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ABSTRACT

Recent interest in hypersonic flight has refocused attention on the accuracy of non-equilibrium
models for hypersonic shock wave laminar boundary layer interaction. A recent set of exper-
iments performed at the CALSPAN University of Buffalo Research Center (CUBRC) for two
configurations has been examined to assess its suitability for evaluation of non-equilibrium sim-
ulation models. Ezrperimental data include surface heat transfer and surface pressure. Results
indicate that the experimental data do not provide a stringent test of non-equilibrium effects, but
rather the experimental data is best modeled by a thermal equilibrium model.

INTRODUCTION

The resurgence of interest in hypersonics during the past two decades is evident worldwide. Exam-
ples of research flight tests include the Hypersonic International Flight Research Experimentation
(HIFIRE) program of the Australian Department of Defense and United States Air Force Flight
Dynamics Laboratory (Jackson et al. [2015]), the Chinese DF-ZF Hypersonic Glide Vehicle (HGV)
(Perrett et al. [2014]), the Scramjet Powered Accelerator for Reusable Technology Advancement
(SPARTAN) at the University of Queensland (Button [2016]), the SHarp Edge Flight Experiment
(SHEFEX) at the Deutsches Zentrum fiir Luft-und Raumfahrt (DLR) (Longo [2009]), the HEXAFLY
(Steelant et al. [2015]) and HEXAFLY-INT (Pezzella et al. [2015]) experimental flight test vehicles,
and the United States Defense Advanced Research Projects Agency (DARPA) Force Application and
Launch from CONtinental United States (FALCON) project (Walker and Rodgers [2005]). Commer-
cial launch vehicles include SpaceX Dragon and Starship, Blue Origin New Shepard and New Glenn,
and the Boeing Starliner Spacecraft.

The aerothermodynamic loads (i.e., surface heat transfer, pressure and skin friction) on hypersonic
vehicles are strongly affected by the interaction of shock waves with the vehicle boundary layer. An
example is the US Space Shuttle flight STS-1. During reentry, the body flap was commanded to a
maximum deflection of 14° in order to maintain pitch stability, far exceeding the planned deflection of
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8° to 9° (Maus et al. [1984]; Aeronautics and Administration [2003]). Subsequent detailed analysis
indicated that the CFD predictions for the pressure distribution associated with the shock wave
boundary layer interaction on the underside of the vehicle were in error at hypersonic speeds.

Hypersonic shock wave boundary layer interactions can be categorized as 1) purely laminar, 2)
transitional (i.e., the boundary layer transitioning from laminar to turbulent ahead of or within the
shock wave boundary layer interaction), and 3) fully turbulent. The fluid physics can be quite complex
due to non-equilibrium effects including vibrational-translational energy exchange, thermochemical
reactions, radiation and gas-surface interactions. Significant research efforts have focused on many
of these aspects. A recent review is Babinsky and Harvey [2011].

A fundamental question is "What is the capability for accurate prediction of aerothermodynamic
loading in hypersonic shock wave boundary layer interactions ?" In this regards, "accurate prediction”
implies the prediction of aerothermodynamic loading within experimental uncertainty. A recent
survey by Knight and Mortazavi [2018] addressed this question for shock wave laminar boundary layer
interactions. A total of seventy CFD simulations of shock wave laminar boundary layer interactions
were evaluated, comprising the specific geometries of a double cone and hollow cylinder flare. The
authors concluded that there is no consistent accurate prediction of aerothermodynamic loading in
hypersonic shock wave laminar boundary layer interactions.

A recent series of experiments were conducted at the CALSPAN University of Buffalo Research
Center (CUBRC) on hypersonic shock wave laminar boundary layer interactions (see below). These
experiments were performed in the LENS XX expansion tunnel for double cone and hollow cylin-
der flare configurations, and covered a range of Mach numbers from 10.9 to 13.2 and stagnation
enthalpies from 5.44 MJ/kg to 21.85 MJ/kg. The experiments were part of a "blind" study of
CFD models for hypersonic shock wave laminar boundary layer interactions which were presented
at the AIAA AVIATION 2014 meeting (MacLean et al. [2014a,b]). The experimental freestream
conditions are well understood since LENS XX is an expansion tunnel (MaclLean et al. [2014a])
and thus uncertainties associated with vibrational freezing in shock tunnels are not present (Knight
and Mortazavi [2018]). These CUBRC experiments have emerged as a favorite test for assessment
of CFD modeling based upon the expectation that the high stagnation enthalpies would result in
significant non-equilibrium effects in the measured aerothermodynamic loading (i.e., surface heat
transfer and pressure).

The objective of this paper is to summarize our CFD simulations of the CUBRC experiments, and
to answer the question " Do these CUBRC experiments constitute a stringent test of non-equilibrium
effect in CFD modeling 7"

EXPERIMENTS

A series of experiments were performed at the CALSPAN University of Buffalo Research Center
(CUBRC) for a double cone (Fig. 1) and hollow cylinder flare (Fig. 2). The experiments were
performed in the CUBRC LENS XX tunnel. A description of the LENS XX facility is provided in
Dufrene et al. [2010, 2011].

Double Cone

The double cone (Fig. 1) comprises a 25° forward cone and 55° aft cone. The overall length is
194 mm. A total of six runs were performed at CUBRC. The flow conditions are listed in Table 1.
Experimental diagnostics include 23 pressure transducers and 49 heat transfer gauges. Run Nos. 1,
2, 4 and 6 were computed as described in METHODOLOGY and shown in boldface. The Reynolds
number based upon the freestream conditions and running length of the forward cone ranged from
23,507 to 42,672 thereby assuring a fully laminar flow as indicated by MacLean et al. [2014a]. The
gas is air in full chemical and thermochemical equilibrium with mass fractions of No and Os equal
to 0.765 and 0.235, respectively. The surface of the model is isothermal at 300 K.
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Hollow Cylinder Flare

The hollow cylinder flare (Fig. 2) comprises a hollow cylinder with length 101.6 mm affixed to a
30° conical flare. A total of five runs were performed at CUBRC. The flow conditions are listed
in Table 2. Experimental diagnostics include 18 pressure transducers and 51 heat transfer gauges.
Run Nos. 1, 2, 4 and 5 were computed as describec in METHODOLOGY and shown in boldface.
The Reynolds number based upon the length of the cylinder ranged from 12,192 to 42,672 thereby
assuring a fully laminar flow as indicate by MacLean et al. [2014a]. The gas is air in full chemical and
thermochemical equilibrium with mas fractions of N3 and O equal to 0.765 and 0.235, respectively.
The surface of the model is isothermal at 300 K.
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Figure 1: Double cone. Dimensions in inches [mm].
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Figure 2: Hollow cylinder flare. Dimensions in inches [mm].
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Table 1: Flow Conditions - Double Cone

Run No. Total Mach Pitot Unit Velocity  Density =~ Temperature

Enthalpy Number Pressure Reynolds (km/s) (gm/mg) (K)
(MJ/kg) (kPa) (/106 m™1)

1 5.44 12.2 5.1 0.14 3.246 0.499 175

2 9.65 10.9 17.5 0.19 4.303 0.984 389

3 18.70 13.23 18.0 0.11 6.028 0.510 521

4 21.77 12.82 39.5 0.20 6.497 0.964 652

5 18.51 13.14 36.8 0.23 5.996 1.057 523

6 15.23 11.46 59.0 0.39 5.466 2.045 573

Table 2: Flow Conditions - Hollow Cylinder Flare

Run No. Total Mach Pitot Unit Velocity  Density  Temperature
Enthalpy Number Pressure Reynolds (km/s)  (gm/m?3) (K)
(MJ/kg) (kPa) (/105 m™1)
1 5.07 11.3 5.9 0.15 3.123 0.634 189
2 10.43 12.6 9.7 0.12 4.497 0.499 318
3 11.25 11.9 36.5 0.37 4.660 1.750 383
4 15.54 11.5 64.0 0.42 5.470 2.216 569
5 21.85 13.2 39.0 0.20 6.515 0.947 618
METHODOLOGY
The overall governing equations are the laminar Navier-Stokes equations for thermally perfect non-
equilibrium compressible viscous flow. A reacting mixture of gases with density p, fora =1,...,n of
which o = 1, ..., m constitute diatomic (or polyatomic) species and the remainder (i = m+1,...,n)

represent monatomic species are considered.

Several versions of the governing equations were considered in order to assess the extent of non-
equilibrium effects as described later.

Conservation of Mass

The conservation of mass is

pa N Ipatj 0 Y,

=wr+ — [pD— f =1,... 1
at oz ”a+axj[p ale ora= i m )

where p,, is the density of species «, the mass-averaged velocity is u;, and p is the mixture density
p= Zévzl Po and the mass fraction is defined as Y, = %‘.
The rate of production of species « is denoted as w:"* and defined as

J
. 1 /
wzpe = MO( Z (Vayj - Va,j) kf,‘] [
i=1

- N ”l/,j_ 1 &5/ p Y B
H(Mg) kng(/\/ll) ] fora=1,...,n (2)

=1

for the general reaction expressions
v Xi+. oty Xn=v X+t X, forj=1,.J (3)
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where J is the number of reactlons and v, ; and v, ; are the stoichiometric coefficients of the
reactants and products X, in the j* reaction.

The diffusion of species is modeled by Fick's Law assuming a uniform diffusivity D defined by

D= ﬁ, where Le = 1.0 is the constant Lewis number, k is the mixture thermal conductivity,
f

and ¢, is the mixture specific heat at constant pressure defined by ¢, = Y oe1 Yo Cpe, -

Conservation of Momentum

The conservation of momentum is

Opu;  Opuju;  Op n 0Tij

=— fori=1,2,3 4
ot oz, du; | Ox; T 0° @
where 7;; is the laminar viscous stress tensor defined as
2 auk ou;  Ou;
= ——bij . 5
i = 3 o +“<axj+axi> )

Conservation of Total Energy

The total energy per unit mass ¢ is the sum of the internal energy per unit mass e and the kinetic
energy per unit mass, € = e+ %ujuj. The internal energy per unit mass e is the sum of the internal
energies of each of the n species, e = > I'_; Y, e,, where the internal energy per unit mass of
each species e, is the sum of an equilibrium internal energy e2%(T") due to random translational
energy and rotational energy (in the case of molecules) at a bulk equilibrium temperature 7" and a
non-equilibrium internal energy ef*(7.""*) due to vibrational excitation (in the case of molecules),
eq = € (T) + e*(T,)™). The equilibrium internal energy of species « is

T
T) =g, + [ e (T)aT (6)
Tref
The conservation of total energy is
Ope Jq; OTiju;
— 4+ — =—— 7
ot T om, TP S gt @
where the heat transfer vector is defined by
oT GTV‘b - oY,
= —k— — k”‘b haD—2 8
The static enthalpy per unit mass for species « is
T
ha = hS, + / epu (T) dT 9)
Tref

where h?ﬂ is the enthalpy of formation of species « at T.;.

Conservation of Vibrational Energy
The conservation of vibrational energy is

8,0 ev1b 8p ev1b 8q;;]b
= f =1,... 10
ot oz pa, T fora=l...m (10)
The heat transfer vector is
. oTy"® - 0Y,
v1k.) — kwb _ D vib @ 11
qz, o gu; PP Gy (11)
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The source term which does not include the vibrational-vibrational energy transfer is

«vib __ - vib « spe . vib
wa - pOéea + wa ea (12)

where ¢ is the translational-vibrational energy transfer per unit mass of species a. We consider
the classical Landau-Teller model (Vincenti and Kruger [1965])

evib* (T) o eéib (Tavib)

g = (13)
where ¢"" is the equilibrium vibrational energy per unit mass of species o defined by
G (14)
exp(O*/T) — 1
and 7, is the relaxation time (Millikan and White [1963]) of species a.
In the second term in Eq. (12), there are two possible choices for e!i* namely, e® = m@%

. vib .
and e = Re6, ;- For all cases presented here, the former method is used.

Equation of State

The equation of state is p =T Y 1_; paRa, where the gas constant R, for species « is R, = /\%
where R is the Universal Gas Constant.

Thermodynamic Data and Transport Properties

The species thermodynamic data and species transport properties are obtained from Gupta, Yos,
Thompson and Lee (Gupta et al. [1990]) (NASA-RP-1232) database. The mixture viscosity p and
thermal conductivity k are determined by Wilke's Rule (Wilke [1950]). The vibrational thermal
conductivity of species « is k}® = uoR,, where u, and R, are the molecular viscosity and gas
constant for species «, respectively.

Thermochemistry Model

The non-equilibrium Navier-Stokes simulations used the Park | thermochemistry model (Park [1985])
comprising five species (N2, O2, NO, N, O) and seventeen reactions (see APPENDIX).

Simulation Models

The assessment of the importance of non-equilibrium effects in prediction of the aerothermodynamic
loading (i.e., surface heat transfer and pressure) for the CUBRC experiments was performed in a
rational manner. The simplest model is Perfect Gas which assumes constant specific heats and
equilibrium flow (i.e., no thermochemical reactions or vibrational-translational energy exchange).
The next model is Thermally Perfect which incorporates temperature dependent specific heats
but otherwise assumes equilibrium flow. The third model is Non-Reactive which adds vibrational-
translational energy exchange to the previous model but omits thermochemical reactions. The final
model is Park | incorporating both vibrational-translational energy exchange and thermochemical
reactions, together with temperature dependent specific heats.

Table 3: Model Specifications

Model Modifications Transport properties
wepe wyb Specific heat  Viscosity Pro  Le
Perfect Gas 0 0 constant Sutherland 0.72 n/a
Thermally Perfect 0 0 GW GW 0.73652 1.0
Non-Reactive 0 Paly® GW GW 0.73607 1.0
Park | Eq. (2) and Park |  Eq. (12) GW GW 0.73652 1.0
GW Gupta et al database (Gupta et al. [1990]) and Wilke's Rule (Wilke [1950])
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Details of Simulations

The present paper summarizes the results of our simulations of the double cone and hollow cylinder
flare models for the cases indicated in boldface in Tables 1 and 2. Simulations were performed
using the commercial codes GASPex and GASP (Neel and McGrory [2014]) and the non-equilibrium
compressible Navier-Stokes code developed in our laboratory. Details are presented in Kianvashrad
and Knight, Youseffi and Knight [2015], Kianvashrad and Knight [2016], Youssefi and Knight [2016],
Kianvashrad and Knight [2017a], Kianvashrad and Knight [2017b], Kianvashrad and Knight [2017¢],
Youssefi and Knight [2017], Kianvashrad and Knight [2018], Knight and Kianvashrad [2018] and
Kianvashrad and Knight [2019].

RESULTS

Double Cone

The flowfield structure for the double cone is illustrated in Fig. 3. Contours of Mach number
(Fig. 3 (a)) and static pressure (Fig. 3 (b)) are shown for Run 1 using the Perfect Gas model. The
basic features are typical for all of the simulations. The forward cone generates an attached shock
wave. The aft cone generates a second shock wave (bow shock) resulting in an adverse pressure
gradient in the vicinity of the intersection of the forward and aft cones. The laminar boundary layer
separates to form an axisymmetric recirculation region and a consequent separation shock. The
forward shock and separation shock intersect upstream of the separation location. The resultant
shock intersects the bow shock forming a triple point. The reattachment of the boundary layer
generates a reattachment shock which intersects with the shock formed at the separation shock-
bow shock triple point. The surface heat transfer and pressure reach their highest values in the
vicinity of the reattachment location.

Bow Shock —————————

Mach-Number

Triple Point

Transmitted Shock

econd Triple Point

Reattachment Shock

Pressure, (Pa)

12000
11000
10000
| 9000
8000

Separation Shock

7000
€000
5000
4000
3000
2000
1000

(a) Mach number (b) Static pressure

Figure 3: Flowfield structure for Run 1 (Youssefi and Knight [2017])

Run 1 (5.44 MJ/kg):

Fig. 4 displays the surface heat transfer and surface pressure for Run 1. Results are shown for the
Perfect Gas and Park | models. The simulations were performed using GASPex and GASP, respec-
tively. The Perfect Gas model displays closest agreement with experiment including an accurate
prediction of the separation location. The spacing between experimental heat transfer and pres-
sure transducers is significantly larger than the computational grid spacing, and therefore the actual
experimental peak values of surface heat transfer and pressure may not have been recorded.
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Figure 4: Surface heat transfer and pressure for Run 1 using Perfect Gas and Park | models (Youssefi
and Knight [2017])

Run 2 (9.65 MJ/kg):

Fig. 5 shows the surface heat transfer and surface pressure for Run 2 using the Perfect Gas and
Park | models. The simulations were performed using GASPex and GASP, respectively. The Perfect
Gas model significantly overpredicts the size of the separation region, and consequently the location
of the computed peak heat transfer and pressure is downstream of the experimental values. The
Park | model shows closer agreement with experiment, although the separation location is farther
downstream than in the experiment.
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Figure 5: Surface heat transfer and pressure for Run 2 using Perfect Gas and Park | models (Youssefi
and Knight [2016])

Fig. 6 presents the surface heat transfer and surface pressure for Run 2 using the Thermally Perfect,
Nonreactive and Park | models. The simulations were performed using the code developed by
Kianvashrad and Knight (Kianvashrad and Knight [2019]). The Thermally Perfect model accurately
predicts the separation location, plateau pressure and recovery downstream of reattachment. As
discussed above, the resolution of the experimental surface heat transfer and pressure transducers
is significantly larger than the computational grid spacing in the vicinity of the peak values of heat
transfer and pressure, and therefore the peak values may not have been resolved in the experiment.

Similar to Fig. 5, the Park | and Nonreactive models predict a separation location further downstream
8
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than in the experiment.
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Figure 6: Surface heat transfer and pressure for Run 2 using Thermally Perfect, Nonreactive and
Park | models (Kianvashrad and Knight [2019])

Run 6 (15.23 MJ/kg):

Fig. 7 displays the surface heat transfer and surface pressure for Run 6 using the Perfect Gas and
Park | models. The simulations were performed using GASPex and GASP, respectively. The Perfect
Gas model substantially overpredicts the size of the separation region, and consequently the location
of the computed peak heat transfer and pressure is downstream of the experimental values. The
Park | model shows closer agreement with experiment, although the separation location is farther
downstream than in the experiment.
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Figure 7: Surface heat transfer and pressure for Run 6 using Perfect Gas and Park | models (Youssefi
and Knight [2016])
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Run 4 (21.77 MJ/kg):

Fig. 8 displays the surface heat transfer and surface pressure for Run 4 using the Perfect Gas and
Park | models. The simulations were performed using GASPex and GASP, respectively. Similar
to Run Nos. 2 and 6, the Perfect Gas model substantially overpredicts the size of the separation
region, and thus the location of the computed peak heat transfer and pressure is downstream of the

experimental values. The Park | model shows close agreement with experiment.

1500,
='="Perfect Gas Simulation
==Real Gas Simulation,(non Catalytic)

.
==*Real Gas Simulation,(Air Catalysis) }E
i

1000

® Experimental Data

Heat Flux, (Watt/cmz)

w
=3
S

X, (cm)

(a) Surface heat transfer

Figure 8: Surface heat transfer and pressure for Run 4 using Perfect Gas and Park | models (Youssefi

and Knight [2016])

Fig. 9 presents the surface heat transfer and surface pressure for Run 4 using the Thermally Perfect,
The simulations were performed using the code developed by
Kianvashrad and Knight (Kianvashrad and Knight [2019]). Among the three models, the Thermally

Nonreactive and Park | models.

== Perfect Gas Simulation
=Real Gas Simulation (non Catalytic)
=="Real Gas Simulation(Air Catalysis)

® Experimental Data

Pressure, (kPa)

15

X, (cm)

(b) Surface pressure

Perfect model displays the best prediction of the location of separation.
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Figure 9: Surface heat transfer and pressure for Run 4 using Thermally Perfect, Nonreactive and
Park | models (Kianvashrad and Knight [2019])
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Hollow Cylinder Flare

The flowfield structure for the hollow cylinder flare is shown in Fig. 10. Mach contours of the entire
flowfield (Fig. 10 (a)) and corner region (Fig. 10 (b)) are presented using the Perfect Gas model.
The hollow cylinder generates a weak displacement thickness shock wave. The flare forms a conical
shock which interacts with the laminar boundary layer on the cylinder. A separation shock forms
and intersects with the flare shock to form a triple point. The reattachment shock intersects the
resultant shock emanating from the triple point. The highest surface heat transfer and pressure
occur in the vicinity of reattachment.

Mach-Number: 12 83 4 5 6 7 8 9 1011

Mach-Number: 1

Reattachment
Point

Recirculation

Separation Point
Boundary Layer

(a) Mach contours (b) Mach contours

Figure 10: Flowfield structure for Run 1 (Kianvashrad and Knight [2016])

Run 1 (5.07 MJ/kg) :

Fig. 11 shows the surface heat transfer and pressure for Run 1 using the Perfect Gas model. The sim-
ulation was performed using GASPex. The Perfect Gas model predicts a somewhat larger interaction
reion than the experiment, with the peak surface pressure higher than in the experiment.
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Figure 11: Surface heat transfer and pressure for Run 1 using Perfect Gas model (Kianvashrad and
Knight [2016])

Run 2 (10.43 MJ/kg):

Fig. 12 displays the surface heat transfer and pressure for Run 2 using the Perfect Gas and Park |
models. The simulations were performed using GASPex and GASP, respectively. Also shown are
results using two grids (Park | model) and three grids (Perfect Gas model) indicating grid con-
verged solutions for both models. The Park | model shows a small separation region at the corner
(Kianvashrad and Knight [2016]) while the Perfect Gas model displays no separation.
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Figure 12: Surface heat transfer and pressure for Run 2 using Perfect Gas and Park | models
(Kianvashrad and Knight [2017a])

Fig. 13 shows the surface heat transfer and pressure for Run 2 using all four models. Closest
agreement with experiment is achieved using the Thermally Perfect model. There is negligible
difference between the Nonreactive and Park | model predictions.
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Figure 13: Surface heat transfer and pressure for Run 2 using Perfect Gas (" Calorically perfect”),
Thermally Perfect, Nonreactive and Park | models (Kianvashrad and Knight [2021])

Run 4 (15.54 MJ/kg):

Fig. 14 displays surface heat transfer and pressure for Run 4 using the Perfect Gas and Park |
models. The simulations were performed using GASPex and GASP, respectively. Results using two
grids (Park | model) and three grids (Perfect Gas model) are included. Both models predict a
separation region with the Perfect Gas model the larger (Kianvashrad and Knight [2016]).

Run 5 (21.85 MJ/kg):

Fig. 15 shows the surface heat transfer and pressure for Run 5 using the Park | model with GASP.
Fig. 16 displays the results for all four models using the code developed by Kianvashrad and Knight
(Kianvashrad and Knight [2019]). Among the four models, the Thermally Perfect model displays
the best prediction of the location of separation, and best overall agreement with experiment.
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Figure 14: Surface heat transfer and pressure for Run 4 using Perfect Gas and Park | models
(Kianvashrad and Knight [2017a])
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Figure 15: Surface heat transfer and pressure for Run 5 using Park | model (Kianvashrad and Knight
[2017a])
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Figure 16: Surface heat transfer and pressure for Run 5 using Perfect Gas (" Calorically perfect”),
Thermally Perfect, Nonreactive and Park | models (Kianvashrad and Knight [2021])
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DISCUSSION

The results for the double cone and hollow cylinder flare indicate that the Thermally Perfect model
provides best agreement with experiment. The Thermally Perfect model incorporates the tempera-
ture dependency of specific heats while otherwise assuming equilibrium flow (i.e., omits thermochem-
ical reactions and vibrational-translational energy exchange). This result is indeed unexpected since
the high stagnation enthalpies (up to 21 MJ/kg) would presumably cause significant thermochemical
reactions and vibrational non-equilibrium.

The explanation to this apparent anomaly lies in the region of the flowfield where non-equilibrium
effects occur and its relationship to the measured surface heat transfer and pressure. Figs. 17, 18
and 19 display mass fraction contours of NO, N and O for Run 4 of the double cone using the
Park | model. This is the highest stagnation enthalpy for the double cone, and therefore it would
be expected to exhibit the most significant non-equilibrium effects. Indeed, the region downstream
of the triple point shows that virtually all of the molecular oxygen has been dissociated (Fig. 19).
However, the reactions occur away from the boundary and downstream of the reattachment location,
thereby not affecting the surface pressure and heat transfer within the interaction region. Fig. 20
shows the ratio T)’*/T for N2 and Oy for Run 4 of the double cone using the Park | model. The
translational-rotational temperature 7" and vibrational temperature 7} are very similar except within
the region downstream of the triple point and away from the surface. Consequently, vibrational-
translational energy exchange is unimportant for prediction of surface properties. A similar result
holds for Ty"> for NO (Kianvashrad and Knight [2018]). Similar conclusions apply for the hollow
cylinder flare.

(a) Mass fraction of NO (b) Mass fraction of NO (enlarged view)

Figure 17: Mass fraction contours of NO for Run 4 using Park | model (Kianvashrad and Knight
[2018])

CONCLUSIONS

A series of hypersonic shock wave laminar boundary layer interaction experiments were simulated
using four different models: Perfect Gas, Thermally Perfect, Nonreactive and Park |. These models
incorporate increasing levels of physical complexity. The Perfect Gas model assumes constant specific
heats and equilibrium flow. The Thermally Perfect model incorporates temperature dependent
specific heats but retains the assumption of equilibrium flow. The Nonreactive and Park | models
incorporate non-equilibrium effects of vibrational-translational energy exchange (Nonreactive and
Park | models) and thermochemical reactions (Park |) models. The experiments were performed
at the CALSPAN University of Buffalo Research Center (CUBRC) at stagnation enthalpies from
5.07 MJ/kg to 21.85 MJ/kg and Mach numbers from 10.9 to 13.2. Experimental diagnostics
include surface heat transfer and pressure.
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(a) Mass fraction of N (b) Mass fraction of N (enlarged view)

Figure 18: Mass fraction contours of N for Run 4 using Park | model (Kianvashrad and Knight
[2018])

(a) Mass fraction of O (b) Mass fraction of O (enlarged view)

Figure 19: Mass fraction contours of N for Run 4 using Park | model (Kianvashrad and Knight
[2018])
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Figure 20: log;o Tx°/T for Ny and Oz for Run 4 using Park | model

The Thermally Perfect model showed best agreement with experimental surface heat transfer and

pressure. Incorporation of nonequilibrium effects in the Nonreactive and Park | model did not

improve prediction and showed little difference with the Thermally Perfect model. The minimal

effect of nonequilibrium physics on the surface heat transfer and pressure is explained by the flowfield
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structure. The region of non-equilibrium effects is downstream of the triple points generated by the
shock-shock interaction and away from the boundary. Thus, the experimental data of surface heat
transfer and pressure for the double cone and hollow cylinder flare configurations in this study do
not constitute a stringest test of non-equilibrium effects in hypersonic shock wave laminar boundary
layer interactions.
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APPENDIX

Table 4: Thermochemistry Model Reactions

Reaction [} n e/k « B Aq As Az Ay As
(m3 /kg-mole-s) (K)

No + No — N + N + N» 3.70 - 1018 -1.6 113200 | 0.5 0.5 | 10.81 -12.61 0.683 -0.118  0.006
No+N - N+ N+N 1.11-10'° -1.6 113200 | 0.5 0.5 | 10.81 -12.61 0.683 -0.118  0.006
Na +NO — N+ N+ NO 3.70 - 1018 -1.6 113200 | 0.5 0.5 | 10.81 -12.61 0.683 -0.118  0.006
Ny +02 =+ N+ N+ Oy 3.70 - 108 -1.6 113200 | 0.5 0.5 | 10.81 -12.61 0.683 -0.118  0.006
No+O -+ N+N+O 1.11 - 1019 -1.6 113200 | 0.5 0.5 | 10.81 -12.61  0.683 -0.118  0.006
No+0O —- NO+ N 3.18 - 1010 0.1 37700 | 1.0 0.0 | 2.349 -4.828 0.455 -0.075  0.004
O2+No =+ O+ 0+ Ny 2.75 - 1016 -1.0 59500 | 0.5 0.5 | 8.243 -4.127 -0.616  0.093 -0.005
O2+N —-0O+0+N 8.25-10'6 -1.0 59500 | 0.5 0.5 | 8.243 -4.127 -0.616  0.093 -0.005
O3 +NO = O+0+NO 2.75 - 1016 -1.0 59500 | 0.5 0.5 | 8243 -4.127 -0.616  0.093 -0.005
O24+03 - O0+0 + 0> 2.75 - 106 -1.0 59500 | 0.5 0.5 | 8.243 -4.127 -0.616  0.093 -0.005
O3+0 =>30+0+0 8.25 - 1016 -1.0 59500 | 0.5 0.5 | 8.243 -4.127 -0.616  0.093 -0.005
NO+ O — N+ O 2.16 - 10° 1.29 19220 | 1.0 0.0 | 0.215 -3.657 0.843 -0.136  0.007
NO+ Ny - N+ O+ Ny 2.30 - 1014 -0.5 75500 | 0.5 0.5 | 8.457 -7.784  0.228 -0.043  0.002
NO+NO - N+O+NO 2.30 - 104 -0.5 75500 | 0.5 0.5 | 8.457 -7.784  0.228 -0.043  0.002
NO+ 0Oz - N+0O + 0> 2.30- 104 -0.5 75500 | 0.5 0.5 | 8.457 -7.784  0.228 -0.043  0.002
NO+N - N+O+N 4.60 - 1014 -0.5 75500 | 0.5 0.5 | 8.457 -7.784  0.228 -0.043  0.002
NO+O —-N+O+0 4.60 - 1014 -0.5 75500 | 0.5 0.5 | 8.457 -7.784  0.228 -0.043  0.002
NOTES

kf= C’T(yefe/kTa7 T, =T% Tfibv ke = exp (A1 + A2z + Azz? + Ayz3 + A5z4) where z = 104/T
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