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Abstract

Hypersonic laminar flow past a rearward facing step has been numerically investigated
using computational fluid dynamics (CFD). The flow parameters were : total specific
enthalpy h, =26 MJKkg; unit Reynolds number Re =1.82 %108 1/m ; and Mach number
M_ =7.6. A detailed grid independent study has been carried out to investigate the
sensitivity of the surface heat flux in the regions of separation and reattachment. The
nature of the flow in the close vicinity of the step is particularly emphasised. The
influence of real-gas effects such as the thermal and chemical non-equilibrium are
studied using Park’s two-temperature model and finite-rate chemistry models
respectively. The numerical results are then compared with the available experimental
data of surface heat flux measurements.
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1. INTRODUCTION

A rearward-facing step is a classical configuration for investigating separated flows. Notwithstanding
its simple configuration, it typifies separated flows in many regions of a hypersonic vehicle. Typically
for avehicle under hypersonic regime, the velocities and altitudes at which they operate are severe and
the vehicle inherently experience significant heating loads. This is a result of flow separation,
dissociation and ionisation, influenced by the molecular excitation/chemical reactions of the gas
particles within the flow. These flow and thermo-chemical behaviour predominantly occur at high
enthalpy flow conditions. Therefore, understanding the physics of separated flow-field under high
enthalpy conditions over a simple configuration such as the rearward-facing step becomes of particular
interest. A two-dimensional flow-field is considered here for analysis and a state-of-the-art computa-
tional fluid dynamic (CFD) approach is used. The CFD results are then compared with the available
experimental data in the region downstream of the step. Although hypersonic flow past a rearward
facing step has been experimentally studied in the past in cold wind tunnels, the data at high enthal py
flows where thermo-chemical effects become important is sparse. [1, 2]

The flow past a rearward facing step is characterised by a strong expansion over the corner and
separation region downstream of the step and subsequent reattachment with alarge shear-layer growth.
A general schematic representation of the flow over the step is shown in Fig. 1. The boundary layer
upstream of the corner is a consegquence of the flow on the surface upstream of the step. As the flow
approaches the lip of the step, a strong expansion occurs at the sharp corner and the boundary layer
separates. The shear-layer that is formed flows downstream with the formation of a re-circulating
region. Few step heights downstream from the step, the shear-layer reattaches with the formation of a
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recompression shock wave. A new boundary layer grows from the reattached shear layer. Depending
on the flow Mach number and Reynolds number, the flow on the top corner may over expand resulting
in a lip shock which eventually coalesces with the recompression shock.
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Figure 1. Schematic representation of the flow behind a rearward-facing step

2. GEOMETRY AND FLOW CONDITIONS

2.1. Background

A limited numerical work on a rearward-facing step in a high enthalpy flow was recently carried out by
Hillier and is discussed in Hayne et al. [2]. The current investigation extends this work. Firstly, a
detailed CFD study is carried out for the same configuration in order to facilitate a direct comparison.
Secondly, the study is aimed as a validation benchmark for the type of flow and geometry considered
here. Details of the approach along with results are presented in the following sections.

2.2. Geometric configuration & Flow Details

The geometry consists of an upstream flat-plate of length (L) of 48.4 mm with sharp leading edge. This
is followed by a step of height (h) 2 mm and then a flat plate of length (D) of 109.4 mm. A schematic
representation of the geometry is shown in Fig. 2. The ratio of step height (h) to upstream length (L) is
defined by T = h/L and has a value of 0.041.

L =484 mm

h=2mm

Y

| =
==

D =109.4 mm

Figure 2. Schematic representation of 2 mm rearward-facing step

The experimental work associated with this configuration was conducted in the University of
Queensland, X2 expansion tube facility with air as the test gas [2]. The available test times in X2 is of
the order = 90 us[3]. Due to this short duration limitation, the primary concern is whether steady flow
over the flat plate and subsequent steady separated flow behind the step can be achieved. Establishment
time varies with respect to the scale of the separated region and larger the step or the base height, the

International Journal of Hypersonics



Deepak N Ramanath, Sudhir L Gai and Andrew ] Neely 117

establishment time is known to increase [4]. Hence, a step height of 2 mmwas primarily chosen for the
experiments in order to ensure steady separated flow [3]. In some of the previous experimental studies
[1, 5, 6] over rearward facing steps in short duration facilities, small step heights were chosen to
facilitate these criteria. In the current investigation, since a direct comparison of the experimental data
by Hayne [3] and numerical data by Hillier [2] are made, identical geometric configuration has been
subjected to computational study.

The preliminary results by Hayne et al. [2] for this configuration were at a total specific enthalpy of
30 MJ/kg and unit Reynolds number of 3.35 x10°nt™ and is referred here in as condition A. These
conditions were used by Hillier in Ref. [2] to carry out the preliminary numerical simulations. To be
consistent then, flow properties of condition A were used for CFD calculations in the present
investigation to carry out a grid independence study so as to compare the numerical results of Hillier
[2]. Some of the freestream parameters for condition A have also been evaluated from Gai et al. [6].
Subsequent CFD analysis is based on the freestream conditions used by Hayne [3] to obtain his
experimental data in the same X2 expansion tube facility. These later flow conditions are designated
here as condition B, with a total specific enthalpy of 26 MJ/kg and a unit Reynolds number of

1.82 x108n7?, Details of both the conditions are given in Table 1. For the flow condition B, Hayne[3]
has conducted a detailed evaluation of the test gas properties assuming both equilibrium and non-
equilibrium behaviour. The test gas composition as a result of non-equilibrium analysis is given in
Table 2.The test duration available for both the flow conditions were approximately between 85-90 pus
[3]. As can be seen from the examination of the two flow conditions in Table 1, the differences in the
flow properties are minor except the values of freestream temperature and the frozen ¥ . However, these
differences should not seriously influence the gross properties such as pressure and heat flux.

Table 1. Freestream conditions

Condition ho Re_ Me. p- T U.. Poo i Tw/To
MJ/kg 1/m Pa K m/s kg/m?

A ~30 335x10° 9.1 8.30x10° 1041 6700 21.90 x10% 1.42 0.019

B ~26 1.82x10° 7.6 104 x10% 1813 6872 17.32x10°° 134 0.015

Table 2. Test gas composition for condition B

Species  Mass fraction (Xi.)

V) 0.770
O, 0.050
N 0.000
@) 0.160
NO 0.020

3. COMPUTATIONAL APPROACH

The two-dimensional flow-field of interest was modelled using two compressible Navier-Stokes
solvers, MB-CNS-2[7] and Eilmer-3[8] which are based on Multi-Block approach. MB-CNS is a time-
dependent, compressible, viscous, two-dimensional solver capable of solving laminar, turbulent and
chemically reactive flows. Eilmer-3 on the other hand, is a three-dimensional solver having similar
capabilities as that of MB-CNS in addition to modelling thermal non-equilibrium behaviour of the flow.
This is based on the well known two-temperature model of Park [9], where the coupling between
translation-rotational and vibrational-relaxation temperatures is taken into account (T, —T ). MB-CNS
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and Eilmer compute at cell-centres and use explicit time stepping to update the conserved quantities. A
modified van Albada limiter and MUSCL (Monotone Upstream-centered Schemes for Conservation
Laws) reconstruction scheme [10] are used to obtain second-order spatial accuracy. To calculate the
mass, momentum and energy flux between finite volume cells, the advection upwind splitting method
combining difference and vector splitting (AUSMDV), is used [11]. A full description of the basic
equations and algorithms used for the single-block is reported in Jacobs [12] and multi-block is
reported in Jacobs [7]. MB-CNS is extensively validated for high enthalpy hypersonic flows at
suborbital and superorbital conditions including equilibrium and finite rate chemistry. Details of the
code verification and validation are reported in references [13, 14, 15, 16, 17]. Both MBCNS and
Eilmer have capabilities to solve the multi-block grids utilising multiple CPU through Message Passing
Interface (MPI)[18]. Therefore, the CFD calculations were accordingly performed on multiple CPUs.

For the grid independence study, laminar CFD calculations were performed under the assumption of
perfect-gas for condition A. The test gas air was considered as a single species while the
thermodynamic behaviour was calorically perfect with a constant ratio of specific heats (). Transport
properties were evaluated using the Sutherland formulation. For condition B, in addition to perfect-gas
calculation, chemical and thermal non-equilibrium effects were taken into consideration where the test
gas air was modelled as 5 species. The mass fractions of these are given in Table 2. In the context of
modelling chemical and thermal effects, two schemes were used. In the first, the finite-rate chemistry
was modelled based on the kinetic scheme of Gupta et al. [19], while in the second, both finite-rate
chemistry and two-temperature thermal behaviour was based on Park’s [9] kinetic mechanism. In both
cases, only the neutral reactions were modelled neglecting the effects of ionisation. Details of finite-
rate chemical reactions are give in Table 3 and the vibrational-relaxation rates for thermal coupling can
be found in Park [9].

The reason for using these two models is that they have been used previously by a number of
researchers [20, 21, 22, 23, 24] and have been found to give reasonably reliable results.

Table 3. Finite-rate chemistry reaction schemes for condition B

Guptaetal. [19] Park [9]
0,+M=0+0+M | +M=N+N+M
N2+M=N+N+M | O,+M=0+0+M
N2+N=N+N+N | NO+M=N+O+M
NO+M+=N+O+M NO+O+=02+N

NO+O=0,+N N, +O+=NO+N

N, +O=NO+N -

The thermodynamic behaviour and transport properties for the chemical and thermal non-equilibrium
calculations were modelled as follows. Thermo-chemically, the gas is treated as a mixture of thermally
perfect gasses, where ¢, and ¢, are functions of temperature. The values of ¢ and c, are obtained from
polynomial curve fits suggested by Gordon et al. [25] which are valid up to 20,000 K. The least squares
curve fits of Gordon et al. [25] are used to compute viscosity and thermal conductivity of individual
species that are valid up to 20,000 K and is based on collision-integrals model. Transport properties of
the species mixture are then calculated using the method adopted by Gordon et al. [25] that utilises
interaction potential between each of the species. Modelling of chemical non-equilibrium reactive
flows were achieved by using the timestep-splitting method as reported in Rowan [26]. The integration
scheme, a quasi-steady state method [27] was used to solve a set of stiff ordinary differential equations.
Diffusion velocities were modelled using Fick’s Law.

The basic coordinate system for the step configuration is shown in Fig. 3 in reference to the
geometry. Here, the forebody, step and the downstream plate surfaces are expressed in terms of a
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continuous wetted surface, [s] as shown in Fig. 3(a). They are then normalised by the step height (h),
and referenced such that s’h = O represents the step top corner and s/lh = 1 the bottom corner
respectively. Details are shown in Fig. 3(b). Consequently, based on the geometric dimensions, the
leading edge of the forebody attains a value sh = —=24.20 and g/h = 55.7 for the trailing edge of the
downstream plate.

A CGNS (cfd general notation system) multi-block structured grid was developed for this problem
using a commercial code ICEM-CFD [28]. Fig. 4 shows the computational domain and the topology.
The multi-block grid consisted of 8 blocks which are interconnected node-to-node precisely. As shown
in Fig. 4, the far upstream block has a free-slip wall (not indicated in Fig. 4). This ensures that the
boundary layer growth from the sharp-leading edge is not affected. The leading edge shock angle is
initially determined through solving a coarser domain of a rearward facing-step that has a rectangular
block (figure not shown). The external boundary for the inflow is then approximately aligned to the
leading edge shock angle and it is ensured that the inflow boundary does not interfere with the leading
edge shock. Structured grids aligned in this fashion capture the gradients of shock very well and are
known to improve convergence. The upstream flat plate, step and the downstream flat plate are
modelled as a cold wall with a fixed temperature of T, = 300K. The top external boundaries are used
to provide uniform supersonic inlets and the supersonic outlet is provided at the trailing edge of the
downstream plate. As can be seen from Fig. 4, the present computational domain extends up to 54 step
heights from the step which covers the entire downstream region of the experimental model. This is
much greater than the 20 step heights considered by Hillier in Hayne et al.[2].

Wetted surface (s)

>

Wetted surface (s) |
(a) Details of the wetted surface ()
s/h=-24.20 -
s/h=0
Y h
s/h=1 > s/h=55.7
(b) Coordinate system for the step
Figure 3. Schematic of the coordinate system for the step
20}
inlerﬁ _______________
10} inlet T '
< I T outlet_ !
B I inlet e apeneT —);
0 _ e
-20 0 s/h 20 40 60

Figure 4. Grid topology and Boundary conditions for a 2 mm step
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A grid independence study is carried out for the computations with condition A and follows the
approach used by Jackson et al. [29]. Their work particularly focuses on hypersonic perfect gas cavity
flows but is of relevance here for two reasons. Firstly, the flow solver used is the same as that used for
the computations in Hayne et al. [2]. Secondly, Jackson et al. [29] present a comprehensive grid
independence study for a 25 mm cavity that is meant to validate against experimental data. Jackson et
al. [29] consider surface heat flux as one of the variable in determining grid independence as it is said
to provide a sensitive test for CFD calculations. In the present investigation also, surface heat flux is
chosen in determining grid independence. The initial grid (G1) comprises of 60 i—x 25 j— cells with a
first cell height from the wall, A, = 100pum. Initialisation of the flow was performed with zero velocity
and a pressure of 50 Pa, similar to the conditions that exists in the test section at t = 0 seconds. The flow
was simulated for a total experimental run time of 90 uswith a time marching at every 5x107'%seconds.
Surface heat flux was computed on the upstream flat-plate (L), step-face (h) and the downstream wall
(D). Subsequent refinement of the grid was then performed where the cells in both i— and j— directions
were doubled and A, was reduced by a factor of 0.5. Details of the grids along with A, relevant to each
grid is presented in Table 4. The region bounded within the step-face and approximate reattachment
location is referred here as the vicinity of the step (VOS) and is also referred to the cells within this
region. A bi-geometric expansion law [28] is used for the cells that extend from the wall with an
expansion factor of 1.1. This ensures that sufficient cells are placed close to the wall in order to capture
a solution with good resolution. This is particularly important for the location of separation,
reattachment and the recirculating region. This is illustrated in Fig. 5 for G-5. Jackson et al. [29] point
out that this type of refinement is quite critical for shear layer and heat flux predictions at these
locations.

Table 4. Various grids used for the grid independent study

Grid i-xj—  Aw VOS

G-1 60x25 100um 10 x 10
G2 120x50 50um 20 x 20
G-3 240 x100 25um 27 x 40
G-4 288 x120 20um 46 x 48
G-5 410x 120 20um 80 x 48
G-6 410x 152 20um 80 x 90

1 2 3 4 gpo 6 7 8 9 10

Figure 5. Details of the grid in the vicinity of the step
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The heat flux predictions on the flat plate as the flow approaches the top corner and on the step face is
shown in Fig. 6 for grids G1 to G-6. Here ssh = 0 and s/h = 1 represent the top and bottom corner of
the step respectively. Surface heat flux (q,) is estimated from equation 1 with the units w/cn?. The
thermal conductivity (K) was based on the average value between the wall and the first cell from wall.
Similarly, the heat flux behind the step from 1 <¢/h <55 is computed using equation 1 which is presented
in Fig. 7 for the grids G-1 to G-6.

aT
q |:ay:|y:0 ( )

The CFD heat flux results presented in Fig. 6 provide a good indication of grid sensitivity for the
upstream portion of the flat-plate and the step face. The region between —0.5 <s/h <0 is quite close to
the top corner and any variation in heat flux distribution is shown magnified compared to considering
the entire length of the plate. Furthermore, the prediction of the gas properties close to the top corner
is critical as this could directly influence the flow physics downstream of the corner. As can be noted
from Fig. 6, there is very little variation in heat flux between grids G-3 to G-6 from -0.5 <g/h <0.
Surface heat flux distribution on the step-face between 0 <s/h <1 also show very little variation for grids
G-3 to G-6. However, it should be noted that these heat flux data are not validated against experimental
results as no experimental data is available in such close proximity of the top corner and on the step-
face. The increase in heat flux as the top corner is approached is due to the favourable pressure gradient
that the boundary layer experiences in the vicinity of the corner. Behind the step for sh >1, the heat
flux results are compared with the CFD data in Hayne et al. [2] and are discussed below. Experimental
validation of the region, s/h >1 is presented and discussed in the later sections.

T T T T Grid_l I_ L
Grid-2 —+—
20
= 15 |
°Q
33 1.0 +
0.5
0.0 i Il Il Il Il Il
-0.5 -0.25 0 0.25 0.5 0.75 1

s/h
Figure 6. Surface heat flux distribution upstream and on the face of the step, —0.5 <s/h <1
Referring to Fig. 7, the grid corresponding to G-3 has similar number of cells to that in Hayne et al. [2]

in the vicinity of the step, i.e. 40 i— x 40 j—. The following remarks are in order. While the two
predictions, the present G-3 to G-6 and those in Hayne et al.[2] are close within about 4 step heights,
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they differ considerably further downstream. Possible explanation for this could be due to the value of
A,, in G-3 to G-6 which is <25um. The temperature gradient from the wall to the first cell from wall is
critical in estimating the heat flux. This could be clearly seen from Fig. 7 comparing G-4, G-5 and G-6.
Here, A, has a value of 20pmand thus predicts same heat flux distribution. Now between G-4 and G-5,
the grids in the step has a variation only in the i— (streamwise) direction and the cells in the VOS are
nearly doubled in i— direction (refer Table 4). Heat flux distribution is however the same for both these
grids. In contrast, G-5 and G-6 has a variation in j— (flow normal) direction, where cells in the VOS are
also nearly doubled. But, the heat flux distributions are the same as that of G-4 and G-5. Therefore, heat
flux distribution is found to be insensitive in the streamwise direction between G-4 and G-5. Similarly
the heat flux distribution between G-4 and G-5 is found to be insensitive in the normal direction. This
supports the idea that the surface heat flux is indeed sensitive to only A, i.e. first cell height from wall
when sufficient cells are clustered near the wall. However, this is in variance with Jackson et al. [29]
observation, where in they found heat flux distribution was sensitive also to streamwise cell distribution
within the cavity. This could possibly be due to multiple recirculating vortices in a cavity flow that
depend on the grids in the streamwise direction. Due to the severe computational time requirement for
solving values of A, below 20um, they were not investigated further.

1.6 T T T T T T t : ;
1.4
1.2
‘\T 1.0
=
g 0.8
S .
7 06 Grid-1 - - - - -
A Grid-2 ——
0.4 Grid-3 -3¢ |
§ Grid-4 ---- Koo
Grid-5 - [ N
“ Grid-6 ----m-- .

00 ] Hayne et al.l? (CFD)
1 7 13 19 25 31 37 43 49 55
s/h

Figure 7. Surface heat flux distribution on the plate downstream of the step, 1.0 <s/h <55

Skin-friction co-efficient for the forebody in the close vicinity of the top corner (0.5 <s/h <0) and the
step face (0 < g/h < 1) for different grids are shown in Fig. 8. Skin-friction coefficient is indicative of
the wall shear stress that exists due to the viscous boundary layer. Therefore, in addition to heat flux,
skin friction was also used to examine the grid sensitivity in the vicinity of the step. From Fig. 8, skin-
friction show very little variation between grids G-3 to G-6. Skin-friction co-efficient were next
computed for the different grids to check the sensitivity of boundary-layer separation and reattachment
locations. This is because, the skin-friction changes from positive value to negative value at separation
and vice-versa at reattachment. Hence it should give a good indication of the position of separation at
the step and reattachment behind the step. Skin-friction coefficient was calculated using the equation 2.
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2T
Ci = Do uwz (2)

where p_ and u_ are freestream density and velocity respectively. T, is the shear stress at the wall,
y = 0, given by equation 3.

Jdu
— [ay} y:o 3)

The viscosity (4,,) in equation 3 has an average value between wall and the first cell from wall.

Table 5 gives the dimensionless separation and reattachment distance from s’h = 0 (top corner) for
various grids. Grid convergence index (GCI) based on the generalised theory of Richardson
Extrapolation [30] was used to determine the relative error between the grids used. CGI based on
Richardson Extrapolation is generally considered to be the standard method for reporting grid
uncertainty in numerical simulations involving CFD [31, 32]. In this technique [30], the variable of
interest for finer and coarser grid are used to estimate the relative error between them. In Table 5, GCI
and GCI, are the relative errors obtained for separation and reattachment locations respectively. It
should be noted that the GCI between G-6 and G-5 is 4.96E-4 which is extremely small and is zero for
GCl.. For the grids G-6 and G-5, the reattachment location is predicted at s/h = 2.59, which is 1.59 step
heights from the step face. This is in close agreement to the predictions made in Hayne et al. [2] where
in the reattachment distance is given as 1.53. Experimentally it is estimated to be around 1.6 step
heights based on holographic interferometric flow visualisation [33]. Both from the surface heat flux
and skin-friction coefficient distributions, it would appear that the solution should be grid independent
at G-5 and all further computations are calculated using this grid.

3'0 T T T T T
Grid-1 - - - -
| Grid-2 ——
25 | Grid-3 ----y¢----
Grid-4 ----- ¥eeeoe
Grid-5 e [ S

20 | 5 Grid-6 ----m---- -

15

cs x 1000

1.0

0.5

0.0

-0.5 -0.25 0 0.25 0.5 0.75 1
s/h

Figure 8. Skin-friction distribution between upstream and on the face of the step, —0.5 <s/h <1
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Table 5. Separation and reattachment distance for various grids

Grid  Separation (s/h) GCls  Reattachment (s/h)  GCl,

G-1 0.126 4.80E-2 2.48 5.86E-2
G-2 0.090 1.50E-2 2.63 1.83E-2
G-3 0.074 6.66E-3 2.63 4.34E-2
G-4 0.075 2.84E-3 2.60 8.53E-2
G-5 0.075 0.00 2.59 6.55E-3
G-6 0.076 4.96E-4 2.59 0.00

Another important observation from Fig. 8 is that at the lip of the step, the skin friction rises steeply to
very large values due to the steeply falling pressure as the corner is approached. As a result of change
in boundary conditions at the corner, a singularity is encountered in the solution of the boundary layer
equations. This is the well known trailing edge problem and has been treated extensively in the past in
incompressible [34, 35, 36] and compressible [37] flows.

4. RESULTS AND DISCUSSIONS

4.1. Flow Separation and Reattachment

The numerical results of time-dependent, two-dimensional flow over a 2mm rearward facing step are
presented here. The CFD computations initially performed for the purpose of grid independence study
were solved for 90us in order to directly compare with Hillier’s data [2]. However, after obtaining the
grid independent solution, computation using grid G-5 was repeated for a much longer time of 160us.
During these process, results were extracted every 5usfor up to t = 50psand from t = 50 —160us results
were obtained at a rate of every 10us. About 50 -100 step heights flow establishment lengths are
generally required [4] to attain steady laminar separated flow behind a step. Based on the freestream
conditions, the flow should establish at t = 30us. In Fig. 9 normalised separation and reattachment
distances are presented as the flow develops. Here, (s/h) is normalised with it’s steady state value (s/h),
for separation and (s/h), for reattachment. It can be observed from these results, that reattachment takes
about 40us longer to stabilise than the separation. Also, it is interesting to note that the separation
location moves down along the face of the step with time before it reaches a steady state. In the case
of reattachment, the near wake structure shrinks as the flow establishes resulting in shorter reattachment
distance from the step. Considering the formation of boundary layer separation and reattachment, the
flow should take a minimum of 70us (t =240 flow step heights) for achieving a steady state.
Therefore, for a total simulation time of 160us (test = 530 flow step heights), a well established steady
state condition should exist and all the subsequent results correspond to t = 160us.

1.3 1.3

Sepa'ration —a—

1.2 Reattachment —e— || 1.2

1.1 | 4 1.1

10 + & & $ 1
(s/h) |—> Steady-state (s/h)
(s/h)s 0.9 4 09 (s/hr

0.8 4 08

0.7 4 07

0.6 4 0.6

10 30 50 70 90 110 130 150
time, us

Figure 9. Normalised separation and reattachment flow establishment time
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4.2. General flow features

As the flow develops, a weak leading edge shock is formed with a growing boundary layer over the flat
plate. This could be visualised from Fig. 10, where Mach contours indicate the general flow features
over the entire rearward facing step configuration. The leading edge shock and the boundary layer on
the plate are clearly seen. An expansion occurs at the step corner followed by boundary layer
separation. As can be seen, a thick separated shear-layer has formed as the flow turns round the corner
and expands the flow that scavenges from the separated shear-layer forming a recirculating region at
the base of the step. A recompression shock as a result of reattachment is also seen. A close-up of the
view of the flow in the immediate vicinity behind the step region is shown in Fig. 11. Due to over
expansion of the flow around the top corner, existence of a lip shock embedded within the shear layer
is inferred. Hama [38] has studied the formation of the lip shock and has shown that its existence
depends on both Mach number and Reynolds number. Although the lip shock is not clearly visible in
Figs. 10 or 11 immediately downstream of the step, it seems to emerge well downstream coalesced with
the recompression shock as can be visualised about 5 step heights behind. Other features to note are the
separation just below the top corner [39] and reattachment on the plate. A thick shear layer [1] trails
downstream and a boundary layer subsequent to reattachment seems to have developed. Downstream
of reattachment, the shear-layer shows little curvature and is parallel for long distance downstream and
this is also evident in experimental results of Gai et al. [1]. Due to difficulty in visualising the lip shock
in Figs. 10 and 11 magnitude of density gradient are shown in Fig. 12 in Gray-scale. Density gradient
magnitude was obtained by computing |vp| = /pxzﬂ,; over the two

dimensional flow field, where, p, and pyare the local density scalars in x and y directions respectively.
The convergence of a weak lip shock is now visible as also its coalescence with the reattachment shock
within about 3 step heights.

-20 | Mach: 0.1 1.3 25 37 49 6.1 7.3 85 9.710.9

e
510} )
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Reeompression shock
0 p—===-= — =
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" " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " "
-19 -9 1 11 /h 21 31 41 51
S
Figure 10. Mach number contours for a 2 mm step
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Figure 11. Close-up of Mach number contours behind the step
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Figure 12. Density gradient magnitude contour behind the step

The streamline pattern illustrated in Fig. 13 shows a subsonic primary vortex and a secondary vortex
at the bottom corner. The direction of the primary vortex is clock wise, whereas the corner vortex has
a counter-clock wise direction. The presence of the corner vortex is very similar to the secondary eddy
observed in cavity driven flows [29]. Separated shear-layer and the scavenged fluid together form a
dividing streamline that originates from the separation point. This is clearly seen from the Fig. 13.
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Figure 13. Computed streamlines behind the step

A computational interferogram for the flow behind the step was generated using the computed density.
One of the potential advantage with this is that it allows for direct comparison with experimentally
obtained interferograms. For the present results, computational interferogram was obtained through the
extension of Gladstone-Dale equation [14] that is used to obtain the fringe shift. This is given by
equation 4. Here, A4 is the wavelength of the laser beam that is used in obtaining experimental
interferogram, K; is the Gladstone-Dale constant for species i and C, is the species concentration. For
the computed interferogram, the value of K; = 1.609 x102and A = 589nm were used.

_ [®|PPy ke
F— s [ . iz‘iK.C.]dz (4)
| = cos(nF +x3) (5)

The intensity of light across the image was calculated using equation 5 [14], where & is the offset
compensation for any background phase shift between test and reference beams in the experimental
interferogram. However, X is the computational spacing in the streamwise direction and is required only
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for the computational intensity calculation. Computational interferogram in comparison with
experimentally obtained one [2] are shown in Fig. 14. Some of the prominent features to note from both
the computed and experimental results are the leading edge shock, the upstream boundary layer, the
expansion behind the step and the reattachment shock wave. It may also be noticed that the boundary
layer is as thick as the step height.
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Figure 14: Computational and experimental interferograms for the flow behind a 2 mm step

4.3. Heat flux distribution downstream of the step

Fig. 15 shows the CFD results of heat flux in terms of normalised Stanton number (§ /S ) for the
present calculations in comparison with the experimental data [3] downstream from the step, i.e. s/h >1.
The Stanton number distribution downstream of the step (§) are normalised with corresponding
attached flat-plate Stanton number (S_;)) data for both the experimental as well as for the CFD results.
The § 4, distribution for the attached flat-plate in CFD was obtained by solving the computation grid
similar to that shown in Fig. 4, where beyond the step region, wall boundary condition was used. This
allowed an exact cell-to-cell match between the step and the attached flat-plate computational domains
both upstream as well as downstream of the corner. Stanton number distribution shown in Fig. 15 for
the step and for the attached flat-plate was evaluated based on the relation given by Hayne [40] and is
given in equation 6,

Ow
= 6
Peue(hr - hw) ©)
where, q,, was calculated based on equation 1 and thermal conductivity k in equation 1 was evaluated
as an average value between wall and the first cell from the wall. The recovery enthalpy (h,) was
subsequently evaluated using equation 7 and h,, represents wall enthalpy. In equation 7, h, is the
enthalpy at the outer edge of the boundary layer and Pr is the Prandtl number evaluated at the wall.

2
he = he+ /A2 Y]

Experimentally, five shots were considered and the details of shot to shot variations are found in Hayne [3].
Using the data of five shots an experimental best-fit curve was constructed. The normalised Stanton number
(§ /8.4 distributions of the experimental shots along with the best it is also shown in Fig. 15.
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Figure 15. Stanton number distribution behind the step

In Fig. 15(a) three sets of CFD data are presented corresponding to perfect-gas, chemical non-
equilibrium and chemical plus thermal non-equilibrium calculations respectively. It can be noticed that
the CFD data show good agreement with the experiments downstream of the step, especially sh <30.
The data of chemical non-equilibrium and chemical plus thermal non-equilibrium do not deviate much
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in comparison to perfect-gas and possible reasons for this are discussed in the following paragraphs.
Other features to note from Fig. 15(a) are that the CFD data deviate considerably from experiments
further downstream after s/h >30, while considerably under predicting the § /S_fp values from shots, 449
and 450 respectively. In order to examine the comparison within the region 1 <s/h <30 more clearly, CFD
data along with the experiments from shots 448, 451 and 454 are illustrated in Fig. 15(b). It is quite
evident that the CFD data generally show good agreement considering the experimental scatter. The
experimental data points between the region 2 <s/h <6 are sparse and therefore no direct comparison can
be made here. However, CFD predicts the experimental data point at ¥h = 1.3 immediately past the step
very well. The CFD and experimental data show heat-flux approaching zero at the lower corner of the
step. This is a characteristic of a two-dimensional laminar flow at a concave corner [29]. Furthermore,
the CFD data of perfect-gas and chemical non-equilibrium indicate a distinct plateau region between 3
<g/h <11, although this is not so clear in the case of chemical plus thermal non-equilibrium data. The
reason for this could be the result of the emergence of slip-stream when the lip shock coalesces with the
recompression shock. Experiments however do not quite give such an indication. CFD results obtained
through the modelling of chemical non-equilibrium indicate a lower heat flux when compared to perfect-
gas which is to be expected. On the other hand, chemical plus thermal non-equilibrium data predict
slightly higher heat flux compared with the perfect gas case but closer to the experimental best fit curve.
The reason for this is not clear and is still being investigated.
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Figure 16. Heat flux data downstream of the step and attached flat plate

To better highlight the influence of individual computational model on heat flux, raw heat flux () data
downstream of the step and its equivalent flat-plate values are presented in Fig. 16. There are several
features that can be noted. While all the three models agree with each other from separation to
reattachment quite well, differences are evident after s’h >6. Firstly, after /h >6, the perfect gas model
predicts higher heat flux in comparison with the chemical non-equilibrium (Gupta [19]) model. In
contrast, thermal plus chemical non-equilibrium (Park [9]) model predicts higher heat flux than the
perfect gas. Secondly, we also note that there is a proportional increase in the flat-plate heat flux data
among the three models. Therefore, when the step data is normalised as in Figs. 15(a) and 15(b), not
much difference is evident among them. However, the increase noted beyond s/h >6 for the thermal plus
chemical non-equilibrium model appears to be a consequence of faster rate of reduction in the flat-plate
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heat flux when compared to the other two models. This is particularly noticeable beyond s/h >25, where
the flat-plate g, predicted through chemical plus thermal non-equilibrium model nearly approaches
perfect gas values. This heat flux variation noted between chemical non-equilibrium and chemical plus
thermal non-equilibrium models are likely attributed to the manner in which reactions are modelled
(see table 3) and also the respective reaction rates.

A plot of species mass fraction (x;) downstream of the step over the plate wall shown in Fig. 17
illustrates the possibility of variation in chemical kinetics. It is seen that, N,, concentration remains almost
unchanged in both the models. Although, O, concentration can be seen to decrease gradually after
reattachment (s/h = 2.6) in thermal plus chemical non-equilibrium model, a small and gradual rise in the
concentration of NO is seen to occur. However, this could possibly be due to the species diffusion, from
the peak viscous heating zone, where the formation of NO is relatively high. Such small variations with
O, and NO are not very apparent in Gupta’s [19] model. With respect to N and O, no changes in their
mass fractions can be noted. In general, it appears that the species mass fraction do not change in
comparison to the freestream values. This would therefore indicate that the shear layer downstream of
reattachment is essentially frozen with no gas phase recombination occurring close to the wall and both
reaction schemes indicate the same behaviour. It appears, therefore, that the small variation in heat flux is
mainly due to the choice of the CFD code. A secondary effect could be through different values of thermal
conductivities between the chemical and chemical plus thermal nonequilibrium models that was recently
found to influence the difference found in heat flux estimation.The mixing rule for the estimation of
transport properties differ in both the real gas models. This would result in small difference in thermal
conductivities over the wall. Tchuen and Zeitoun [22], recently compared their finite-rate chemistry
simulations with some of the available experiments for high Mach number flows over blunt bodies. They
provide detailed comparison of various finite-rate chemistry models and the influence of reaction rates
including Park’s [9] chemical plus thermal non-equilibrium model. For a wide range of Mach numbers,
they show that Park’s [9] scheme reasonably models the effects of chemistry in hypersonic flows closely
matching experimental data. This lends some confidence in the thermal plus chemical non-equilibrium
heat flux data obtained through Park ’s [9] model in the present investigation.
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Figure 17. Normalised species mass fraction downstream of the step. Lines with symbol
represent thermal plus chemical non-equilibrium (Park’s [9]) model and lines without symbols
represent chemical non-equilibrium (Gupta’s [ 19]) model
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The CFD results obtained by modelling both chemical and thermal non-equilibrium could be visualised
from Fig. 18, where the ratio of vibrational-electronic to translational-rotational temperature (T, /T, )
is presented. This ratio indicates the degree of thermal non-equilibrium in the flow. The thermal
behaviour in the region upstream of the corner (s/h < 1) indicates an equilibrium flow in the inviscid
region outside the boundary layer, where T, /T, =1. Across the boundary layer, this value decreases
indicating a thermal non-equilibrium even though the boundary layer itself is frozen. While the flow
expands over the sharp corner, the T _ increases moderately but generally remains frozen. Within the
recirculation region and specifically on the face of the step and up to s’/h =2 on the plate, T _JT,_, =1
suggesting the flow there is in thermal equilibrium. This is supported by heat flux data (see Fig. 15(b)
and 16) where no differences could be seen between perfect-gas, chemical non-equilibrium and
chemical plus thermal non-equilibrium predictions. Even after the shear-layer reattaches, the flow
remains in a thermally frozen state.

It should however be noted at this point, that the air-chemistry at high enthalpy conditions involves
multiple reactions which have complicated interactions between dissociation-recombination, ionisation
and vibrational energy coupling [23]. From a CFD modelling perspective, the greatest uncertainty in
air-chemistry can be via reaction rates and thermo-chemical coupling processes [22, 20]. As Sarma [20]
notes, this continues to be a basic problem as more reactions are considered in modelling. This also
means that uncertainties and difficulties exist in resolving discrepancies that originate solely from
modelling the chemistry [23].

j‘{Tv-e/Tt-r
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Figure 18. Contour map of the ratio of vibrational-electronic to translational-rotational
temperature (T _/T,_)

5. CONCLUSIONS

A computational study of heat flux has been carried out for the flow past a rearward facing step in high
enthalpy hypersonic flow. To our knowledge, CFD studies at such high enthalpies have not been
attempted before. A detailed grid independence analysis has been carried out and the flow separation
and reattachment behind the step have been investigated. Effects of real-gas behaviour have been
considered through modelling of both chemical and thermal non-equilibrium using some of the well
known reaction schemes. The results of CFD simulations have been compared with the experimental
data downstream of the step. It is shown that while CFD predictions are reasonable up to about 30 step
heights downstream, some significant differences in comparison with experiment are seen in the far
downstream region. Effects of chemical and thermal non-equilibrium both show that the flow
immediately behind the step is predominantly in the frozen state, except on the step-face and within
about a step height on the plate where it is in thermal equilibrium.
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