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Abstract: A hypersonic electromagnetic railgun projectile undergoes severe aero-heating with an
increase in altitude. The purpose of this study was to investigate the characteristics of the shock layer
flow field as well as the thermal environment of the blunt body wall of a hypersonic electromagnetic
railgun projectile at different launching angles. The two-temperature model considers the thermal
nonequilibrium effect and is introduced into the Navier-Stokes (N-S) equation, and it is solved using
the finite volume method (FVM). The reliability of the calculation model in terms of thermal properties
and composition production was verified against a blunted-cone-cylinder—flare (HB-2) test case. The
surface temperature of the hypersonic blunt projectile was simulated using a radiation balance wall
boundary. The thermal characteristics at the emission angles « = 60° and « = 45° were checked within
an altitude range of 0-70 km, including the nonequilibrium effect, reaction heat release, aerodynamic
heat flux, and wall temperature. The results show that the translational rotational temperature is
higher than the vibrational electronic temperature, and the thermal nonequilibrium effect increases
with an increase in altitude. Comparing the two launching angles, the nonequilibrium degree and
reaction heat release at @ = 60° were higher than those at « = 45°. The rates of exothermic reaction
decreased with an increase in altitude. The heat flux along the wall of the generatrix decreased
sharply from the stagnation point. With an increase in altitude, the heat flux dropped sharply from 7
MW /m? at H = 0 km to approximately 2 MW /m? at H = 70 km. The wall temperature distribution
was similar to the heat flux distribution; however, the surface temperature decreased less rapidly
than the heat flux.

Keywords: hypersonic flow; electromagnetic railgun; aero-heating; thermal nonequilibrium; shock layer

1. Introduction

An electromagnetic launch (EML) is a technology that uses electromagnetic energy
to accelerate and launch projectiles [1,2]. Devices that use EML technology to launch
projectiles are generally referred to as electromagnetic guns. The most important appli-
cation of electromagnetic guns in the military are line-of-sight armor-piercing weapons
and long-range suppression weapons [3]. At present, the direct kinetic energy penetration
of high-speed projectiles is the main method to strike solid defense targets. An electro-
magnetic gun fires a projectile at a much higher initial velocity than that of a conventional
gun. Not only does it improve the armor-piercing ability, but also considerably reduces
the mass and volume of ammunition and improves the carrying capacity of weapon sys-
tems [4]. In addition, electromagnetic guns can achieve several times the speed and range
of conventional guns.

The projectile of an electromagnetic gun is launched at hypersonic initial conditions
(>Mach 5). The US Naval Surface Warfare Research Center conducted a series of experi-
ments with an electromagnetic railgun [5]. The aluminum bullet, weighing 3.35-3.36 kg,
was launched with 10.68 MJ export kinetic energy, the export speed was 2.5 km/s, and the
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kinetic energy was 10 MJ. Subsequently, the US Navy announced that it had successfully
conducted a new round of electromagnetic gun tests, with a projectile mass of 10.4 kg,
muzzle velocity of 2.5 km/s, and kinetic energy of 33 MJ [2]. In the 2015 US Navy plan,
it was pointed out that the electromagnetic railgun performance accelerates the 20 kg
projectile to 2.5 km/s.

When the electromagnetic projectile flies at a hypersonic speed, the temperature of the
surrounding gas rises sharply, forming a high-temperature flow field due to the viscous
stagnation of the gas and the compression of the shock wave. The vibration excitation
of gas molecules occurs in the high-temperature environment of aerodynamic heating,
accompanied by a series of complex physical and chemical processes such as dissociation,
chemical reaction, ionization, etc. [6]. The flow around shows the characteristics of the
thermochemical nonequilibrium effect [2,3], which makes the aerodynamic thermal envi-
ronment of hypersonic vehicles more complex. The velocity of hypersonic projectiles is
large, often reaching 2000 m/s and above. At such a high flight velocity, there is a very
serious aerodynamic heating phenomenon on the surface of the projectile. Aerodynamic
heating causes the surface temperature of the projectile body to rise, and even ablation
occurs on the surface of the projectile body after reaching a certain temperature [7]. The
thermal ablation effect may cause a change in the projectile configuration of the electro-
magnetic track gun. Furthermore, the change in hypersonic projectile geometry may not
only increase the resistance, but also cause non-design forces and moments affecting the
stability, which has a certain impact on the precise strike of the projectile [8]. Therefore,
the aerodynamic thermal prediction and thermal protection technology of hypersonic
projectile surfaces has become one of the key technologies in the development of this kind
of projectile.

After the projectile leaves the acceleration electromagnetic railgun at a hypersonic
speed, the flight trajectory is determined by the initial velocity, initial inclination, gravity,
and aerodynamic drag [9]. For an electromagnetic railgun with a fixed launching capacity,
the initial kinetic energy of the projectile is constant, which means that the initial velocity is
a fixed value. For a projectile with a fixed configuration, a difference in the initial launching
angle causes an obvious difference in trajectory. The existing numerical studies on the
aerodynamic and thermal properties of electromagnetic rail gun modeling are mostly
based on the single-temperature model in thermodynamic equilibrium state. Most work
focus on the influence of aerodynamic configuration by numerical analyses considering
one or several typical calculation points. For example, Shen et al. [10] applied the steady
computational fluid dynamics (CFD) simulation method to obtain the characteristics of
the electromagnetic gun projectile flow field at different Mach numbers, and used them
to optimize the aerodynamic shape of the projectile in hypersonic conditions. Kasahara
et al. [11] studied the geometric effect of electromagnetic rail projectile under stable flight
conditions in thermal equilibrium states. Rahman et al. [12] used the single-temperature
CFD method of steady compressible flow to simulate the density, pressure, and temperature
flow fields of an electromagnetic projectile at different Mach numbers (5~10).

At present, the aerodynamic and thermal properties along the flight trajectory are
seldom studied. The thermal nonequilibrium effect of the gas in the shock layer should
not be ignored for a hypersonic vehicle with an increase in flight altitudes. As the altitude
increases, the density of the atmospheric environment drops and the free path of molecules
increases sharply [13]. This means that the thermodynamic equilibrium state of air species
requires a certain relaxation time to reach. At present, the aerodynamic numerical cal-
culation of electromagnetic railgun projectile mostly assumes that the high-temperature
gas is in a thermodynamic nonequilibrium state. Under the action of high-speed inflow,
chemical reactions such as the dissociation and recombination of gas also experience a
chemical nonequilibrium state at a high temperature. Sarma [14] pointed out that a high-
speed flow experiences different flight corridors under different combination conditions
of speed and altitude to prevent severe aerodynamic thermal effects. Niu et al. [15] also
found that hypersonic flows under different flight conditions show typical thermodynamic
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nonequilibrium characteristics and affect the thermal behavior of the shock layer. Therefore,
the aerodynamic and thermal characteristics of projectiles with different launch angles are
calculated based on the thermochemical nonequilibrium two-temperature model.

Due to the high cost of flight test and ground wind tunnel test, effective test data
are relatively scarce. Therefore, numerical simulation is an indispensable tool in the basic
research of hypersonic flow. It is necessary to simulate the thermal state of electromagnetic
railgun projectiles at different angles of fire by numerical methods. From the point of view
of the selection of electromagnetic railgun parameters, the objective of this study is to
examine the thermal properties of the corresponding exterior ballistics of the projectile at
different angles of fire, including nonequilibrium effect, reaction heat release, aerodynamic
heat flux, and wall temperature. The remainder of this paper is organized as follows:
Section 2 provides the descriptions of the thermal effect of the blunt body. Section 3
introduces the numerical models for the thermal properties of hypersonic flow. Section 4
presents the validation of the numerical models. Section 5 provides the computation details,
and Section 6 analyzes and discusses the thermal properties of the electromagnetic railgun
projectile. Finally, the last section presents the concluding remarks.

2. Thermal Effect of Blunt Body

For hypersonic projectiles, the body is typically designed as a slender blunt cone. For
flight stability, tail wings are symmetrically distributed along the axis and installed at the
tail of the projectile body. The projectile configuration is shown in Figure 1. The projectile
was launched on an electromagnetic railgun, and its wingspan was the same as that of
the launch caliber. The projectile drags were wrapped outside as they were required to
accelerate the launch of the rail. To achieve the universality of weapons and equipment,
projectiles can be accelerated in the same fixed-caliber barrel to adapt to different launch
platforms. To design the projectile configuration, it is necessary to consider the aerodynamic
heating effect of the projectile corresponding to the blunt cone configuration of the projectile
body. In addition, the projectile launched by the electromagnetic railgun can have not
only a straight or parabolic trajectory, but also an approximate vertical trajectory. This
implies that hypersonic projectiles may experience different flow states during flight. The
environmental atmospheric characteristics were significantly different under different flow
conditions. An interesting problem in engineering applications is the question of the
thermal characteristics of the projectile and the flow field around the projectile change
when different blunt cones fly at a particular altitude.

//
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Figure 1. Hypersonic projectile fired by an electromagnetic railgun.

3. Physical Model and Numerical Method
3.1. Governing Equation

In the three-dimensional Cartesian coordinate system, the conservative integral form
of the compressible Navier—Stokes equation can be written as [16,17]:

%/ﬂ QIO+ § (Fj—F,;)ds = [ @d (1)
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where () is the control volume and dQ) is its elemental area. Q is the conservative variable,
and F; and F,; are the components of convective and viscous fluxes in the jth direction,
respectively. w is the source term.

For the thermochemical nonequilibrium gas, vectors above can be expressed based on
Park’s two-temperature model [17] as follows:
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where Nj; is the maximum number of species s. 1; is the macroscopic flow velocity compo-
nents in the ith direction. ys and D; are the mole fraction and diffusion coefficients of the
species s. ks is the enthalpy of the chemical species s. J;; is the Kronecker delta. E and Eqe
represent the total energy per unit volume and the vibrational-electronical energy per unit
volume of the mixture, respectively.

The mixture pressure p can be calculated by Dalton’s law of partial pressures [18]:

R
p= 2 PS Ttr + Pe 3)

where R represents the universal gas constant. In the two-temperature model, the tem-
perature can be characterized by the translational-rotational temperature Ty and the
vibrational-electronical temperature Ty.. M is the molecular weight of species.

The thermal flux from the translational-rotational energy and the vibrational—electronical
energy in the j direction are described by gy, and gy j:

0Ty oT.
qtr,j = 7’]tr and Jue,j = —Hue = 4)

0X; 9x;
where 7 is the thermal conductivity coefficient of the mixture.
The viscous stress tensor of a Newtonian fluid, Tij, is defined as:

[ ou; | du; 2 oy,
Ef—y(aac]-—‘_axi)_(?)y ﬁ)ax5 ®)

where y is the molecular viscosity coefficient and § is the bulk viscosity coefficient.

3.2. Source Term

In the governing equation, the vector of the source term as given in Equation (2)
includes two terms: one is the chemical reaction source term in the continuity equation,
and the other is the energy mode source term in the energy conservation equation for the
vibrational-electronic mode. The mass production rate per unit volume for species s has

the following form:
Ny

= MY (Bsy — asy) (Rf,r - Rb,r) 6)

r=1
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where a5, and Bs, are the stoichiometric coefficients of species s in the rth reaction for
reactants and products, respectively. N; is the number of reactions related to species s. Ry,
and Ry, are the forward and backward reaction rates, which can be written as follows:

Ns Ps Ks,r
R =k 11 (41 @)
11\_75[ ps ﬁs,r
Ror = o, 1T ( £ ®)
s=1 Ms

where kﬁr is the rate constants of the forward reaction and k;, is the rate constants of the
backward reaction for the rth reaction.

In the two-temperature model, there is a relaxation process for all kinds of energy to
adjust from nonequilibrium state to equilibrium state due to thermodynamic nonequilib-
rium effects. In the absence of radiation, the exchange of energy is mainly achieved through
molecular collisions. Therefore, the internal or vibrational energy source term with the
vibrational relaxation time has the following form [17]:

. ilene(T) — T .

Wye = Z i [eve( ) — ves UE)] + Zwseve,s 9)
s=1 Tve s

where the average relaxation time 7, can be calculated by the Milikan-White’s semi-

empirical formula [19]. The internal energy per unit of mass e, s can be given by:

Ny

s, r eve,s,r R
A R 10
oo r; expwve,s,r/ Tve) —1 M (10

where 8 is the characteristic vibrational temperature and N, is the number of degeneracy
states.

3.3. Transport Properties

In the two-temperature model, the transmission characteristics of components in
each energy mode can be calculated by the Gupta mixing rule [20], including dissipation,
viscosity, and heat conduction. The effective mixture diffusion coefficient can be given by:

p, - o) a

Z ('Ys’/Dss’)

s'=1

s'+#s
where 75 is the molar concentration of species s. Dy represents the binary diffusion
coefficient between heavy particles s and s’, which can be expressed as:

kT
pA(T)

ss’

N
Dy = and 1t = ) s (12)
s=1

1)

where k is the Boltzmann’s constant. Ay

pairs of particles.

According to the basic theory of molecular motion theory and statistical thermodynam-
ics, the calculation formula of the macroscopic thermal conductivity of each energy mode
in the mixed gas can be derived. The translational, rotational, vibrational, and electronic

(T) is the collision integrals related with collision
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thermal conductivities are defined as ¢, 17+, v, and 7. The thermal conductivities of the
mixed gas in two models are given by [16]:

Hir = Nt + Yy (13a)
Noe = Mo + 1e (13b)
where N
Ekf; s (14)
= 2) A®
syée Z Ass! r)/s/ASS/ (Ttr) +3.547.A s/ (Tve)
;
o =1y =k Z < T (15)
s=mol. ;1 ')’rAgsr) (Thr) + ves gsl)( ve)
r;éerl;ctron
e = Ek Te (16)
¥ 1457500 (T,.)
s'=1

where Ag,) (T) is the modified collision integrals, for which parameters can be seen in
Ref. [20].
The mixture viscosity can be expressed as:

Ns Ms7Ys MeYe
S PR ’ 2 N <7> W
575@ ; 'YS/ASS/ (Ttr) + ')’eAes/ (Tve) Z ’)/S/Aes/ (Tve)

r=1

;g

3.4. Thermodynamic Properties

For high-speed and high-temperature flows, the translational energy, rotational energy,
vibrational energy, and electron energy of the molecule are all or partially excited. The
internal energy of the excited gas molecules has an effect lagging the equilibrium state
for the thermal nonequilibrium gas. In the two-temperature model, it is assumed that the
translational energy and the rotational energy of the gas molecules are fully excited at the
temperature range of 200-20,000 K. The thermal properties can be expressed in polynomial
forms:

5
ps k—
& = ; AT (18a)
5 As Tk 1 As
Z = (18b)
Gs > A;Tk—l
— =A1(1-InT) — ——— + AT — Ay (18¢)
R ( ) k:ZZ (k—1)k

where C; s is the specific heat of species s at constant pressure, /s is the specific enthalpy of
species s, Gs is the free energy of species s at standard pressure, and A;—-Ay are constants
which have been tabulated in Ref. [20] for various temperature ranges.

The contribution of these temperatures is different depending on the number of atoms
in a molecule. For 7 species air, e-, N, NO, NO+, N, O, and O, the thermodynamic
properties can be divided into two types. Due to no rotational degree of freedom for atoms,
the contribution of translational-rotational temperatures is 5R /2 for atoms and 7R /2 for
diatomic molecules [20].



Energies 2023, 16, 1740

7 of 18

For atoms:

5 5
Cp,s,t = ER/ Cp,s,rot = 0/ hs,t = ETR + A6R/ hs,rot =0 (19)

For diatomic molecules:

5 5
Cp,s,t = ER’ Cp,s,rot =R, hs,t = ETR + A6R1 hs,rot =TR (20)

The vibrational-electronical part of the specific heat at constant pressure and enthalpy
can be written by [18]:

Cp,s(Tve) = Cp,s(Tve) - Cp,s(Tt) - Cp,s(Trot) (21)

hs(Ttr/ Tve) = hs<Tve) + (Cp,s,t + Cp,s,rot) (Tve + Tref) + hs,O (22)

where T’ is the integral variable and T, is the reference temperature of 298 K. ;¢ is the
enthalpy of species s, which are provided in Refs. [21,22].

3.5. Chemical Reaction Model

In most cases, the equilibrium rate constants are obtained in the thermodynamic
equilibrium, which is expressed as a function of temperature T. However, under the
condition of low density and high energy, the assumption of thermodynamic equilibrium is
not valid. Comparing the characteristic time chemical reaction with the vibration relaxation
time, it is advised to introduce the coupling effect between these characteristic times into
the controlling temperature. In thermal nonequilibrium conditions, the assumption of a
single rate-controlling temperature is made for certain classed of reactions. For dissociative
reactions, the rate controlling temperature, T. is written as:

T, = T°Tyo! (23)

where 2 and b are the power law coefficients.

For ionization reactions of electron impact, the controlling temperature is the vibrational—
electronical temperature Ty.. The rate constants of the forward and backward reaction, kf,r
and k; , in Equation (7), are determined by the Arrhenius relationship [23]:

ker=Ag, T."Fr exp (Ef,r/ch) (24)

ky, = Ap, T exp(Eyp, /kT¢) (25)

where A represents the frequency factor, which is obtained from normalization on the
thermal reaction rate. T, is the controlling temperature, # is the temperature exponent, E is
the activation energy, and k is the Boltzmann constant (1.38054 x 1023 J/K).

In the present study, a 7-species chemical kinetics reaction borrowed from the Park
93 [24] model is used. Forward chemical kinetic rate coefficients are shown in Table 1,
where Mj, My, and M3 represent the third body. In dissociation reactions, the third body
can be any species in the reaction system, which are provided in Ref. [24].
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Table 1. Forward reaction rate coefficients in air-chemistry models (cm?/mole/s).

Reaction Park 93
N + M; — N+ N + M; 3.0 x 10?2 T~16 exp(—1.132 x 10°/T)
O, +M; 5 0+0+M, 2.0 x 102! T~15 exp(—5.95 x 10*/T)
NO + Mz = N+ O+ M; 5.0 x 101 exp(—7.55 x 10*/T)
N; +O = NO+N 6.4 x 1017 T~10 exp(—3.84 x 10*/T)
NO+0O— 0, +N 8.4 x 10'2 exp(—1.945 x 10*/T)
N +0O — NO* + ¢ 8.8 x 108 T10 exp(—3.19 x 10*/T)
No+e - N+N+e 1.2 x 10%°

In the present study, the forward rates in electron impact dissociation are determined
by the vibrational-electronic temperature. For the backward rate in the electron impact
dissociation reactions, the use of a geometric average expression is widely accepted. The
reaction type and the weight factors of the forward and backward rates are listed in Table 2.

Table 2. Weight factors of the controlling temperature.

Reaction Forward Backward
a b a b
Dissociation 0.5 0.5 1.0 0.0
Neutral exchange 1.0 0.0 1.0 0.0
Associative ionization 1.0 0.0 0.0 1.0
Charge exchange 1.0 0.0 1.0 0.0
Electron impact dissociation 0.0 1.0 0.5 0.5

3.6. Turbulence Model

In the present work, Favre averaging was used with the governing equation to eval-
uate turbulent fluctuations. A two-equations standard k-¢ turbulence model was used to
calculate the hypersonic flow field in this paper. This turbulent model has good robustness
and reasonable accuracy, and has been widely used. It is based on turbulent flow energy k
and dissipation rate &. The compressible modified turbulence model is used in the real gas
model to consider the turbulence effect. Turbulence kinetic energy and inverse time-scale
transport equation are written as [25]:

dok 0 B ue\ ok

oF aij(Pk”])—aij (P‘*’m{)axj + Gk —Gp—pe—¢ (26)
doe 0 0 He\ O € €2
o9 + a—xj(psu]) = E)Tc] (]l + 0'e> 87] + Cle%(Gk + C3.Gp) — ngp? (27)

where G is the turbulent kinetic energy generated by the average velocity gradient. Gy, is
the turbulent kinetic energy generated by buoyancy. ¢ is the contribution of wave expansion
to total dissipation rate in compressible turbulence. C;, Cy,, and Cs, are constants, whose
values are 1.44, 1.92, and 0.09, respectively. oy and o are the turbulent Prandtl number for
turbulent flow energy k and dissipation rate &, which are assigned as 1 and 1.3, respectively.

3.7. Computational Method

The governing equations were discretized with the finite volume method (FVM) [26]
based on multi-block structured grids. To capture the supersonic shock layer accurately,
Yee’s Symmetric Total Variation Diminishing (STVD) scheme [27] was used for the treatment
of the convective flux, which has a good performance in stability and the accuracy for the
solution of hypersonic flows. Note that a non-physics result may exist when the Jacobian
matrix has a very small eigenvalue. Harten’s entropy correction functions [28] are thus
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applied to add some dissipation. The vector of the viscous flux is calculated by the center
difference scheme [29].

4. Validation of Numerical Models

To verify the hypersonic calculation model in predicting thermal characteristics, a
test case blinded cone cylinder plane designed HB-2 [30] was used as a validation study.
The force and heat transfer of the HB-2 test model under different free flow conditions
were carried out in various test facilities, such as the Japan Aerospace Exploration Agency
(JAXA) and Arnold Engineering Development Center (AEDC). The geometric dimensions
of the HB-2 test model are shown in Figure 2a.

4.9D

0.7D

Q
L\ 3} -9 i
s Q & g ----- 12 Inflow Exit
2 5

10°

1.95D X uQu

Moment reference < 4D
(a) Geometry size (b) Gird distribution

Figure 2. Geometry size and grid of HB-2 test model.

To accurately capture the heat transfer and pressure on the surface, a sufficiently fine
computational grid is required. The accuracy of heat transfer prediction near the wall
depends largely on the quality of the grid and the clustering near the wall. The number of
transverse and longitudinal grids is 100 x 200, respectively, and the Reynolds number of the
first grid near the wall is less than 2. In Figure 2b, the grid distribution of the computational
domain required for numerical calculation is shown. The free stream boundary conditions
used for this test case are supersonic inflow and exit. On the wall, the slip-free isothermal
surface T = 300 K is specified, and the normal and transverse velocity components of the
wall are zero. The symmetry condition is applied along the cone axis. These conditions are
derived from the experimental data obtained from the VKF and JAXA test facilities.

Figure 3 shows the comparison between the calculated values and the experimental
measurements of the characteristic parameters along the surface. Figure 3a,b show the
pressure and heat flux distributions respectively, and their corresponding parameters are
dimensionless using the stagnation point values. The results show that the calculated
values of the current numerical model are in good agreement with the experimental data.
Additionally, nitrogen and oxygen molecules dissociate to form nitrogen and oxygen atoms,
respectively. Oxygen molecules are almost completely dissociated to form oxygen atoms
in a high temperature. In addition, oxygen and nitrogen atoms combine to form NO
molecules. Figure 4a,b show the comparison of the temperatures along the hysteresis line
and the main air-dissociated components between the numerical calculation results and
reference data [31], respectively. The results verify the reliability of the current calculation
model in the prediction of species and thermal properties.
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Figure 3. Comparison of surface properties between computational and experimental data [30].
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Figure 4. Comparison of flow parameters along the stagnation line between computational and
reference data [31].

5. Design of Numerical Experiment and Computation Details
5.1. Geometry of Blunt Body

Referring to the configuration of the hypersonic projectile adopted by the US Navy’s
electromagnetic railgun, a projectile approximate to its configuration was used as the
research object of this paper. The projectile was about 660 mm long and the wingspan of
the tail was 155 mm. The projectile was suitable for various launching platforms of 155 mm
caliber barrel, and the diameter of the rear end of the projectile was 120 mm. Except for the
tail fin, the projectile was designed as a blunt cone. We considered that the most serious
thermal effect is in the front section of the blunt body during flight. Therefore, this paper
only focuses on the flow field and wall thermal effect in a certain distance from the front of
the blunt body, as shown in Figure 5. According to the configuration of the electromagnetic
projectile, the nose radius of the blunt cone concerned in the numerical calculation was
5 mm, the half cone angle was 4.8°, and the length of the precursor was 0.1 m.
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R=5 mm

Figure 5. Computational domain and grid of blunt body.

5.2. Mesh and Boundary Conditions

At zero angle of attack, the axisymmetric domain can be used to calculate the flow field
of the blunt cone. The computing domain grid was divided by the commercial software
ANSYS-ICEM, and the grid distribution is shown in Figure 5. The number of radial
and axial grids in the grid is 85 x 175, and they were structural quadrilateral grids. The
Reynolds number of grids is widely used to ensure the accuracy of wall heat flow prediction
in high-speed flow. Previous studies have shown that the grid spacing perpendicular to
the wall direction should ensure that the grid Reynolds number is less than 2. In this paper,
the size of the first layer of the grid near the wall, namely the size of the smallest cell, was 1
x 107% mm.

Four boundary conditions are required for flow field calculation, including inlet, the
axis of symmetry, outlet, and wall boundary conditions. Among them, the inflow boundary
specifies uniform inflow velocity, pressure, and temperature parameters, and the inflow
parameters corresponding to different ballistic calculation points are shown in Section 5.3.
Given the projectile is hypersonic, the exit boundary of the computational domain can be
derived from the upstream supersonic flow field parameters. The wall was designated as a
radiation equilibrium boundary condition without slip, catalysis, and ablation effects.

5.3. Computational Cases

Assuming that the projectile launched by the electromagnetic railgun meets the 43
resistance law, the ideal trajectory of projectile flight can be obtained under the following
simplified conditions: (1) the shape and mass distribution of the projectile are axisymmetric
bodies, and the angle of attack is zero, (2) the flight environment is a standard meteorological
condition, (3) the influence of Coriolis inertial force and the change in gravity acceleration
with latitude are ignored, and (4) the change in gravity acceleration with altitude is ignored.
Based on the above assumptions, the exterior ballistic equations can be established.

Taking the electromagnetic railgun with a 64 MJ muzzle kinetic energy as an example,
it was assumed that the conical high-speed rotating projectile was used with a weight
of 9 kg, an initial velocity of 3000 m/s, and a shape coefficient of 0.6. In this paper, two
firing angles of 45° and 60° were considered. Based on these conditions, the fourth-order
Runge-Kutta method was used to solve the trajectory equations. The parameters required
for calculating the external ballistic equations are shown in Table 3.

Table 3. Free stream conditions at representative altitudes.

H, km Poo, kg/m3 T, K P, Pa Uco,450, m/s Uco, 690, m/s
0 1.2250 288 101,325 3000 3000
10 0.4135 223 26,500 1737 2041
20 0.0725 216 5529 1500 1741
30 0.0184 226 1197 1409 1637
40 0.0040 250 287 1325 1575
50 0.0010 271 79 1236 1505
60 0.0003 247 22 1168 1450

70 0.000067 220 52 1099 1350
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6. Results and Discussions
6.1. Thermal Nonequilibrium Effect of Shock Layer

The altitude concerned in this paper was below 70 km, and the fluid Knudsen number
(Kjy = A/L is the ratio of the average free path of the gas molecule to the flow characteristic
length) was less than 0.001. This means that the fluid satisfied the continuity assumption.
The high-speed incoming flow transformed part of the kinetic energy around the projectile
into the internal energy of the air, which made the temperature in the flow field increase to
several thousand Kelvins. For high-speed reactive flows, a local thermal nonequilibrium
state occurs when the relaxation time of molecular vibration energy is comparable to the
flow time in magnitude. In this case, the physical model needed to describe the thermal
nonequilibrium effect was different from the single-temperature model. Differently, the
multi-temperature model was needed to describe the internal energy conversion and
relaxation process between molecules. In this paper, the two-temperature model was used
to calculate the flow field parameters, and the flow field temperature was characterized
by the translational-rotational temperature and the vibrational-electronic temperature.
The difference between the two temperatures can reflect the degree of the thermodynamic
nonequilibrium of the flow field, which has the following expression forms:

Ttr - Too
- *© 2
=T, T, (28)

Figure 6 shows the contours of the translational-rotational temperature and the
vibration—electron temperature at altitudes of 10 km, 30 km, and 60 km with a « = 60° angle
of fire. It can be seen from this figure that the level and distribution of the two temperatures
varied significantly with altitudes. Figure 7 shows the two temperature curves along the
stagnation line corresponding to representative altitudes. The translational-rotational
temperature was higher than the vibrational-electoral temperature, and the thickness of
the detached shock wave was also different for two temperature modes. Figure 8 shows
the variation curve of the nonequilibrium degree of the flow field parameters along the
stagnation line as a function of the altitude of the large value. The degree of thermal
imbalance increased with the increase in altitude. This is because the collision probability
between molecules decreases with an increase in altitudes, and the molecular vibration
needs to be completed through the collision with time history. In addition, the degree of
nonequilibrium at « = 60° is higher than that at « = 45°. This is because the freestream
velocity at « = 60° is higher than that at « = 45° at the same altitude. In this case, the
temperature around the bow shock increased dramatically with the increase in flight speed,
and the intermolecular vibration and electronic energy excitation became more significant.

(b) 3 ©) 3

o
N

30T T2 3 4 s
x/R,

Figure 6. Contours of translational-rotational temperature and vibration—electron temperature at (a)
10 km, (b) 30 km, and (c) 60 km.
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Figure 7. Temperature curves along the stagnation line at « = 60°.
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Figure 8. Maximum thermal nonequilibrium effect for a = 45° and a = 60° cases.

6.2. Reaction Heat Release of Shock Layer

For a hypersonic projectile, the surrounding air is strongly compressed to form a
strong bow shock wave. The viscous effect converts the huge kinetic energy in the flow into
gas internal energy, which makes the air temperature rise sharply. At high temperatures,
the air of the shock layer undergoes a series of complex physical and chemical processes
such as dissociation and ionization, accompanied by heat release, component generation,
molecular vibrational-rotational transition, electronic excitation transition, etc. The initial
temperature of molecular vibration energy excitation is about 800 K. O, molecules begin to
decompose at 2000 K, and O; is completely decomposed at 4000 K. At this temperature
range, N, molecules begin to decompose. When the temperature rises continuously, most
N, molecules decompose into N atoms, and a small amount of NO molecules form with
O atoms. This series of physical and chemical reactions and the degree of gas reaction in
the shock layer can be characterized by the content of NO formation to a certain extent. In
addition, the chemical reaction process releases or absorbs energy with the breaking and
recombination of chemical bonds. For the thermal characteristics in the shock layer, the
heat released from the chemical reaction of the reaction system can be used to characterize
it.

According to Arrhenius’s expression, the generation of NO depends on the control
temperature and collision frequency. The literature [32,33] points out that NO is mainly
produced by neutral exchange reactions Ny + O <+ NO + N and NO + O <+ Oy + N. In these
reactions, O; (or Ny) dissociates to produce high-density O (or N) atoms, and then NO is
produced between O and N atoms and N, or O; due to the above reactions. Influenced by
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the temperature of the flow field, the mole fraction of NO is mainly distributed in the shock
layer region. Figure 9 shows the distribution of NO along the stagnation line corresponding
to the six ballistic points. The mole fraction of NO reached the order of 107! at H = 10 km.
It can be seen from the figure that the concentration of NO along the stagnation line at 10
km in the case of « = 60° was three orders of magnitude higher than that in the case of &
= 45°. The content of NO was extremely low at other altitudes, which is related to a low
inflow velocity and flow field temperature.

1079
]0—!0_\
- — —45°(10km)
PR - - —45°(30km)
2 107HE 45°(60km)
g ———60°(10km)
o 1g-w] —— 60°(30km)
et T 60°(60km)
10-13 ~“‘“————--_ ::::
-14

0.00 0.01 0.02 0.03 0.04 0.05
x/R

n

Figure 9. Mole faction of NO along the stagnation line.

In order to examine the change in heat of different chemical reaction models during the
formation of components, the distribution curve of chemical reaction heat in unit volume
along the stagnation line is shown in Figure 10. It can be observed that the reaction heat
release corresponding to the two angles of fire was significantly different. The reaction
heat release at « = 60° was higher than that at « = 45°. The heat release of the reaction
decreased with the increase in altitude. This is because the reaction heat release is related
to the vibrational-electoral temperature distribution trend, which affects the chemical
reaction rate coefficient and the control temperature. These two parameters thus affect the
generation of chemical reaction heat release.

107
—m—45°
——60°
100t
=
Tm 2
=
£10°}
A
104' L 1 1 | ! !

0 10 20 30 40 50 60 70
H (km)

Figure 10. Reaction heat release along the stagnation line.

6.3. Aero-Heating Effect of Blunt Body

The heating heat flux of the high-temperature flow field towards the projectile surface
includes convection heat flux, component diffusion heat flux, and gas radiation heat flux.
In this paper, the radiant heat flux of gas is ignored, and the convective heat flux and
component diffusion heat flux are included in the flow field calculation. Aerodynamic heat
includes heat flux in translational-rotational and vibrational-electronic modes. Figure 11
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shows the wall heat flux distribution curve along the external contour of the blunt body at
typical ballistic points. It can be seen from the figure that the wall heat flux distribution
was the highest at the stagnation point at two selected angles of fire. From the stagnation
point, the heat flux along the generatrix of the blunt body decreased sharply. Starting
from a position 1.5 times the nose radius downstream of the stagnation point, the heat flux
decreased slowly. The heat flux at & = 60°and H = 10 km was up to 8 MW /m?. However,
the heat flux was about 3 MW /m? at a = 45°and H = 10 km. Accordingly, the heat fluxes at
« = 60° were higher than those at « = 45° at other altitudes. This is because the free stream
velocity is higher at « = 60° than that at « = 45°.

- - - 0=45°(10km)

8 - - - a=45°(30km)
- - - a=45°(60km)
o or —— 0=60°(10km)
g —— =60°(30km)
B 4t —— =60°(60km)
=
a 2 . A N

Figure 11. Heat flux profiles of blunt body surface in representative cases.

Figure 12 shows the curves of maximum heat flux versus altitude at two launch angles
of @ = 45° and & = 60°. It can be seen that the maximum heat flux decreased sharply in
magnitude under the two angles of fire. The heat flux decreased sharply from 7 MW /m? at
H =0 km to about 2 MW/m? at H = 70 km. In addition, the maximum heat flux at & = 60°
was higher than that at & = 45°, and the former was about 2 times higher than the latter
in the range higher than 20 km. This is because there were significant differences in the
inflow conditions corresponding to the two different trajectory calculation points, which
inevitably lead to different thermodynamic parameters of the flow field.

107
—8— 0=45°
—o— 0=60°
o 10%F
g
B )
Q% 10°F
104k L L L L L L

0 10 20 30 40 50 60 70
H (km)

Figure 12. Maximum heat flux of surface with altitudes in two launching angles.

6.4. Surface Temperature of Blunt Body

The aerodynamic heat caused by high-speed incoming flow heats the wall, and the heat
flux at the wall reaches a balance. In this paper, the radiative wall boundary condition is
adopted. The aerodynamic heat flux on the wall mainly consists of convection, dissipative
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heat flux, and radiant heat flux from the wall to the fluid. Figure 13 shows the wall
temperature distribution corresponding to six representative ballistic points at two angles
of fire. In this figure, x/R, = 0 indicates the stagnation point of the blunt body. It can
be seen that the wall temperature gradually decreased along the surface of the blunt
body in the axial direction, and the temperature was the highest at the stagnation point.
The distribution of wall temperature was similar to that of the heat flux. However, the
decreasing rate of the surface temperature was not as rapid as that of the heat flux but was
relatively slow. By comparing the wall temperature at « = 45° and a = 60°, it can be seen
that the temperature difference between two angles at a fixed altitude was basically the
same. With the increase in the altitude, the wall temperature difference caused by the angle
of fire decreased gradually. For example, the temperature difference is 400 K, 200 K, and
110 K at H = 10 km, 30 km, and 60 km, respectively.

30 = = = =45°(10km)

- - - a=45°(30km)
241 - — - =45°(60km)
—— a=60°(10km)
—— a=60°(30km)

L8 —— 4=60°(60km)

T (10°K)

Figure 13. Surface temperature profiles of blunt body for representative cases.

Figure 14 shows the variation curve of the stagnation point temperature with altitudes
at two angles of fire. It can be seen from this figure that the maximum temperature
decreased significantly with the increase in altitude. Wall temperature at « = 60° was about
20% higher than that at & = 45°. The temperature difference decreased with the increase in
altitude. This is due to the comprehensive result that the aerodynamic heat flux on the wall
was in balance with the radiant heat flux towards the fluid under two angles of fire, and
the freestream velocity was also different at the same altitude.

4

—m—45°
—o—60°

T, (10°K)

0 10 20 30 40 50 60 70
H (km)

Figure 14. Maximum surface temperature with altitudes in two launching angles.

7. Conclusions

In the current study, the thermal characteristics of hypersonic electromagnetic railgun
projectiles at launch angles of 60° and 45° were calculated based on a thermochemical
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nonequilibrium reaction flow field calculation model. The altitude range of the calculated
trajectory point was 0-70 km. The nonequilibrium chemical flow parameters and wall
thermal characteristics at different ballistic points were analyzed, including the thermal
nonequilibrium effect, reaction heat release, aerodynamic heat flux, and wall temperature.
The numerical results revealed the following:

(1) The level and distribution of the translational rotation temperature and vibrational
electron temperature along the stagnation line varied significantly according to the
altitude. The translational rotation temperature was higher than the vibration selection
temperature, and the thickness of the separated shock wave was different under the
two temperature modes. The degree of thermal imbalance increased with the altitude.
At a = 60°, the maximum thermal nonequilibrium degree was 1.4, which is higher
than 1.25 at « = 45°.

(2) The reaction heat release at &« = 60° was higher than that at « = 45°. The reaction heat
decreased with increasing altitude. At low altitudes, the NO concentration along
the hysteresis line was more than three orders of magnitude higher than that at high
altitudes.

(3) At the two launch angles, the magnitude of the maximum heat flux decreased sharply.
The heat flux dropped sharply from 7 MW/m? at H = 0 km to approximately 2
MW /m? at H = 70 km. In addition, the maximum heat flux at a = 60° was higher
than that at « = 45°. The heat flux was approximately twice as high as that at an
altitude of 20 km. The wall temperature distribution was similar to that of the heat
flux distribution, and the surface temperature decreased less rapidly than did the heat
flux.
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