment, where temperature was regarded as a passive scalar. Information regarding the Mach number,
Reynolds number range, wall thermal condition, computational domain dimensions in terms of the inlet
boundary layer thickness 0;,; (where L., L, and L, represent the streamwise, wall-normal and spanwise
domain length, respectively) and mesh resolution in wall units (Az™, Ayt~ Ayt . AzT) is also supplied.
In all cases, the number of mesh points in the streamwise, wall-normal and spanwise direction is 440 x 60 x
80, respectively. A similar Von Karman number or shear Reynolds number was prescribed in all cases, i.e.,
d% = 250. These cases were run in 96 processors in Stampede 2 (TACC) and Comet (SDSC), consuming
about 20,000 CPU hours each.

Table 1. Numerical Cases.

Case | My Reso Wall Condition L, x L, XL, Azt Ayt Ay Azt
Incomp. 0 306-578 Isothermal 450;n1 X 3.50in1 X 4.30in1 14.7, 0.2/13, 8

Hyp. 1 5 363-659 | To/Too=2.25, T\y/Tr=0.41 | 440;n; X 3.5, X4.30in 13.3, 0.17/16.7, 7.4
Hyp. 2 | 5 | 600-1014 | Ty/Too=5.45, To/To=1 | 430in X 3.50i %4.30im1 16, 0.21/20, 9
Hyp. 3 | 5 | 752-1248 | T\/Too=8.175, Toy/Tr=1.5 | 430in; X 3.50i %4.30i1 17, 0.21/20, 9

III. DNS Results

For the time-averaged streamwise velocity in wall units and compressible flow, the Van Driest transform is

applied,
U 1/2
Tw
Uyp = dU 2
= [ (%) ©)

Figure 3 (a) depicts the mean streamwise velocity normalized by the freestream velocity. The adiabatic case
(Hyp. 2) agrees very well with DNS data from Duan et al.5 at similar Reynolds numbers. In addition,
validation of present adiabatic DNS case was performed by a comparison with experiments by Tichenor!®
at significantly higher Reynolds numbers. Notice the good agreement in the outer region. Furthermore,
significant increase of U are observed in the log region as the Mach number increases (up to 10%). For the
hypersonic regime, local flow acceleration is detected as the wall temperature increases; whereas a reduction
of the mean streamwise velocity is obtained under wall cooling influence. In fact, this flow retardation is
clearly observed in fig. 3 (b).

Turning to the mean static temperature in supersonic flow, the T'/T,, and U/U,, relationship is expressed
in terms of the Walz’s equation,

T T, T.,—T,[U =1, U\’
e [ R A |V S gt 3
Tw T Ta <Uoo> "2 “(Uoo> ¥

where 7 is the recovery factor (= Pr'/3) and T, the well known recovery temperature. Figure 3 (c) shows
the mean static temperature vs. mean streamwise velocity both normalized by the corresponding freestream
value. Overall, the Walz equation gives excellent predictions for the adiabatic and wall heating cases in
hypersonic flows. On the other hand, some overprediction was observed in wall cooling (up to 7%). This is
consistent with DNS results by Duan et al.® (see o symbol in fig. 3 (c)).

Figure 4 illustrates the streamwise variation of local maxima of fluctuations in cases from Table 1. Major
conclusions can be described as follows: (i) hypersonic cases show larger maxima of wl.,,. with respect to
the incompressible regime, (ii) (ul.,,)maz increases as the wall temperature increases in hypersonic flow,
(iii) variation in peaks of < w'v’ > are within 15%, and (iv) the largest normalized values for the thermal
fluctuations ¢/, ., and vertical heat fluxes < v't’ > were found for the wall cooling case, with increases of up

™ ms

to 7% with respect to the adiabatic case.

Figure 5 (a) depicts the wall-normal transport of Reynolds shear stresses or triple correlation < v'u/v" >

in outer units. It is observed that transport of Reynolds shear stresses significantly increases as the wall
temperature increases in the hypersonic regime. It is worth noting that wall cooling induces a change in the
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Figure 3. Mean streamwise velocity in (a) outer units, (b) inner units, and (c) mean static temperature.
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Figure 4. Streamwise variation of local maxima: (a) urms and < u/v’ >, (b) tyms and < vt >
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transport direction in the near-wall region, caused by local overheating of the boundary layer. It was found
that this overheating enhances ejection or Q2 events, as seen in fig. 5 (b) at y/d ~ 0.01.
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Figure 5. (a) Vertical transport of < u/v' > and (b) Q2 contributions to < u/v’ > in outer units.

A. 'Wall Temperature Assessment on Coherent Structures

In Figure 6, flow visualization of thermal large-scale motions has been carried out by extracting iso-surfaces
of normalized instantaneous temperature in hypersonic flows, i.e., (T — Ty)/(Too — To) = 0.75. It can
be concluded that large thermal turbulent structures are more organized but more anisotropic with more
intense “gaps” of freestream fluids in between when wall cooling is applied, as seen in fig. 6 (a) (similar
to incompressible thermal coherent structures, not shown here). On the other hand, the thermal structures
become less organized (but more isotropic) as the wall temperature is increased. Particularly, a much “finer”
structure of thermal coherent motions is observed in the wall heating case (6 (¢)) in comparison with the rest
(wall cooling and adiabatic). Figures 7 and 8 depict iso-surfaces of two-point correlation (TPC) of streamwise
velocity and thermal fluctuations, respectively, at y* = 15 (left) and 50 (right) for the different hypersonic
cases. Images on the top correspond to the wall cooling case, images on the middle describe adiabatic wall
condition, and finally, images on the bottom correspond to the wall heating case. The value of y* = 15
corresponds to the location of peak values of the u.,, . in the buffer layer, while y* = 50 approximately
coincides with the log region in the outer part of the boundary layer. Positive red iso-surfaces were extracted
at a value of 0.125 of the normalized TPC, whereas a value of -0.125 was considered in the extraction of
negative blue iso-surfaces. Generally speaking, the major turbulent structure (in red) are flanked by two
secondary turbulent structures (blue).

In terms of TPCs of ' in Figure 7, there is a significant enlargement of the major turbulent structure for
the same wall thermal condition as one moves further from the wall. Also, the flow exhibits an important
level of correlation upstream of the reference plane in the outer region of the boundary layer. Similar
trends were observed in the negatively correlated “flanking” structures. It is worth noting the presence of
extremely long turbulent structures in the buffer zone of hypersonic boundary layers subject to wall thermal
cooling, expanding roughly 4.55 in the streamwise direction, as seen in fig. 7 (a). At the same y* location,
the influence of increasing the wall temperature can be described as a shortening process of the turbulent
structures. This is consistent with previous conclusions of ejection event enhancement (or Q2 events) under
wall cooling condition. Ejections would pump up low speed fluid, contributing to the formation of low speed
streaks.

Turning to thermal turbulent coherent structures, TPCs of ¢’ in figure 8 exhibit some differences with TPCs
of v/ in hypersonic flat plates subject to various wall temperature conditions. For instance, the streamwise
lengths of positive iso-surfaces of Ry are much smaller than those of Ry, about 50% shorter in length. In
addition, the flanking negative thermal structures look much tinier than in the velocity field, and nearly
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(a)

(c)
Figure 6. Visualization of thermal large-scale motions: iso-surfaces of normalized instantaneous temperature
in hypersonic flows. (a) wall cooling, (b) adiabatic and (c) wall heating.
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disappear in the outer region.

(e) ()
Figure 7. Wall temperature effect on momentum turbulent structures: (a) wall cooling y+ = 15, (b) wall

cooling yt = 50, (c) adiabatic y* = 15, (d) adiabatic y+ = 50, (d) wall heating y*+ = 15, and wall heating y+ =
50 .
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)

Figure 8. Wall temperature effect on thermal turbulent structures: (a) wall cooling y* = 15, (b) wall cooling
yt = 50, (c) adiabatic y* = 15, (d) adiabatic y* = 50, (d) wall heating y+ = 15, and wall heating y* = 50 .
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B. Joint Probability Density Function

A probability distribution analysis of quadrant events has been performed in Reynolds shear stresses < u'v" >
at y* = 5 and 50 for the four cases studied, as seen in figs. 9 and 10, respectively. A significant enhancement of
ejection events (Q2) and inward interactions (Q3) is observed in wall cooling, caused by the local overheating
in the near wall region of the boundary layer. The rotated “ellipsoid” distributions of ' and v’ are very
similar in the incompressible flow regime as compared with the adiabatic and wall heating hypersonic cases
in the viscous sublayer. Similar trends of JPDF for low probability values (i.e., 0.06) are observed in the log
region in all cases. However, the high probability density zone at 0.18 looks more concentrated in the fourth
quadrant (sweep events) for the wall cooling case.

3 3

> |N3 0 S ‘“é 0
—11 -1
-2 -2
-3 -3
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
u’ u’
w?) w?)
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u’ u’
(u?) (u?)
(c) (d)

Figure 9. JPDF of Reynolds shear stresses < u/v’ > at y* = 5: (a) incompressible, (b) wall cooling, (c)
adiabatic, and (d) wall heating.
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Figure 10. JPDF of Reynolds shear stresses < w/v' > at yt = 50: (a) incompressible,
adiabatic, and (d) wall heating.
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IV. Conclusions

Direct simulation of hypersonic turbulent boundary layers over a flat plate is carried out at various wall
temperature conditions and low Reynolds numbers. It was observed that vertical transport of Reynolds
shear stresses significantly increase as the wall temperature increases in the hypersonic regime. Interestingly,
wall cooling induced a transport direction change in the near wall region due to the local overheating of
the boundary layer, which in turn caused intensification of ejections. Along the same lines, this ejection
enhancement seemed to be the reason of the extremely long structures found in the buffer zone of hypersonic
boundary layer subject to wall cooling. Furthermore, large thermal turbulent structures are more organized
(anisotropic) with more intense “gaps” of freestream fluids in between when wall cooling is applied. The
thermal structures become less organized but more isotropic as the wall temperature is increased.
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