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Abstract

Experimental investigations of hypersonic laminar flow over a compression ramp are carried out in a Mach
5.0 wind tunnel, and the angles of the ramp are 32°, 36° and 40°. High-spatial-resolution images of the
laminar inflow over the three different compression ramps are captured. The fine structures of the holistic
flow field and local regions are measured by the particle image velocimetry (PIV) technique, and some
typical flow structures, such as the boundary layer, shear layer, separation shock, recirculation zone and
reattachment shock, are clearly visible. The locations of the separation shock and reattachment shock and the
development of the boundary layer after reattachment are measured by time-averaged flow field structures.
The proper orthogonal decomposition (POD) analysis of the velocity fields is performed for three cases and
reveals the spatial structure characteristics of the flow field. The experimental results indicate that when the
ramp angle is 32°, the hypersonic laminar flow does not show separation, and the boundary layer always
adheres to the ramp. When the ramp angle increases to 36°, the typical separation appearing in hypersonic
laminar flow with boundary layer increases and is converted into turbulence quickly; at the same time, a
shock is induced by the developing boundary layer, and shear layer and compression waves arise in the flow
field. When the ramp angle is 40°, the range of the recirculation zone expands obviously in the hypersonic
laminar flow which is separated further, the separation shock moves upstream and the reattachment shock
moves downstream.

1 Introduction

As a typical aerodynamic configuration, compression ramps commonly appear on the surface of hypersonic
aircraft. Under hypersonic flow, the flow separation and shock wave boundary layer interaction caused by the
compression ramp form complex flow field structures and unsteady dynamics characteristics on the aircraft
surface, seriously affecting the performance of the aircraft and propulsion system (Hadjadj and Dussauge,
2009). The resulting large-scale low-frequency motions of the shock wave cause the aircraft surface pres-
sure to oscillate, eventually causing chattering and stalling of the aircraft (Agostini et al., 2015). At the
same time, the interaction between the shock wave and the boundary layer leads to the unsteady separation
of the boundary layer on the aircraft wall, which induces high-frequency pulsation of the acrodynamic force,
surface heat flow and pressure load. This effect can produce unpredictable aerodynamic forces and aerody-
namic moments that seriously affect the effective control of the aircraft (John and Kulkarni, 2014; Gaitonde,
2015). In addition, the unsteady separation of the boundary layer on the aircraft wall caused by the shock
wave boundary layer interaction is an important source of aerodynamic resistance of the aircraft. These
aspects undoubtedly pose serious challenges to the aerodynamic shape design, drag reduction and structural
optimization of the aircraft. Therefore, analyzing these complex flow phenomena and revealing their mech-
anism of action is related not only to component design and performance estimation for hypersonic vehicles
but also to the prediction of the overall machine performance (Gaitonde, 2013).

Many numerical simulations and experimental measurements of the flow field structures in the com-
pression ramp flow have been studied because of its importance to the aerodynamic configuration design of
hypersonic aircraft. Edwards et al. (2008) numerically calculated the compression ramp flow and analyzed



the average flow structure of the separation zone and found that the continuous convergence of the wave
system caused the vibration of the separation surface. Wu and Martin (2008) calculated the compression
ramp flow structure at 2.9 Mach by direct numerical simulation and found that the motion of the separation
shock has no significant effect on the characteristics of the upstream boundary layer. The correlation be-
tween the separation point, the reattachment point, and the position of the separation shock indicated that the
vibration of the shock wave is affected by the downstream flow. Ganapathisubramani et al. (2007) used pla-
nar laser scattering (PLS) technique to obtain the extended flow structure of compression ramps at different
normal heights at 2 Mach and found that there are strip-like quasi-order structures with uniform dynamics
and spacing distribution in the upstream boundary layer. Ganapathisubramani et al. (2006) measured the
velocity field structure of a 20° compression ramp at 2 Mach and found that the location of the separation
zone is closely related to the velocity of the upstream boundary layer. Schreyer et al. (2011) studied the
velocity field structure of a 33° compression ramp at hypersonic speed and found that the shock wave has
relatively little influence on the turbulence intensity of the flow direction, and the influence on the normal
turbulence intensity is more significant. Helmer et al. (2012) measured the velocity field of a 20° compres-
sion ramp in spanwise planes and found that there is a significant difference between the shock angle and
the boundary layer velocity profile at different planes. Numerical simulations have made great progress and
have performed well in many studies. However, the complex flow field structure in the compression ramp
imposes higher requirements on the accuracy of the calculation model, which makes the numerical simu-
lation currently unable to give very satisfactory results. Experimental measurements are still the primary
means of studying the compression ramp flow. However, complex flow field structures require measurement
techniques with high temporal and spatial resolution to accurately capture the flow structures. Although
numerical simulation and experimental research in the field of fluid mechanics have been greatly improved,
some physical mechanisms in the compression ramp flow have not been uniformly understood, especially
in the case of hypersonic flow.

Particle image velocimetry (PIV) is a new flow measurement technology developed on the basis of flow
field display technology using advanced image processing technology (Zhong et al., 2017). PIV combines
the advantages of single-point measurement and flow display technology, it has high accuracy and high
resolution, and could obtain the overall structure and transient image of the planar flow field. Because of
the advantages of nonintrusive and full-field measurements, PIV has been widely used in hydrodynamics,
aerodynamics and many other experimental studies (Lee et al., 2017b). The principle of PIV technology
is to spread the tracer particles evenly in the flow field and record two images at short intervals through
the camera. The particle velocity is determined by calculating the particle image pairs, and the velocity is
used as the velocity of the fluid to obtain the flow parameters of the whole field. PIV has evolved to be the
dominant method for velocimetry in experimental fluid mechanics and has contributed to many advances
in our understanding of hypersonic flows (Lee et al., 2017a). The implementation of PIV with nanometric
seeding particles and microsecond pulse separation allows the measurement of the instantaneous planar
velocity field over a two-dimensional compression ramp in a Mach 5 free stream flow.

Proper orthogonal decomposition (POD) is an unbiased method for extracting structural information
by decomposing eigenfunctions by the Karhunen-Loeve method, and its physical essence is to decompose
random fields into basic modalities (Sieber et al., 2016). Due to the optimality of the choice of function
basis, the first few expansions of POD can often approximate the original signal. Therefore, POD has been
widely used in the fields of image processing, process identification, data reconstruction and random variable
analysis (Chatterjee, 2000). POD was proposed as an unbiased method for extracting structures in a turbulent
flow and has proven to be an effective method for identifying the dominant structures in both experimental
and numerical data (Rowley, 2005). When POD is applied to velocity fluctuation data, the modes represent
the turbulent kinetic energy. Almost all previous experimental studies of POD were applied to low-velocity
flow, and the experimental results of POD for hypersonic flow were rarely reported(Podvin and Fraigneau,
2017).

In summary, due to the interaction of the shock wave with the boundary layer and the interaction of the
shock wave with itself, the flow field of the compression ramp includes complex flow field structures such as
separation, shearing and reattachment. This condition may cause high-frequency pulsations of the aircraft’s
aerodynamic forces, surface heat flow and pressure loads in addition to structural damage to the aircraft. This
aircraft problem should not be neglected in design, so the flow field structure of the compression ramp is a
focus of researchers’ attention. Hence, the aims of this research project are to measure the velocity fields of
hypersonic laminar flow over compression ramps by PIV and analyze the effects of different ramp angles on
the flow separation. The rest of the present paper is organized as follows. In section 2, the flow facility and
PIV technique are described in detail. Experimental results, including the flow imaging, velocity profiles,
and POD of the velocity, are given in section 3. Conclusions drawn from the present work are summarized
in section 4.
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Figure 1: The details of the two-dimensional compression ramp model.

2 Experimental setup

2.1 Flow facility and compression ramp model

The experiments were performed in the hypersonic wind tunnel facility at China Aerodynamics Research
and Development Center (CARDC), which is a conventional high-pressure-blow and vacuum-suction hy-
personic wind tunnel with a test-section diameter of 500 mm and a variable Mach number capability over
the range of Mach 5 ~ 10 with maximum run time of 360 s. The wind tunnel facility consists of a gas
source system, a heater, a reversing valve, a bypass system, a stabilizing section, a nozzle, a test section,
a diffuser section, a cooler, a vacuum system, and a measurement and control system. The flight height
range that can be simulated by the wind tunnel facility is 20 km ~ 60 km, the Reynolds number range

is 5.93 x 10° ~ 5.89 x 107 /m, the total temperature range is 288 K ~ 1081.76 K, and the total pressure
range is 0.15 MPa ~ 12 MPa. The experiments were performed with a Mach number of 5, and the total
temperature and total pressure were 350 K and 0.5 M Pa, respectively.

The compression ramp model was fabricated in aluminum on a computer numerical control (CNC) ma-
chine with an accuracy of 0.01 mm. Thereafter, the model surface was polished to obtain a mean roughness
of 0.5 um, as shown in Fig. 1(a). The length of the flat plate was 500 mm, the length of the ramp was 60 mm,
the spanwise width of the model was 240 mm, and the distance from the plate-ramp junction to the front
edge of the flat plate was 300 mm. The choice of a 32° to 40° compression ramp model was made primarily
due to its large separated region, making it easier to demonstrate the feasibility of the detection system to
capture the flow details. The test model was mounted on a support pipe along the test-section centerline.
The model was located in the main flow area, and a laminar boundary layer was formed on the surface by
hypersonic flow, as shown in Fig. 1(b). A transparent glass was placed in the middle of the model to allow
the laser to pass through the model to prevent strong reflections on the surface of the model. The spanwise
width of the model was long enough to enable the flow to be considered two dimensional.

2.2 PIV technique

As shown in Figure 2, the two-dimensional PIV system is composed of a light source, a synchronous con-
troller, imaging and processing systems, and a nanoparticle generator. A dual-cavity Nd: YAG-pulsed laser
that emits two laser beams of 532 nm wavelength with a maximum energy of 430 mJ and a frequency of
10 Hz and pulse width of 60 ns is used as the light source, and a laser sheet less than 0.2 mm thick illuminates
the region of interest. A PowerView Plus 4MP-HS camera with a resolution of 2048 pixels x 2048 pixels
is used to record a flow field of 100 mm x 100 mm with a pulse delay of 0.5 us. A synchronizer with an
accuracy of 0.25 ns ensures that the laser and the CCD work simultaneously. The computer is in charge
of sending instructions and storing and processing images. The image data are analyzed after each run
with a cross-correlation technique using the TSI Insight4.0 software. The initial correlation interrogation
window size is set to 32 pixels x 32 pixels, and the final correlation interrogation window size is set to
16 pixels x 16 pixels with 50% overlap shifting during the analysis. With these settings, the percent of
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Figure 2: PIV technique setup.

valid vectors is in the range of 95 ~ 98%. Because timing errors of the Nd:YAG laser can be excluded, the
velocity measurement accuracy depends on the correlation peak estimation error.

TiO, particles were used to seed the test gas in the stabilizing section before the experiment was initiat-
ed. The nominal particle diameter d given by the supplier was 20 nm, and a scanning electron microscopy
analysis yielded a dynamic diameter of approximately 200 nm due to agglomeration. For this diameter, the
theoretical particle relaxation time T was calculated with T = d?p/18uto 0.41 us, p = 4230 kg/m’ is the par-

ticle density, and u = 2.28 x 1075 kg/(m-s) is the dynamic viscosity coefficient at 350 K. The particles were
injected simultaneously with the air test gas into the stabilizing section by means of a fluidized-bed seeder.
To avoid larger agglomerated TiO, particles entering the tube, a cyclone separator controlled the size distri-
bution of the particles, allowing only smaller particles to pass. The seeding density of TiO, was optimized by
several preliminary experiments, and good results were obtained for a mass ratio (particles/gas) of approxi-
mately 0.2%, which corresponded to a theoretical seeding density of approximately 10,000 particles/mm?
in the test section. Approximately 10 ~ 20 particles were present per interrogation window. However, the
particle density varied considerably due to the strong density gradients in the flow.

3 Results and discussion

3.1 PIV-measured velocity profiles

PIV images of hypersonic laminar flow over the three different compression ramps are presented in Figure 3.
It can be observed that the Mach 5 hypersonic laminar flow over the compression ramp and turns into
turbulent flow in the vicinity of the compression ramp inflection point. The compression ramp causes an
oblique shock wave, and the pressure difference before and after the shock causes an adverse pressure
gradient in the flow field. As the ramp angle increases, the adverse pressure gradient becomes stronger,
and the hypersonic laminar flow passes through different stages, such as boundary layer transition, flow
separation and reattachment, throughout the flow process.

The velocity field contours, the streamwise velocity contours and its gradient distributions, the longitu-
dinal velocity contours and its gradient distributions, and the streamlines and the vector fields for the three
different compression ramps are presented in Figure 4, Figure 5, and Figure 6. It can be seen from the fig-
ures that the flow structures of the hypersonic laminar flow over the three different compression ramps have
been successfully captured through the PIV measurements. The trend of the streamlines clearly indicates
the separation and reattachment of the flow. The laminar boundary layer produces a typical flow separation
under the influence of the adverse pressure gradient. The boundary layer flow is slowed by the separation
shock and the reattachment shock, and the direction of the boundary layer flow is changed after separation.
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Figure 3: PIV images of hypersonic laminar flow over three different compression ramps.

The separated boundary layer flows through a series of complex processes whose direction is parallel to the
compression ramp at downstream location.

The shear layer gradually forms and grows along the flow direction, and the shear structure and shearing
degree also increase. The shear layer surrounds the recirculation zone, and the mainstream velocity outside
the shear layer is uniform. The change of the vector fields reflects the velocity shear and gradient change
inside the shear layer. However, due to the influence of the flow separation and shearing effect, the velocity
direction is deflected and shows a tendency to coincide with the direction of compression of the flow channel.
Due to the influence of the flow channel compression, the downstream mainstream flow field produces a
longitudinal acceleration under the influence of the disturbance. As the propagation and superposition of
the disturbance and the degree of compression of the flow channel increase, the longitudinal velocity further
increases, and a region with a large longitudinal velocity appears. Subsequently, the flow is affected by the
shock, and the velocity in the longitudinal direction gradually decreases. In areas outside the disturbance
zone, the flow is unaffected, and the velocity remains uniform.

It can be seen from the figures that the vicinity of the reattachment point follows the flow structure at
the end of the separation zone. The overall trend of the streamline reflects both the recirculation motion in
the separation zone and the reattachment of the flow on the compression ramp. The change of the velocity
vector indicates that the range of the recirculation zone is gradually reduced. The structure of the mixed
layer is increasingly obvious, and close to the compression ramp, the compression wave structure gradually
increases and converges on the sloped surface to form a reattachment shock. The range of transition of the
shear layer from low-speed to high-speed flow is gradually expanded, and the end of the recirculation zone is
the position where the flow is reattached. As the ramp angle increases, the influence of the adverse pressure
gradient in the downstream region gradually increases. When the ramp angle increases to 36°, the boundary
layer separates and forms a recirculation zone; when the ramp angle increases to 40°, the recirculation zone
is expanded. To better highlight the separation shock and reattachment shock, the longitudinal velocity
component distributions and gradient distributions are presented as contour plots. It can be seen that as the
ramp angle increases, the separation shock moves upstream, the attachment shock moves downstream, and
the recirculation zone expands.

3.2 POD analysis

POD is applied to the velocity fields for the three different compression ramps, providing the value of energy
in every mode. The idea behind POD analysis is to find a function basis ¢ (x) that most faithfully represents
an instant vector function f(x) in the following form: f(x) = ¥ ,@,0"(x), such that the above equation
describes f(x) better than any other representation of the same dimension using any other functional ba-
sis. Therefore, the relative contribution of turbulent kinetic energy can be given in particular modes. The
spectra of the velocity field POD results for the three different compression ramps are shown in Figure 7.
Fig. 7(a) shows the relative contribution of the individual POD modes, and Fig. 7(b) shows the cumulative
contribution rate.

It can be seen that the first mode for the velocity decomposition results contains a high percentage of the
energy. The relative contribution for the 32° compression ramp is 14.9%, whereas the contributions for the
36° compression ramp and 40° compression ramp are 22.9% and 22.1%, respectively. This finding indicates
that the ratio of the turbulent kinetic energy for a large compression ramp angle has a larger proportion
than that for a small compression ramp angle. The result is that the less deterministic a flow is, the less
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Figure 4: PIV measurement results of the 32° compression ramp model.
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Figure 5: PIV measurement results of the 36° compression ramp model.
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Figure 6: PIV measurement results of the 36° compression ramp model.
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Figure 7: POD analysis results for the three different compression ramps.

efficiently it is represented by the POD expansion. The contributions from the other modes decrease very
quickly with increasing mode number, especially for large ramp angle cases. For cumulative contributions,
the case for the velocity of a large ramp angle converges slightly faster than that for the small ramp cases.
The results show that the level of coherency for the large compression ramp angle is higher than that for the
small compression ramp cases.

4 Conclusion

Due to the interaction of the shock wave with the boundary layer and the interaction of the shock wave with
itself, the flow field of the compression ramp includes complex flow field structures such as separation, s-
hearing and reattachment. This condition may cause high-frequency pulsations of the aircraft’s aerodynamic
forces, surface heat flow and pressure loads and cause structural damage to the aircraft. The aims of this
research project are to measure the velocity fields of the hypersonic laminar flow over compression ramps
by PIV and analyze the effects of different ramp angles on the flow separation. Experimental investigations
of hypersonic laminar flow over a compression ramp are carried out in a Mach 5.0 wind tunnel, and the
angles of ramp are 32°, 36° and 40°. High-spatial-resolution images of the laminar inflow over the three
different compression ramps are captured. The fine structures of the holistic flow field and local regions are
measured by the PIV technique, and some typical flow structures, such as the boundary layer, shear layer,
separation shock, recirculation zone and reattachment shock, are clearly visible. POD analysis of velocity
fields is performed for three cases and reveals the spatial structure characteristics of the flow field.

The experimental results indicate that when the ramp angle is 32°, the hypersonic laminar flow does
not show separation, and the boundary layer always adheres to the ramp. When the ramp angle increases
to 36°, a typical separation appearing in the hypersonic laminar flow with boundary layer increases and is
converted into turbulence quickly; at the same time, a shock is induced by the developing boundary layer,
and shear layer and compression waves arise in the flow field. When the ramp angle is 40°, the range
of the recirculation zone expands obviously in the hypersonic laminar flow which is separated further, the
separation shock moves upstream, and the reattachment shock moves downstream. The POD analysis results
indicate that the ratio of the turbulent kinetic energy for a large compression ramp angle is larger than that
for a small compression ramp angle. The level of coherency for the large compression ramp angle is higher
than that for the small compression ramp cases.
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