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ABSTRACT

The state-of-the-art high-fidelity state-to-state (StS) model is performed to investigate the hypersonic shock wave/laminar boundary layer
interaction over a 25°-55° double cone. This work aims to clarify whether the shortcomings of thermochemical models are the underlying
source for the discrepancies between the simulations and experiments. A high-enthalpy nitrogen flow with a Mach number of 11.54 and a
unit Reynolds number of 4.394 x 10°/m is considered. We first find that the StS and widely used two-temperature models yield two different
shock reflection patterns (i.e., the regular reflection and Mach reflection, respectively). However, the surface pressure and heat flux distribu-
tions predicted by the two models are generally consistent, which are not influenced by the differences in the shock patterns, dissociation
rates, and non-Boltzmann vibrational distributions in the flowfields. Moreover, the StS model fails to match the experiments in spite of fairly
limited improvement. Our findings indicate that the shortcomings of thermochemical models are not the main reason for the discrepancies
in the simulations and experiments for the high-enthalpy nitrogen double-cone flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174079

I. INTRODUCTION

Shock wave/boundary layer interaction (SWBLI) is a representa-
tive flow phenomenon for the hypersonic vehicle cruising at hyper-
sonic speeds.” Understanding and accurately predicting the SWBLI is
crucial for the design and control of the hypersonic vehicle because the
SWBLI induces separation, peak heating, and unsteadiness.””
Hypersonic laminar flow over a double cone is a typical example of
SWBLI. Extensive experiments and numerical approaches have been
utilized to investigate the SWBLIs around double cones, in order to
illustrate the complicated flow features and validate the numerical
modeling capability.

A series of 25°-55° double-cone experiments, which were con-
ducted in the LENS shock tunnels and expansion tunnel of Calspan-
University at Buffalo Research Center (CUBRC), have provided
essential measurement data sweeping a range of low (<5 MJ/kg) to
medium (about 5-6 MJ/kg) to high (>7M]J/kg) total enthalpies in
nitrogen, oxygen, and air." Numerous investigations have been per-
formed to examine the discrepancies between numerical simulations
and experimental measurements.” The length of shock-induced sepa-
ration region and the distributions of surface pressure and heat flux
were compared in detail. At high enthalpies, the length of the

separation region was severely underpredicted by simulations, and the
pressure and heat flux distributions were not reasonably matched
with experiments, although good agreement was achieved at low and
medium enthalpies. Continuous works in the past two decades have
found that these discrepancies can be attributed to deficient thermo-
chemistry models,” "' mis-specified freestream conditions, >"*
unsteadiness,'>'* three—dirnensionality,]5 and additional uncertain-
ties.'® However, significant differences still remain, and the reasons for
the discrepancies require to be clearly understood, especially for the
cases at high enthalpies.

Among the aforementioned potential sources for the discrepan-
cies, the shortcomings of thermochemical models are one of the issues
that has received much attention. Research activities have continuously
been motivated for the laminar hypersonic flows over double cones at
high enthalpies, where thermochemical nonequilibrium effects play an
important role. Park’s two-temperature model has generally been
implemented in the CFD simulations, which identified that the onset
of separation occurs significantly later and the agreement of pressure
and heat flux distributions is poor compared to experimental
data.”***'" Even the inclusion of computed freestream conditions
obtained by simulating the nonequilibrium flow through nozzle made
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very limited improvement in the predictive capability.'>'” In addition,
the catalytic wall assumption had weak effect on the predictions of the
separation region extent.'”'® As the development in thermochemistry
modeling, improved two-temperature models, which account for the
vibration-chemistry coupling and the approximations of non-
Boltzmann distributions, were used for the studies on high-enthalpy
flows over double cones.””'”'" However, these improved models
yielded very similar results to the Park’s model and still failed to repro-
duce the experimental measurements. In summary, the applicability of
the widely used two-temperature model is limited. First, the non-
Boltzmann effect is observed in the high-enthalpy thermochemical
nonequilibrium flow simulation, contrary to the Boltzmann assump-
tion used in the two-temperature model. Furthermore, the coefficients
of chemical kinetic rates used in the two-temperature model were
obtained by rearranging and fitting the decades-old shock-tube data,
which contained a significant amount of uncertainties.

The high-fidelity state-to-state (StS) model has been proposed to
overcome the deficiencies of the two-temperature model.'” In the StS
model, each internal energy state is treated as a pseudo-species and its
population is directly tracked, which can consequently resolve the
non-Boltzmann distribution of internal energy. In addition, the rate
coefficients for the excitation and dissociation processes of each inter-
nal energy state can be obtained by high-fidelity quasi-classical trajec-
tory (QCT) computations.'”*’ StS modeling has recently been
implemented for the vibrational excitation and dissociation of oxygen,
nitrogen, and air in the simulations of zero-dimensional isothermal/
adiabatic reservoirs and one-dimensional postshock flows.'® >
Colonna et al."” first performed realistic two-dimensional StS model-
ing of hypersonic air flows over a sphere. They concluded that the StS
model provides better agreement with experimental results than the
widely used two-temperature model, due to the strong effect of non-
Boltzmann vibrational distribution on reaction rates. Furthermore,
Ninni et al.”**’ performed two-dimensional simulations of high-
enthalpy air flows over a double wedge, in which the thermochemical
non-equilibrium effects were investigated by the StS and two-
temperature models. They found that the transient location of the sep-
aration point predicted by the StS model is significantly earlier than
the two-temperature model. However, their results were not compared
with the experiment for further justification. Through the detailed
analysis of high-enthalpy oxygen flow around a double cone, Ninni
et al."” also claimed that the StS modeling of nozzle expansion flow
can yield a more accurate freestream condition, which would provide a
better agreement in the flow structure with the experiment.

In this study, we seek the answers to the following questions: Can
the high-fidelity thermochemical modeling results of SWBLI agree
well with the experiments? Are the shortcomings of thermochemical
models the underlying source for the discrepancies between the simu-
lations and experiments? Consequently, the state-of-the-art high-
fidelity StS model is first performed to simulate the two-dimensional
axisymmetric hypersonic nitrogen flow over a double cone at high
enthalpies. The sophisticated structure and non-equilibrium behavior
in the double-cone flowfield are clearly presented. The separation
length and surface properties are compared with experiments con-
ducted at the CUBRC LENS-I facility.; Furthermore, two more cases
at higher enthalpies are investigated to testify the effect of thermo-
chemical models with increasing extent of nonequilibrium. Finally, the
conclusion is summarized.

pubs.aip.org/aip/pof

Il. THERMOCHEMICAL NONEQUILIBRIUM MODELS

The StS and two-temperature models are two typical methods to
simulate high-enthalpy nitrogen flows. The governing equations and
source terms for the two models are presented first, and the numerical
methods are then illustrated.

A. State-to-state model

The governing equations for the StS model are expressed as'”

0 op, u;
Psi Oty _ O (,DD 8y31> + gy

ot 0x; 0x; 0x;
Opu;  Opuju; B 7@ 0t .
ot 0x; n Ox;  Ox; )

OpE OpHu; 0 Ve (9)/5 I 81,]-”,
ot - Dy
or ox,  ox ’7 Z Z Yox ) Tox

where p,;, yo1, hsj, and ;) denote the density, mass fraction,
enthalpy, and source term of the sth species at the Ith internal state,
respectively. ns is the number of species, and V; is the number of inter-
nal states for the sth species. p is the density, u; is the jth velocity com-
ponent, and E and H are the total energy and the total enthalpy per
unit mass of mixture. D; is the diffusion coefficient of the sth species,
and 7 is the thermal conductivity for translational-rotational energy.
7,7 is the viscous stress tensor, T'is the translational-rotational tempera-
ture, and p is the pressure calculated by Dolton law.

In this study, we focus on the excitation and dissociation of N,.
In addition, N, includes 55 vibrational energy states. The mass produc-
tion rate of N, at the Ith vibrational state is calculated according to the
vibrational-translational (VT) energy exchanges and dissociation—
recombination (DR) chemical processes induced by N,-N, and N,-N
collisions,”’ expressed as

Ny
MN N, ] Z{k

2 7

+ 3R~ DN
f#l

— R (1= F)N2(D] N3]+ R (DNo] NP
- kg]é(l)[ ( )} [NZ] + krec( [N} - kgs(l) [Nz(l)] [NL (2)

where N is the Avogadro constant, My, is the species molecular mass

of Ns. ks ¢ and KY . are the VT rates for the N,-N, and N,-N colli-
sions.”’ kgﬁ and ki‘ig are the vibration—dissociation (VD) and recombi-
nation rates for N,-N,, collision, and kgs and KN are the VD and
recombination rates for N,-N collision.”” The square bracket []
denotes the number density of species. Note that the vibration-vibra-
tion-translation (VV'T) energy transfer is neglected in the StS model.”’

. . 20
The mass production rate of N is expressed as

(f = DIN2(N)]IN] = Ky _r (1 = f) N2 ()][N]}

Jon = 237 (RN — RPN + K5, e 9N

— KN, 3

where My is the species molecular mass of N.
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Based on the N, potential energy surface and quasi-classical-
trajectory method, high-fidelity VI and VD rates for N,-N, and
N,-N collisions proposed by Fangman and Andrienko™ are used. The
temperature ranges for the VD and VT rates are 5000 — 30 000 K.

The VD rates for the N,-N, and N,-N collisions are fitted to a
modified Arrhenius expression,

Sys S CSYS
kd}ils(l) = exp ( ¥s )TBI exp (— LT)’ (4)

where the superscript sys represents either the N,-N, or the N,-N sys-
tem. T is the translational temperature, and A;, B, and C; are the con-
stants for dissociation.””

The VT rates for the N,-N, and N,-N collisions are fitted as

Sys

ss sys ﬁ —l sys
Vo(f = 1) =10" 14exp(ocfll+1f( 7 +97%,In(T)

ﬁmm(W) ©)
where o, f3, 7, and 0 are the constants for VT transitions.”’

B. Two-temperature model

Under the two-temperature assumptions, the governing equa-
. . . . 26
tions for chemically reacting viscous flows are expressed as™”
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where p; and y, are the density and mass fraction of species s, and E,,
T,, and 7, are the vibrational energy, temperature, and thermal con-
ductivity. h, s and h; are the vibrational and total enthalpy per unit
mass of species s.

The two-temperature model assumes each internal energy to fol-
low a Boltzmann distribution corresponding to its equilibrium temper-
ature. The mass productlon rate of species s due to the chemical

reactions is expressed as
nr ns ,0 L ns p /j”
— s s
s = M; ;(:Brs - OCrs) kfﬁr 51:!: <M> - kbir H (M) :| 5 (7)

s=1

where nr and ns are the number of reactions and species, o, and f3,s
are the stoichiometric coefficients for reactants and products, and ky ,
and k;, , are the forward and backward rates for the reaction r.

ARTICLE pubs.aip.org/aip/pof

The forward reaction rates are expressed by the semi-empirical
Arrhenius equation,””

kr, = C.T! exp <f &), (8)
T,
where T, is the controlling temperature, and C,, 17,, and 0, are the reac-
tion constants. The backward rates are evaluated based on the detailed
balance theory.*

In the two-temperature model, the vibration-dissociation cou-
pling effect is considered in two ways. To demonstrate the effect of
vibrational nonequilibrium on the dissociation rates, T, is expressed as
a function of T and T, according to ParK’s analysis for shock-tube
experiment,zg

T.=T'T) ™, ©)

where « is generally equal to 0.5 or 0.7. In this study, T, = v/TT, and
T, is the vibrational temperature.

On the other hand, the source term of vibrational energy w, is
governed as”’

w0, = p2 D =BT (10)
Ty

where the first term is the translational-vibrational energy transfer rate
based on the Landau-Teller model,”® and T, is the vibrational relaxa-
tion time evaluated by Millikan-White’s formula.”® Due to the widely
used non-preferential model, the vibrational energy change per disso-
ciation m,,; is expressed as™®

ns
Wyg = Zwsev‘sv (11)
s=1

which assumes that the loss of vibrational energy is the average vibra-
tional energy e, .

C. Numerical methods

The axisymmetric equations for the StS and two-temperature
models are resolved by an in-house code named ARTIST-CFD.*
Inviscid fluxes are computed by the modified Steger-Warming upwind
scheme with second-order MUSCL reconstruction and minmod lim-
iter,”*”" and a second-order central difference scheme is applied for
discretization of viscous fluxes. The data-parallel line relaxation
(DPLR) scheme is used for time advancement.”® Species viscosities
and thermal conductivities are calculated by Blottner’s curve fits and
Eucken’s relation, respectively.”*”” The mixture transport coefficients
are obtained by Wilke’s semiempirical mixing rule.”””’ The species
mass diffusion coefficient is calculated assuming a constant Lewis
number, and its value is equal to 1.4.”*" Species mass diffusion fluxes
are calculated by a modified Fick’s model to guarantee that the sum of

o ! 28.3
diffusion fluxes is zero.”*’

1ll. COMPUTATIONAL DETAILS

Run 46 (denoted as case 1) in the series of the 25°-55° double-cone
experiments conducted at the CUBRC LENS-I facility” is considered.
The freestream conditions are listed in Table I. To investigate the influ-
ence of nonequilibrium extent, two more cases (i.e., cases 2 and 3) are
created by increasing the total enthalpy H, through only improving u/+.
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TABLE |. Freestream conditions.
Case H, (MJ/kg) Ma, Re (103/m) Uy (m/s) Poo (g/m3) T (K) Ty (K) Ny 00 ON,oo
1 8.6 11.54 439.4 3946.9
2 12.9 14.38 547.9 4919.4 1.958 281.7 3072 0.998 42 0.001 58
3 17.2 16.72 637.4 5723.0

The computational grid consisting of 1024 x 512 nodes is axi-
symmetrically constructed in the axial and radial directions, respec-
tively. The normal spacing of the first layer near surface is specified to
be 1 x 1077 m to guarantee that the cell Reynolds number is approxi-
mately on the order of magnitude of unity.” This grid resolution has
been validated to be independent for the simulation of hypersonic
high-enthalpy double-cone flows.”'” The wall boundary condition is
assumed noncatalytic with a constant temperature of 296.3 K.”*

IV. RESULTS
A. Base flows

As illustrated in Figs. 1(a) and 1(b), the SWBLI structure pre-
dicted by the StS model is generally similar to that by the two-
temperature model. An attached oblique shock of the first cone
interacts with a strong detached bow shock of the second cone. This
interaction produces a transmitted shock, forming a triple point. The
transmitted shock interacts with a reattachment shock and impinges
on the second cone, which results in the intense pressure increase and
severe heat transfer. The strong adverse pressure gradient causes the
upstream separation region that creates a separation shock, which in
turn affects the transmitted shock and adverse pressure gradient.”

StS model

Detached Shock

Supersonic Jet

) ™ Transmitted Shock

“Reattachment Shock

Separation Region

(a)

The comparison of Mach number distributions for the StS and
two-temperature models is shown in Fig. 2. Slight difference obtained
by these two models is demonstrated in the regions behind the
detached shock, where significant thermal and chemical nonequilib-
rium occurs.”” The StS model predicts the larger stand-off distance
behind the detached shock than the two-temperature model.
Accordingly, the triple point and the transmitted shock move closer to
the juncture of two cones.

The shock interactions predicted by the StS and two-temperature
models can be identified as type V interaction.”””* However, two dif-
ferent shock reflection patterns can still be observed in the interaction
of the transmitted and reattachment shocks. The pattern predicted by
the StS model is a regular reflection (RR), while that by the two-
temperature model is a Mach reflection (MR).”* Previous study of
inviscid hypersonic double-wedge flows has shown that RR — MR
transition occurs with a slight increase in the second wedge angle from
40.2° to 40.5°.”* This study indicates that the slight difference of
detached shock could also induce RR — MR transition.

To elucidate the difference in the detached shock between the
two models, the profiles of flow properties along a typical streamline
are compared in Fig. 3. As shown in Fig. 2, the streamline intersects
the detached shock in the vicinity of triple point. Note that the

Two-temperature model

Detached Shock

Triple Point ~au

Supersonic Jet

"'.. " Transmitted Shock
Attached Shock
Reattachment Shock

Separation Region

(b)

FIG. 1. Flowfield structures around the double cone (Hy = 8.4 MJ/kg, contoured by the density gradient magnitude). (a) StS model and (b) two-temperature model.
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H,=8.6 MJ/kg

StS model
————— Two-temperature model

FIG. 2. Contours of Mach number predicted by the StS and two-temperature mod-
els (Hy = 8.4 MJ/kg).

vibrational temperature T, is calculated from the StS results, which is
expressed by'”

Zi niey;i Zi €y eXP(_ev,i/kBTv)

Zini - Zi exp (—e‘,ﬂ,»/kBT,,) ’ (12)

where #; and e, ; are the mole number and vibrational energy at the ith
vibrational state, respectively. k is the Boltzmann constant.

Temperature (K)

10° 1 10000
[ — T |
| —— T i
w0y s N,-N, collision = 8000
@ F ——e—e—— = N,-N collision ]
S r ]
= ]
g L
= |
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= F
S F ]
9 - .
2 ]
2
s ]
g 10°F — 4000
S ]
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2 | ]
107" 2000
2 .
1051 . . . 0.18
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The total dissociation rate by the StS model is tallied up as the
sum of the dissociation rate at each vibrational state,”®

N2 (D)]
Ny]

krsis = > Kaa(l) (13)
1

where the superscript sys represents either the N,-N, or the N,-N
system.

For comparison, the dissociation rate by the two-temperature
model is calculated by Eq. (8). Note that T'and T, used to compute T,
for dissociation are yielded from the StS model rather than the two-
temperature results, and thus, possible influence of other flowfield dis-
parities on the dissociation rate is removed.

It is identified that the flow region along the streamline can be
classified into three parts due to the featured thermochemical nonequi-
librium states, as shown in Figs. 3(a) and 3(b). First, T pronouncedly
rises behind the detached shock, and the vibrational energy is succes-
sively excited with a sharp increase in T, due to VT energy transfer.
Accordingly, the mass fractions of N, at high vibrational levels evi-
dently increase. Meanwhile, N, keeps dissociating, maintaining the
number density of N at a certain degree. Because the molecules at high
vibrational levels are preferential to dissociate, their number densities
drop more rapidly. Due to the competition between VT energy trans-
fer and dissociation,'”'* T, reaches its peak value. Downstream, disso-
ciation begins to dominate the nonequilibrium process, leading to the
gradual decreases in T, and number densities of N, especially at high
vibrational levels. In the vicinity of peak T, location, the vibrational
energy begins to approach equilibrium with translational energy. In
general, T is virtually equal to T, and also decreases. Eventually in the
expansion region, the vibrational energy is virtually frozen and T,
almost keeps constant, while T greatly decreases since translational
energy is substantially converted into kinetic energy. Note that the
mass fraction of N virtually keeps constant along the whole streamline.

10°

Mass fraction

10 1 L L L 1 1 L I | L L
0.1 0.12 0.14 0.16 0.18
x (m)

(b)

FIG. 3. Profiles along the streamline (Hy = 8.4 MJ/kg). (a) Rates and temperature and (b) mass fraction. Green solid lines denote the mass fraction of the vibrational energy

states of N», and red dashed line denotes the mass fraction of N.
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S,

Normalized population
< S
5 %

x=0.1025m A

10k x = 0.1025 m, Boltzmann \4 q
] x=014 m

x=0.14 m, Boltzmann 0o EIDD%
10 v x=018 m

x=0.18 m, Boltzmann

-16 1 1 1 L | h

10 0 0 w0

4 6
Vibrational energy (eV)

FIG. 4. Number density distributions of vibrational energy states for N, along the
streamline (Hy = 8.4 MJ/kg).

To better understand the nonequilibrium deviation of vibrational
distributions behind the detached shock, the number densities of
vibrational levels calculated by the StS model along the streamline are
plotted in Fig. 4, by comparing the corresponding Boltzmann distribu-
tions conforming to the average vibrational temperature [see Eq. (12)].
Three representative probes (x = 0.1025 m, x=0.14 m, and x = 0.18 m)
are selected from the vibrational excitation, thermal equilibrium,
and vibrational frozen regions, according to the typical divisions identi-
fied above. At x=0.1025 m, the N, vibrational distribution deviates
from the corresponding Boltzmann one with the high vibrational levels
displaying an overpopulation due to vibrational excitation by VT energy

ARTICLE pubs.aip.org/aip/pof

transfer. As the dissociation dominates in the thermal equilibrium
region (at x=0.14 m), the number densities at high vibrational levels
decrease, leading to an underpopulation. In the expansion region (at
x=0.18 m), T, is higher than T, and thus, the other thermal nonequilib-
rium appears with vibrational de-excitation by the energy transfer from
vibrational to translational states. The number densities at high vibra-
tional levels decline more, and lower lying levels depart from a
Boltzmann distribution, leading to a stronger underpopulation than that
at x=0.14 m. It can be stated that the vibrational excitation and de-
excitation by VT energy transfer as well as the dissociation induced
vibrational energy loss preferentially display as the overpopulation or
the underpopulation of number densities at high vibrational levels.
Furthermore, the ratios of dissociation rates by the StS relative to
two-temperature model are less than one in the large extent behind the
detached shock [see Fig. 3(a)], indicating that the two-temperature
model overpredicts the dissociation rates. Specifically, the ratios dra-
matically decrease in the region of vibrational excitation, which sug-
gests that the difference in the rates between these two models enlarges
due to vibrational nonequilibrium. In contrast, in the thermal equilib-
rium region, the ratios keeps nearly constant with the values less than
0.5 and 0.1 for the N,-N, and N,-N collisions, respectively. In the
vibrational frozen region, the ratios slightly increase, which may be
due to the drop in T. In general, the difference in the dissociation rates
between the two models is larger for the N,-N than N,-N, collisions.
It is observed that the dissociation rates obtained by the two mod-
els are different and the vibrational levels of N, obey non-Boltzmann
distributions. It has been proven that the reaction rates are greatly
influenced by the non-Boltzmann vibrational distributions.'”
However, the two-temperature model overestimates dissociation rates
due to the assumption of Boltzmann vibrational distributions and the
dependence of rate coefficients on the controlling temperature, which
gives rise to a reduction in the translational temperature and thus an
increase in the density behind the detached shock.” As a consequence,
the StS model can predict a larger and theoretically more accurate
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FIG. 5. Surface properties (Hy = 8.4 MJ/kg). (a) Pressure and (b) heat flux.
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TABLE II. The separation region obtained by the StS and two-temperature models.

Descriptions StS  Two-temperature Difference,
Case (unit: cm) model model %
1 Separation point 5.1695 5.2527 —1.58
Reattachment point 10.959 11.070 —1.00
Length of separation  5.7894 5.8173 —0.48
region
2 Separation point 6.4661 6.6607 —2.92
Reattachment point 10.367 10.351 0.16
Length of separation  3.9010 3.6903 5.71
region
3 Separation point 7.4416 7.4808 —0.52
Reattachment point 10.027 10.077 —0.50
Length of separation  2.5857 2.5966 —0.42
region

stand-off distance of the detached shock than the two-temperature
model.”

B. Surface properties

The comparisons of surface pressure and heat flux obtained by
the StS and two-temperature models with the experimental measure-
ments’ and prior simulations™ are shown in Fig. 5. The lengths of sep-
aration region obtained by the two models are illustrated in Table II.

For case 1, the StS model predicts slightly earlier separation and
reattachment locations than the two-temperature model, while the
length of separation region does not change substantially with a rela-
tive difference of only -0.48%. Based on the CUBRC experimental
measurements, the location of separation point was estimated as

H,=12.9 MJ/kg

—————— StS model / /
2

Two-temperature model

ARTICLE pubs.aip.org/aip/pof

x=4.8cm.” Note that the separation location predicted by the StS
model is closer to the experiments than the two-temperature model.
However, all the models underestimate the length of separation region
as compared to the experiment. In addition, the peak pressure and
heat flux predicted by the StS model are higher than those by the two-
temperature model by 21.12% and 16.83%, respectively. However, the
peak pressure and heat flux predicted by the two models are in poor
agreement with experiments. For the StS model, the relative errors of
peak pressure and heat flux to the experiments are 1531% and
—19.42%, respectively. Downstream the peaks of pressure and heat
flux, the pressure on the second cone is virtually the same for the two
models, and there is a minor difference in the heat flux distributions,
both of which are, in general, slightly lower than the experimental
data.

Generally, the surface pressure and heat flux distributions pre-
dicted by the two models are consistent, although there are differences
in the shock patterns, dissociation rates, and vibrational distributions
in the flowfields between the two models. The StS model leads to an
earlier location of separation point as well as higher peaks of pressure
and heat flux than the two-temperature model. However, the StS
model also fails to match the experiments in spite of slight
improvement.

C. Effect of total enthalpy

For the higher total enthalpy cases, the double-cone flowfield
structures predicted by the StS and two-temperature models are com-
pared in Fig. 6, and the surface properties are compared in Fig. 7. The
lengths of separation region obtained by the two models are also illus-
trated in Table II.

The StS and two-temperature models still produce very similar
flowfield structures. Minimal differences mainly lie in the detached
shock layer, especially the stand-off distances. A slightly larger stand-

H,=172 MJ/kg

StS model i /
g

Two-temperature model

(b)

FIG. 6. Contours of Mach number predicted by the StS and two-temperature models. (a) Case: Hy = 12.9 MJ/kg and (b) case: Hy = 17.2 MJ/kg.
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off distance of the detached shock is predicted by the StS model than
by the two-temperature model. For the two cases, an earlier flow sepa-
ration is predicted by the StS model than the two-temperature model.
For the Hy = 12.9M]J/kg case, the length of separation region pre-
dicted by the StS model is larger than that of the two-temperature
model by 5.71%, showing the biggest difference among all the cases. In
contrast, the difference in the length of separation region between
these two models is minimal as —0.42% for the Hy = 17.2 MJ/kg case.
As shown, the difference in the length of separation region predicted
by the StS and two-temperature models does not monotonically
increase with Hy. The relative differences in the peak pressure and heat
flux predicted by the StS model to the two-temperature model are
6.38% and —5.78% for the Hy = 12.9 MJ/kg case, as well as 6.30% and
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21.88% for the Hy = 17.2 MJ/kg case. It is also shown that the differ-
ence in the peak heat flux between the two models varies substantially
but does not monotonically increase with Hy. In general, at higher
enthalpies, the distributions of pressure and heat flux predicted by the
StS model are nearly the same as those of two-temperature model. The
StS model cannot significantly improve the predictive accuracy of
hypersonic nonequilibrium double-cone flow.

V. CONCLUSION

Hypersonic high-enthalpy nitrogen flows over a 25°-55° double
cone are numerically investigated by the state-of-the-art high-fidelity
StS and widely used two-temperature models. The main findings are
as follows:

15000
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FIG. 7. Surface properties. (a) Pressure (Hy = 12.9 MJ/kg); (b) heat flux (Hy = 12.9 MJ/kg); (c) pressure (Hy = 17.2 MJ/kg); and (d) heat flux (Hy = 17.2 MJ/kg).
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* The flowfield structures obtained by the two models are similar.
Small differences are shown as the slightly larger stand-off dis-
tance of the detached shock predicted by the StS model, which is
attributed to an overprediction of dissociation rates by the two-
temperature model. Moreover, two different shock reflection pat-
terns, i.e., regular reflection and Mach reflection, are obtained by
the StS and two-temperature models, respectively.

* These two models also produce nearly consistent distributions of
surface pressure and heat flux. The differences in the shock patterns,
dissociation rates, and vibrational distributions in the flowfields pre-
dicted by the two models do not induce significant disparities in the
surface pressure and heat flux. Small differences are shown by the
StS model leading to a slightly earlier location of separation point.
Additionally, the disparities in the peaks of surface pressure and
heat flux are observed between the two models.

* The StS model still fails to reproduce the experiments despite
fairly limited enhancement in agreement with the experiments.
Both models still underestimate the length of separation region,
and the predicted heat flux and pressure are not well matched
with the experiments for the Hy = 8.6 MJ/kg case. Furthermore,
the extension to higher total enthalpies indicates that the differ-
ences in the length of separation region and the peak heat flux
between the two models do not monotonically increase with the
total enthalpy.

Therefore, it can be concluded that the shortcomings of the ther-
mochemical models are not the main reason for the discrepancies in
the simulations and experiments for the high-enthalpy nitrogen
double-cone flow. Future work will emphasize on the influence of flow
unsteadiness and nonuniformity, which may be expected to elucidate
the source for the discrepancies.
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