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Abstract

In this paper we report and discuss the results of the coripo# analysis of the flowfield past a double
wedge model that has been used in a test campaign perforrtregltitypervelocity Expansion Tube (HET)
at the University of lllinois. Along with the center of the hel, 19 coaxial thermocouple gauges at 16 dif-
ferent streamwise locations are mounted. Therefore, ipthgent work, numerical-to-experimental com-
parisons have been carried out in order to address the Shawek Béundary Layer Interactions (SWBLI)
and resulting heat transfer in hypervelocity double wedge@quilibrium flow.

1. Introduction

Figure 1 shows the selected geometry for computationalaesl It consists of a double wedge model with=

50.8 mm, 6; = 30deg, L, = 254 mm; 6§, = 55deg, and with width 1016 mm that has been used in a test campaign
performed in the Hypervelocity Expansion Tube at the Ursigof lllinois. It was equipped with 19 coaxial thermo-
couple gauges at 16ftikrent streamwise locations. Therefore, several expetah@ata are available for numerical-to-
experimental comparisons. The scope of the present wodkdddress the Shock Wave Boundary Layer Interactions
and resulting heat transfer.

25.4 mm

Figure 1: Test bed configuration with quotes

One of the primary technological challenges to the devekagrof hypersonic capabilities is the management
of the substantial thermal loads associated with the aenotbdynamic environment. Conservative approaches to
thermal protection system (TPS) increase the vehicle weigthe expense of the performance, even if, aggressive,
low-weight designs increase the potential risk for streadtdiailure. At the heart of this problem lies the current
inability to accurately predict the complex fluid dynamiegetmodynamic and chemical phenomena which dominate
the development of thermal loads on hypersonic systems. ekamples of such critical phenomena are the shock
wavegboundary layer interactions and the surface heating duerbwitent flow over both localized disturbances and
distributed arbitrary roughness.

SWBLI are commonplace in hypersonic aerodynamics. Theyrdodhe vicinity of deflected control surfaces,
fuselage-wing junctures, corner flows in inlets and mangokbcations. Shock interactions can cause boundary layer
separation with concomitant high heat transfer at reattacti which has a significant impact on the design of thermal
protection systems.

The principal flowfield phenomena that take place in the flold ¢ructure past a double wedge are summarized
in Figure 2.
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Figure 2: Double wedge model and flow field phenomena

The forward wedged = 30 deg) generates an oblique shock wave with inviscid shock angl@ &g. The
rearward wedge anglex(+ 6, = 55 deg) exceeds the maximum inviscid flow deflection angle.34%qg) and hence
generates a detached shock wave. The shock wave boundaryrtgraction causes separation of the boundary layer
on the forward wedge leading to a recirculation region amqdsation shock wave. The forward wedge oblique shock
and separation shock interact to form a triple point aboeestiparation region. A second triple point is formed by the
intersection of the separation shock and rearward wedgeled shock resulting in a strong shear layer with subsonic
flow above and a shock-expansion train beneath. The reattttof the boundary layer results in a peak in surface
heat transfer. Accurate prediction of shock interactisrthérefore essential for optimal design of hypersonicatehi

As part of the &ort, the numerical rebuilding of two test experimental caigps (double wedge in nitrogen
and air) was undertaken by CIRA in the framework of the STO A05 panef, namelyAssessment of Predictive
Capabilitiesfor Aerodynamic Heating of Hypersonic Systems.

2. Description of Experiment

In the framework of the STO AVT 205 panel, the experiment oaStek and Austihiwas selected for the assessment
of computational methods for hypersonic shock wave lantioandary layer interactions. The model geometry com-
prises a double wedgé & 30deg anda + 6,y = 55 deg) machined from A2 tool steel. The length of the first face is
L; = 50.8 mm and the second is, = 25.4 mm. The width of the model is 10& mm.

The model was dimensioned according to the criteria sunzm@aii? and designed as a one-half scale version. A
critical parameter is the ratio of the wedge widitto the boundary layer thicknesst separation. For the experiments
investigated in this work, the ratio wégs ~ 125. Side fences were not included in order to avoid obstrgdhe
optical path and modifying the separation region.

The experiments were performed in HET at the University liidis, Urbana-Champaigh. Tests were per-
formed in air and nitrogen at the freestream conditionsciaiighid in Table 1.

Table 1: Freestream Conditions and experimental set-

up
Parameter M7 2 M78
Stagnation enthalpyM J/Kg) 2.1 8.0
Mach number 7.11 7.14
Static temperatureK() 191 710
Static pressurekpPa) 0.391 0.780
Velocity (m/s) 1972 3812
Density kg/n) 0.0071 0.0038
Unit Reynolds number (fgm)  1.10  0.435
Test time (microseconds) 327 242

The freestream parameters between air and nitrogen erperee change of less tharb@ at the same test
condition. The model surface temperature is R98uring the tests. Instrumentation includes nineteen ebaxer-
mocouples at sixteenflierent streamwise locations on the model. Three locations tvéo spanwise gauges to assess
possible three dimensional behavior. The locations of theygs are listed in Table 2 where s is measured from the
leading edge of the forward wedge along the surface. Theagaaug clustered in areas of interest such as separation,
reattachment and shock impingement as indicated fromesingine schlieren images.
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Table 2: Coaxial Thermocouple Gauge Locations

Gauge s(inch) z(inch) gL zZ/W
A 0.4 0 0.2 0
B 0.7 0 0.35 0
C 0.9 0 0.45 0
C1 0.9 0.162 0.45 0.0405
D 11 0 0.55 0
Fore End E 1.3 0 0.65 0
F 1.468 -0.162 0.734 -0.045
F1 1.468 0.162 0.734  0.0405
G 1.584 0.081 0.792 0.02025
H 1.7 0 0.85 0
I 1.816 -0.081 0.908 -0.02025
J 1.932 -0.162 0.966  -0.0405
K 2.119 0.185 1.0595 0.04625
L 2.251 0.092 11255 0.023
M 2.383 0 1.1915 0
Aft End N 2.515 -0.092 1.2575 -0.023
@) 2.647 -0.185 1.3235 -0.04625
o1 2.647 0.185 1.3235 0.04625
P 2.897 0 1.4485 0

The experimental heat transfer data are presented in F&jfoethe test case having a stagnation enthalpy of

8.0 MJ/kg either in air and in nitrogen.
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Figure 3: Heat flux versusfor 8.0 MJ/kg in air (left) andN; (right)

3. CFD Analysis

The governing equations are the steady Reynolds-averagegressible Navier-Stokes (RANS) equations. A five
species thermochemistry modél,( N, O,, O, NO) is used for air and a two species modib,( N) for nitrogen
with separate translational-rotational and vibratioeahperatures. lonization phenomenon has been discharged du
to rather low flow energy. Three dissociation reactions aml éxchange reactions can be considered as reaction
mechanism. A reacting partner (i.e., third body) that camaie of the reacting species, is also included. Therefore,
the reaction mechanism for air results in a system of 17 cbelmeactions, 17 forward and backward reactions rate
codficient, respectively. Chemical kinetics is modeled usindehenius form with Park rates.

A separate vibrational energy equation is used for the méxtibrational energy with the Landau-Teflenodel
for vibrational-translational energy relaxation and irdpecies relaxation ratésBoth non-catalytic and fully cat-
alytic surface boundaries were considered for air, andgatalytic boundary for nitrogen. Viscosity d@eients were
calculated from Wilke's semi-empirical rule. Finally, buience has been taken into account withkheo SST model.
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3.1 Computational Grids

Structure multiblock grids of 433X707 points (i.e., abouB®M cells) were considered to solve for complex flow
structure of SWBLI. Both computational grids (for air anttogen) have been tailored for the experimental test cases
setup. A great deal of care was taken in multiblock grid dgwedent. In fact, the distribution of grid points has been
dictated by the level of resolution desired in various aoddlse computational domain such as shock-shock intemactio
triple points, shear layer and recirculation region, adoay to the computational scopes.

To obtain a good quality Navier-Stokes solution, the meshieeen built clustering the points as close as possible
to the surface. Moreover, attention was paid to grid dengiig distribution (stretching), and cell Reynolds number
at the wall, because heat flux prediction is very sensitivihtse mesh features. Grid refinement in strong gradient
regions of the flowfield (i.e., shock fitting) was made throagsolution adaptive approach and multigrid techniques
were used to accelerate convergence. An example of the datignal grid is provided in Figure 4.
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Figure 4: An example of the computational grid

3.2 Test matrix

Computational activities to numerically rebuild the eXpants foresaw several test cases. Table 3 shows a summary
of the seven CFD computations performed.

Table 3: CFD test matrix

Mach Flow condition Wall BC
7.14 LAM NCW2
7.14 Xir = 58%L NCW
7.14 Xir = 58%L FCwP
7.14 Xy = 82%L FCw
7.14 Xir = 10094 NCW
7.30 X = 58%L NCW
7.30 X = 65%L FCw

& Non Catalytic Wall
b Fully Catalytic Walll

Two Mach numbers and five fiierent flow conditions with and without catalytiffect at wall were considered.
The M., = 7.14 simulations are representative of the experimentaltee®®ut M., = 7.3 was also considered to assess
the Mach numberféect. Further, in order to take into account for thfeets of the transition of the boundary layer
from laminar to turbulent flow, several numerical computasi were performed by imposing the transition location.
The first CFD computation has been performed in fully lamiit@w conditions due to the rather low unit Reynolds
number. Once the boundary layer was extracted, a trédedhe transition location was performed. The transition
location has been fixed at; = 58% L; since it corresponds to the separation point in laminar itimmd The other
three transition points were located to observe theceon both heat transfer peak location and intensity; itiqdar,
the xy = 100%L, was set as it corresponds to the hinge line point. Furthexntbe wall catalytic fiect was also
considered.
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3.3 Numerical Resultsin Air in high enthalpy

The boundary layer on the forward wedge results laminarat¢h the Reynolds number, based on the lehgtbf the
forward wedge and conditions downstream of the forwardoplalishock wave, is less than®1or all test cases.

Figure 5 shows the qualitative comparison between expatmh€Schlieren image) and steady state numerical
data for the fully laminar simulation with NCW boundary catimhs. As it can be observed, the contour fieléfelis
from the Schlieren since there is no triple point due to angfrehock that originates ahead the recirculation bubble.
This numerical result suggested, despite the rather lowREynolds number, to investigate also transitional flow
conditions.

Figure 5: Schlieren image in air (left). Mach number consdor laminar flow (right)

The comparison between flow field contours of the Mach numiethie test cases in fully laminar and transi-
tional (x; = 58%1L,) flow conditions at NCW is shown in Figure 6.
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Figure 6: Mach number contours for laminar (left) and traosal flow (right)

The numerical flow field, in the case of transitional simwafipresents the same structure as pointed out by the
experimental test case. Indeed, Figure 7 shows the Madhésahnd it is possible to recognize all the features of the
flow field structure expected in this case, according to Edur
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Figure 7: Mach isolines with streamtraces for transitidtoal (x, = 58%L;) with NCW
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As far as transitional abscissa is concerned, it is wortingdhat empirical criteria, such as Anderson, Reda et
al® % were implemented to locate transition point. Neverthelesse of these criteria provided a location for transition
as the unit Re number is rather I8wThe laminar feature of the flow is also highlighted by the shfggtor provided
in Figure 8. The shape factor is constant and close to thexlrwalue of the flat plat€ up to about M027m, which
corresponds to the beginning of the separation bubblemegio
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Figure 8: Shape factor for fully laminar simulation with NCW

On the base of this analysis, the separation point obsemedly laminar analysis was set as transition point for
laminar-to-turbulent simulations.

The results of heat flux distribution are presented in Fi@utteft) in the case of non-catalytic wall and of laminar
flow. The computed heat transfer is within the experimentakutainty upstream of the computed separation point at
x = 27 mm. According to above discussion, the computed peak heatfawmim the fully laminar flow conditions fiers
significantly from the experimental data, apart from theiteanregion on the first ramp (approx.< 0.03m). The
computed peak heatflux is less than half the experimentaedés location is further downstream of the experimental
peak. On the contrary, results of two separate computasissisming transition of the boundary layer from laminar to
turbulent atx = 29.5 mm (58%.,) are presented in Figure 9 (right) for both non-catalytitl wad fully catalytic wall .
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Figure 9: Q vs x. Laminar, NCW (left). Transitional, NCW an@W (right)

The computed separation point is further downstreany (0.034m) as expected due to the increased mixing
associated with transition of the boundary layer from laanito turbulent. The numerical peak heat transfer location
compares rather well with the experimental peak, but thearigal simulation under-predicts the peak value by 35%
(see Figure 9, right) with respect to the experimental one.

In Figure 10 the fect of the transition location is shown for the test caddat= 7.14. In the laminar region, the
match between experimental and numerical results is qoitel §or every simulation, as expected.fierences arise
in the region downstream the transition point (or sepangtioint for fully laminar simulation). The first fierence
concerns the recirculation zone, whose length dependseotrahsition location. The widest bubble is obtained for
fully laminar condition; while the smallest one refers te gimulation withx;, = 58%L;. The computed separation
point is downstream due to the higher energy of the turbwlennhdary layer. Anyway, the, = 100%L, determines
a rather wider recirculation region, as transition is ledainside the bubble. This means that tiffee of turbulent
boundary layer is less significant. Thdfdrent bubbles’ lengthfiects both heat flux peak and location. For both
transition points the computed heat flux peak under-prethet experimental value by about 43%.
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Figure 10: Q vs x. Fully Laminar vs¢; = 58%L; andx;, = 100%L; at NCW

Moreover, the wider the bubble the more downstream resdtpéak location. This evidence is confirmed also
by results provided in Figure 11, where heat flux curves anepaored forx, = 58%L; and 82%L;.
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Figure 11: Q vs x. Hect of Transition location a,, = 7.14 and NCW

In particular, at, = 58%L, the peak location is just before the position highlighte@kperimental data; while
numerical result fox, = 82%L; is quite close to the experimental one.

As far as Mach numberfkect is concerned, Figure 12 provides the heat flux compaf@or, = 58%L; at
Ms = 7.14 and 73.
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Figure 12: Q vs x. HEect of Transition location a1, = 7.14 andM,, = 7.3 at NCW
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As one can see, the values reached in the laminar region gerifior M, = 7.3, as expected. Even though
transition location is the same, the bubble length is widerM,, = 7.14. This dfect is due to the lesser energy
associated to the boundary layer for this flow condition. Agsult, peak location is fierent, according to above
suggestions. Moreover, numerical resultdvat = 7.3 envisage higher heat flux values but the peak is still under-
predicted (by about 35%).

Eventually, Figure 13 shows results fiot,, = 7.3 with x, = 58%L; (NCW) and 65%l; (FCW). The higher
peak heating is obtained in the case of FCW boundary condifidis simulation, however, still under-predicts the

peak experimental value by about 30%.
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Figure 13: Q vs XM, = 7.3, %y = 58%L; and 65%lL;, NCW and FCW

3.4 Numerical Resultsfor Nitrogen in high enthalpy

The results for Nitrogen test case are presented in Figuasddming transition from laminar-to-turbulent boundary
layer fixed atx = 0.0295mm. Good agreement with experiment is observed over the eetgth of the double
wedge. The main dlierence with reference to simulation in air is that, for thialgsis,N; is starting to dissociate. So,
compared to simulations with reacting air mixture, in thise real gasfiects appear to be less significant. Thus, the
computational complexity is less demanding, leading ttelb@umerical and experimental results comparison.

e
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Figure 14: Q vs XM, = 7.14, X = 58%L,, NCW

3.5 Numerical Resultsfor Air in low enthalpy

As far as experimental data were available also for the |aWwadpy test conditions, the numerical rebuilding was eatri
out also for this case. In particular, the selected test sasdative to the air mixture. Numerical CFD computations
were performed with fully laminar flow and Non Catalytic Wdlking a preliminary attempt to simulate the flowfield
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in this condition. Computations are still on-going, anywasre we report a first comparison with the experimental data
in terms of heat flux. Figure 15 shows such comparison and,c@sibe seen, a rather well match is found between
numerical and experimental data. As shown, numerical te$oillow the shape of the experimental data quite well,
but the maximum heat flux is over-predicted by about 30%.
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Figure 15: Q vs x. Fully Laminar, NCW, low enthalpy

4. Conclusion

Numerical flow simulations have been performed for both lowd &igh enthalpy conditions. In the case of high
enthalpy test the flow seems to be laminar on the first weddledikeparation bubble. Numerical results for transitiona
flow with x; = 58%L; show the best agreement with experimental data. The nuaharid experimental heat flux peak
locations compare quite well, while the peak valuegedi In particular, numerical results under-predict the imasm
heat flux value, at least in the simulations concerning theaiture. Simulations aM = 7.3 were performed to study
the dfects of increased Mach number and present an incrementirline@eak but still lower than the experimental
data. For the Nitrogen flow, in high enthalpy the comparisetneen experimental and numerical data is satisfactory.

Preliminary analyses for the air mixture in low enthalpy iemwment were started and still on-going. Compu-
tational fluid dynamics analyses were performed with fuligninar flow and Non Catalytic Wall, being a preliminary
attempt to simulate the flowfield in this condition. Numeliesults follow the shape of the experimental data quite
well, but the maximum heat flux is over-predicted by about 3@rther analyses are foreseen by considering also
Nitrogen and the féect of flow transitiopseparation.
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