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Abstract — In this work, a numerical investigation of the vibrational non-equilibrium effects on the surface heat flux
predictions of a re-entry body in hypersonic wind tunnels is performed. For this purpose, air mixture with five neutral species
(N2, 02, NO, N and O) resulting from a 23.8 MJ/kg flow expansion from a plasma wind tunnel is considered to pass around
a double-cone geometry. Non-equilibrium Navier-Stokes-Fourier equations within a density-based algorithm is here
employed in the OpenFOAM framework. The numerical model was validated using data from experimental tests carried out
at LENS-XX Expansion Tunnel facility and from past numerical results and proved to be very accurate with an excellent
agreement with the experiments in terms of the size of the separation zone and an improvement of the heat flux peak value
in 11% in comparison with past numerical results. It was found that when the freestream is in vibrational non-equilibrium,
the shock waves/boundary layer interactions that occur in the flow field are felt more strongly in the test body surface then
when the freestream is in equilibrium, resulting in an increase on the surface peak heat flux of 5%. It was also found a
decrease in the thermal shock layer for non-equilibrium freestream condition, leading to higher temperature gradients in the
flow field and consequently higher heat fluxes at the body surface.
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1. Introduction

In hypersonic wind tunnels, the flow, usually in high temperature and high pressure, is expanded through a converging-
diverging nozzle, reaching very high Mach numbers at the nozzle exit and test chamber, where the studied test body is placed.
In this way, it is possible to simulate the flight conditions experienced by a spacecraft during the atmospheric re-entry and
have a better understanding of the complex phenomena occurring around the spacecraft [1]. During the expansion of the
flow through the nozzle, the translation and rotational energy modes drop abruptly while the vibrational and electronic
energies remain higher, at a temperature that is closer to the nozzle stagnation temperature. This cause the fluid to experience
a non-equilibrium condition and change the quality of the flow at the test chamber [2]. In real flights, the vibrational
excitation of the molecules is caused by the shock waves that form in front of the re-entry vehicle and the freestream is in
equilibrium, while in hypersonic wind tunnels the molecules at the freestream are already vibrationally excited before the
shock occur.

In this work, an investigation of the impact of the incoming vibrational non-equilibrium flow on the surface heat flux
prediction of a re-entry body will be performed. For this purpose, the flow around a double-cone object, very used in the
numerical investigation of shock waves/boundary layer interactions in hypersonic flight [3]-[8] will be considered. A high
enthalpy flow of 23.8 MJ/kg will be studied by using computational fluid dynamics in a partially dissociated air composed
by five neutral species (N., O., NO, N and O) with the freestream in equilibrium and vibrational non-equilibrium. A two-
temperature finite volume density-based model [1], [2], [9] to solve non-equilibrium hypersonic nozzle flows and external
aerodynamics in re-entry bodies will be here employed.

In the next sections, the governing equations and numerical methods are described, followed by the code validation
and discussion of the results. Finally, the conclusions and further considerations are made.
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2. Methodology

2.1. Governing Equations
The non-equilibrium Navier—Stokes—Fourier equations are here applied according to Park’s two temperature model
for thermal non-equilibrium [10]. The system of equations in the Cartesian coordinate is written as:

ou a(Fi,inv - Fi,vis) .

where Fiin and Fiyisare the inviscid and viscous flux vectors respectively, W is the source term vector and U is the vector
of conserved quantities defined as

U = {p, ps, pu, pv, pw, Eve,mrE}T S€N;, me€ Np 2

u, v, and w are the components of the velocity vector, p is the mass density of the fluid and ps is the partial density of species
s. E and Emare the total energy and the total vibro-electronic energy for the molecule m, respectively. The source term is
expressed by the vector:

W = (0, s, 0,0,0, 25,1, 0)" ®3)

where W represents the net mass production of species s and W, ,,, is the vibrational source term calculated using the
Landau-Teller equation [11] with the relaxation times obtained by Millikan-White formula [12] with Park’s correction [13].

2.2. Numerical methods

The governing equations are solved using the finite volume density-based algorithm in the OpenFOAM software. The
inviscid fluxes were discretized using second-order accurate central-upwing interpolations of Kurganov, Noelle and Petrova
(KNP) [14], [15] with the second-order accuracy achieved using total variation diminishing (TVD) scheme with van Leer
limiter function. The viscous fluxes were discretized using second-order central difference scheme. Euler discretization
scheme with first-order accuracy is used for the temporal derivatives. The simulation is initialized using the freestream
conditions and run until convergence to the steady state. The transport properties of the species are computed using Blottner’s
and Eucken’s formulae [16], [17] and the mixture properties are obtained according to Wilke’s mixing rule [18]. The
diffusion flux is obtained using modified Fick’s law [19] and the Park’93 model [20] is used for the chemical reactions. At
the walls, no-slip boundary conditions were applied to the velocity and the temperature was set to 300 K. At the outlet,
supersonic boundary condition was employed, with the field values being extrapolated from the domain.

3. Code Validation

As proved by Druguet at al. [21], the flow past a double-cone geometry is an excellent test case for assessing the
accuracy of numerical methods for the compressible Navier-Stokes equations. Thus, freestream conditions with stagnation
enthalpy of 5.44 MJ/kg and Mach number of 12.2 are here considered for the double cone geometry. Comparison of the
present numerical results with the experimental data, carried out at LENS-XX Expansion Tunnel facility at Calspan-
University of Buffalo Research Center by Holden et al. [22], and numerical results conducted by Hao and Wen [3] is
performed. The fluid corresponds to a two-species gas mixture composed by molecular oxygen (O2) and molecular nitrogen
(N2) with mass fractions of 0.235 and 0.765, respectively. A grid convergence analysis, showed that a grid with 512 and 265
cells along the wall and outlet, respectively, is sufficient to guarantee the independence of the results. The geometric
dimensions of the double cone test used at LENS XX expansion tunnel and the computational domain with the grid and the
boundary conditions used in the present numerical simulations are described in the Figure 1. The freestream conditions
correspond to the experimental conditions of the Case A of Holden experiments, see Ref. [22].
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Figure 1 - Double cone geometry, dimensions in mm (left) and computational domain used in the CFD simulation (right).
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Figure 2 - Surface heat flux and pressure distribution. Comparison between Present Work, Experiments and Hao and Wen work.

Figure 2 shows the heat flux and pressure distribution along the double-cone surface and the comparison with
experimental data [22] and numerical results [3]. As it can be seen, compared to Hao and Wen, the solution of the Present
Work improves the results in terms of the size of the separation zone (near X = 7 cm), with an excellent agreement with the
experiment. Additionally, the peak value for the heat flux, near X = 10 cm, is better predicted in the Present Work in
comparison with Hao and Wen model, both considering Park’s two temperature model with a mixture of perfect gases with
vibrational non-equilibrium of single mode. It was verified an improvement of 11% on the heat flux peak value with the
Present Work in comparison to the Hao and Wen work. Furthermore, a better alignment of the surface heat flux and surface
pressure peak point with the experiments is observed in the present work. Thus, the present numerical model is demonstrated
to be reliable and suitable to be used in this investigation.

4. Results

In order to understand the impact of the incoming vibrational non-equilibrium flow on the surface heat flux prediction
of a re-entry body, numerical simulations were performed with thermal equilibrium and non-equilibrium conditions. The
non-equilibrium freestream condition was taken from the numerical simulation of an expanded flow at the exit of the
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hypersonic SCIROCCO Plasma wind tunnel convergent-divergent nozzle D, with 75 mm of throat diameter and an
expansion ratio at the exit of 236 [2]. The equilibrium condition is also taken from the numerical simulation of the same
nozzle, but in this case considering the expansion of the flow occurring in thermal equilibrium. The high stagnation
enthalpy at the nozzle inlet causes the flow to be partially dissociated, resulting in a chemical hon-equilibrium condition
in the nozzle exit and in the freestream. In real flight, the freestream is in chemical equilibrium, but here to have an
accurate relation on how the vibrational non-equilibrium impacts the heat flux predictions, the chemical non-equilibrium
in the freestream will be considered in both situations. Table 1 describes the freestream conditions, trans-rotational
temperature (Ty), vibro-electronic temperature (Tve), pressure and velocity, used in the simulations. Table 2 shows the
species composition in the freestream, in terms of mass fraction, for equilibrium and non-equilibrium conditions. The
double-cone geometry and computational domain are consistent with the represented in the Figure 1.

Table 1 — Vibrational equilibrium and non-equilibrium freestream conditions.

Tw (K) Tve (K) Pressure (Pa) Velocity (m/s)
Equilibrium 604 604 17.00 5094
Non-equilibrium 509 3314 14.87 5115

Table 2 — Species mass fraction at the freestream.

N> (O)) N O NO
Equilibrium 0.574998 8.05e-07 0.196 0.229 1.67e-06
Non-equilibrium | 0.574997 1.62e-09 0.196 0.229 2.8e-06

Figure 3 shows the heat flux and pressure distribution at the double-cone surface for equilibrium and non-equilibrium
freestream conditions. It is possible to observe that for the first cone, from X =0 cm to X = 9.2 cm, the heat flux distribution
is almost coincident for both conditions. From the beginning of the second cone, the heat flux starts to grow more rapidly
for the non-equilibrium freestream condition, reaching a higher peak value at around 10 cm. After this point the heat flux
starts to decrease in a similar rate, with the values for the non-equilibrium condition being slightly higher along the second
cone. For the surface pressure, the results with the non-equilibrium condition starts to be slightly higher than the equilibrium
condition since the beginning of the first cone, however, the relevant difference also starts at the beginning of the second
cone, reaching the peak value also around the same position of the heat flux peak point and decreasing after that, being higher
for the non-equilibrium condition along the remaining part of the second cone. From Figure 4 it is possible to understand
why the surface heat flux and the surface pressure reaches a peak value at the second cone, around X = 10 cm. As can be
seen from the pressure and Mach number contours, around 10 cm is where the oblique shock formed by the first cone and
the detached shock formed by the second cone are impinged to the second cone surface and interact with the boundary. These
interactions cause the abrupt increase on the heat flux verified in the second cone surface.
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Figure 3 - Surface heat flux (left) and surface pressure (right) distribution for equilibrium and non-equilibrium freestream.
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Figure 4 - Static pressure (left) and Mach number contour (right) for the non-equilibrium freestream condition.
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Figure 5 — Vibro-electronic temperature (left) and trans-rotational temperature contour (right) for equilibrium and non-equilibrium
freestream.

Figure 5 shows the vibro-electronic (left) and trans-rotational temperature (right) contours for equilibrium and non-
equilibrium freestream conditions. It is clear, how the presence of vibrational non-equilibrium in the freestream alters the
vibro-electronic temperature distribution in the flow field, more specifically around the second cone. For the trans-rotational
temperature, the flow contours look very similar for both conditions, so that, a plot along the line Y= 5.42 cm, horizontal
dashed line highlighted at Figure 4 (right), starting from the freestream to the second cone at X = 10 cm is drawn in order to
understand the temperature difference between both conditions in more details, Figure 6.
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Figure 6 — Vibro-electronic temperature (left) and trans-rotational temperature (right) distribution along the line Y =5.42 cm.

As it can be seen, that is a very high gradient of vibro-electronic temperature for non-equilibrium condition compared
to the situation where the freestream is in equilibrium. This greater gradient of temperature is one of the reasons for the
higher heat flux peak value that was observed at X = 10 cm for vibrational non-equilibrium. For the trans-rotational
temperature, the contribution for the heat flux is smaller in terms of the temperature gradient near the second cone surface,
however, the thermal shock layer formed by the detached shock is thinner for the non-equilibrium freestream condition,
indicating that the flow would experience higher temperature gradients inside the shock, which will also contribute to the
increment of the heat flux at the cone surface.
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5. Conclusion
Motivated by the extreme importance of wind tunnels in the hypersonic research, especially in the design and
qualification of thermal protection systems for re-entry vehicles, in this paper, a numerical investigation of the impact of the
incoming vibrational non-equilibrium flow, resulting from the expansion of the flow through a hypersonic wind tunnel
nozzle, in a re-entry vehicle heat flux prediction is performed. A 23.8 MJ/kg expanded flow composed by a 5-species partially
dissociated air mixture around a double-cone body is simulated using Navier-Stokes-Fourier equations according to Park’s
two temperature model for equilibrium and non-equilibrium freestream conditions. The main conclusions are summarised
as follows.
= The vibrational non-equilibrium freestream conditions increase the temperature gradient in the flow field.
= The thermal shock layer is thinner for the non-equilibrium freestream condition.
= The pressure along the body surface is higher for the non-equilibrium freestream condition, indicating stronger
shock waves/boundary layer interactions.
= All the aspects mentioned above contribute to the higher surface heat flux observed for the non-equilibrium
freestream, particularly at the surface region where the interaction between the shock waves and the boundary layer
is felt.

After this investigation, we can conclude that due to the vibrational non equilibrium, the heat flux in a re-entry body
surface predicted in hypersonic wind tunnel experiments is higher than the real flight values. In this study, the predicted
peak value was found to be 5% greater than the value expected in the real flight.
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