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Abstract 

The capability for localized flow control in high speed flows using laser energy deposition has 
been investigated in a collaborative computational and experimental program. Three proposed 
applications have been comprehensively studied. First, two models of laser energy deposition in air 
have been developed and validated by comparison with experiment. The first model is an engineering 
approach wherein the laser energy deposition is treated as an energy release in a perfect gas. The 
second model is a detailed physical approach which incorporates real gas chemistry with an eleven 
species model of air. Comparison with experimental measurements of static temperature, density 
and velocity (one-component) show good agreement with both models outside the plasma region. 
Second, a detailed 3-D simulation of laser energy deposition upstream of intersecting shocks at 
Mach 3.45 demonstrated the capability to force transition from Mach Reflection (MR) to Regular 
Reflection (RR) in the Dual Solution Domain. This result is particularly important for control of MR 
to RR transition in high speed inlets for scramjet-powered air vehicles. A companion experimental 
study showed a momentary reduction in the Mach stem height by 70%, but a Mach Reflection 
was recovered apparently due to freestream turbulence. Third, detailed 3-D simulations of laser 
energy deposition upstream of an isolated sphere and an Edney IV interaction at Mach 3.45 were 
performed. Results show the fundamental featiu-es observed in the accompanying experiments. 
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1 Introduction 

The aerodynamic performance of high speed {i.e., supersonic and hypersonic) vehicles is often 
controlled by highly localized fluid dynamic phenomena. For example, the supersonic jet formed in 
an Edney IV shock-shock interaction at hypersonic speeds can increase peak surface heat transfer 
by several orders of magnitude [1]. A hypersonic vehicle would naturally be designed to avoid 
such a potentially disasterous situation to the maximum extent possible (and most certainly at its 
cruise condition). Nevertheless, the thermal protection system must allow for such extraordinary 
local anomalous behavior, even if such behavior occurs only momentarily during maneuver or gust 
response. Thus, a local (both in space and in time) fluid dynamic phenomenon can affect the global 
vehicle design. 

Laser energy deposition is a promising technique for localized flow control for supersonic and hyper- 
sonic vehicles. Pilyugin et al [2] surveyed modern studies of supersonic flows with physical-chemical 
heterogeneity including different appUcations of laser energy deposition. These studies show that 
laser energy addition strongly affects the shock waves and flowfield structiures and can be used for 
flow control in a variety of aerodynamic applications. For example, heat addition close to a vehicle's 
surface can cause the appearance of regions of increased or decreased pressure which can be em- 
ployed to improve the vehicle's aerodynamic performance. Also, a body immersed in a wake with 
high level of the total pressure losses downstream of the laser induced-energy source can experience 
significant drag reduction. Tretyakov et al [3] achieved a 40% reduction in drag on spherical and 
conical bodies using pulsed laser energy deposition. Levin and Terent'eva [4] obtained up to 30% 
increase in Uft on a cone by continuous energy deposition above the cone surface. Riggins et al [5] 
demonstrated a 30 to 50% drag reduction on a blunt body at Mach 6.5 and 10. 

While many recent experimental and computational studies of energy deposition in supersonic and 
hypersonic flows have concerned global vehicle aerodynamics. Our combined computational and 
experimental research program focused on local control of supersonic and hypersonic flows by laser 
energy deposition. The application of the techniques developed in this research would involve small 
scale energy deposition systems on flight vehicles, as opposed to the large scale energy sources 
required for global flow control, and therefore could be a feasible concept for current and future air 
vehicles. 

This report summarizes the research activities on locally controlling high speed flows using laser 
energy deposition. Results for three appUcations will be presented. 

2 Methodology 

2.1    Experiment Achievements 

Two advances in experimental diagnostics were achieved during the course of the experimental 
investigation into energy deposition in supersonic flows. The first advance was the further devel- 
opment and application of Filtered Rayleigh Scattering (FRS) to obtain measurement of multiple 
properties. Prof. Elliott and his research group have developed molecular filtered based diagnostics 
(including those associated with FRS) with funding firom the National Science Foundation. During 
the current research program, Prof. EUiott's research group has applied and developed FRS for 
analyzing the flow fleld associated with laser induced breakdown in air including new methods of 
calibration (correcting for sources of noise, background scattering and variations in laser frequency) 
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Figure 1: FRS measurement of velocity, pressure, temperature and density (< = 20 /iS, E = 145 mJ) 

and improved user friendly menu driven data analysis routines that enable rapid evaluation of ex- 
perimental data. 

Fig. 1 shows images of the pressure, density, temperature and horizontal component of the velocity 
of the flowfield created by laser induced breakdown in quiescent air. The increase in the pressure, 
temperature, density, and velocity is clearly evident and agrees well with the computational models 
developed in this study (see Section 3.1). Assuming that the pressure is approximately constant at 
later times (a result substantiated by simulations), instantaneous temperature measurements can 
be made of the vortex ring that is a principle feature of the flow at later times. Fig. 2 displays 
the temporal evolution of the temperature field (taken in the plane of symmetry of the energy 
deposition) for laser induced breakdown in quiescent air for E = 145 mJ. The laser beam is incident 
vertically downwards. Several prominent flow features are evident including the vortex ring, the jet 
structure induced by the vortex ring, and the difi'usive cooling of the vortex ring and jet. 

The second advance in experimental diagnostics is the development of a new broadband source 
for use in schlieren photography. Schlieren was utilized in several of the studies of the various 
supersonic flows which were investigated to study the influence of laser energy perturbations to 
the shock structure. One problem that was encountered was the lack of a good light somce that 
had a small pulse width and accurate timing. The xenon flashlamp utilized previously had a pulse 
width of a few microseconds and had a significant jitter in the timing with the input signal. A 
laser is not an ideal light source for schlieren photography because laser speckle generates noise 
and diffiraction fringes at the knife edge. The new technique uses a Nd:YAG (532 nm wavelength) 
laser beam focused and discharged onto a 2% thoriated tungsten rod in an argon flow to generate 
the schUeren light source (Fig. 3). In order to improve the intensity coUimated onto the first mirror 
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Figure 2: Time sequence of FRS temperature measurement {E = 145 mJ) 
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Figure 4: Pulse width comparison 

Figure 3: Laser-argon spark source 

in the schlieren system, a lens pin hole combination is utiUzed. Fig. 4 compares the pulse width 
measured with a photodiode for the xenon Stobotac flash lamp and the laser/argon flash source. 
The half-peak pulse width for the Nd:YAG discharge in argon is 0.12 //s compared to 2 //s for the 
xenon flash lamp. Fig. 5 compares the two flash sources for a laser discharge in quiescent air next 
to a 25.4 mm sphere. The schlieren image for the Nd:YAG discharge in argon (Fig. 5(b)) is clearly 
superior to the image for the xenon flash lamp (Fig. 5(a)). The increase in image quality is due 
to 1) the decreased pulse width of the flash source (leading to sharper images of moving events), 
2) the ability to fllter the Ught emitted from the laser energy deposition spark, and 3) the ability 
to control the jitter of the light source when it is time synced with the laser discharge. Since the 
Nd:YAG discharge in argon is driven by the laser, its time can be controlled within 10 ns to the 
laser used for the laser energy deposition discharge. The xenon Strobotac Ught somrce can only be 
controlled within 2 //s when synchronized in time with the discharge laser. Therefore, phase-locked 
images produced by the Nd:YAG discharge in argon have three orders of magnitude less variation 
when compared to phase-locked images produced with the xenon Strobotac light source. 

In addition, we obtained significant experience in the fabrication and use of thin film metallic heat 
transfer gauges during the research program. Although the gauges and associated electronics do not 



(a) Strobotac flash source (b) Nd:YAG in argon flash source 

Figure 5: Comparison of flash sources for schlieren image of laser energy deposition 

represent a new experimental diagnostic, this experience has extended our diagnostic capability. 
The heat transfer gauges were used to assess the efiiect of laser energy deposition on surface heat 
transfer for an isolated sphere and an Edney IV interaction at Mach 3.45. The gauge fabrication and 
calibration technique, and results for the isolated sphere and Edney IV interaction are described in 
Adelgren et al [6] and Adelgren [7]. 

2.2    Numerical Methodology 

Two different versions of the perfect gas model were used. The flrst version assumes one-dimensional 
spherically symmetric flow and was used for simulation of laser energy deposition in quiescent air 
(section 3.1). The second version used the GASPex code [8] for fully three-dimensional flow. The 
one-dimensional model is described herein. Details of the GASPex code are presented in [8] 

We have utilized two different models for laser energy deposition in a gas. The first model assumes 
a perfect gas and parameterizes the energy deposition in a simple manner. A specified fraction cjs 
of the laser energy pulse is assumed to be absorbed by the gas and a Gaussian initial distribution 
for temperature and pressure is utilized. Model details are presented in Yan et al [9]. This approach 
requires experimental data {e.g., blast wave radius vs time) for calibration of ejs which depends on 
laser wavelength, pulse energy and diuration. The principle advantage of this model is simplicity, 
i.e., the laser energy pulse constitutes an initial condition to an otherwise perfect gas simulation. 
This approach allowed us to perform simulations of laser energy deposition early on in our research 
program while the more detailed (and physically realistic) second model was being developed. 
Results of the first model are described in Section 3.1. 

The one-dimensional time-dependent compressible Navier-Stokes equations in the spherical polar 
coordinate system can be written as 

dp ^  djpvr)  ^  ^PVr ^Q 
dt        dr r 

(1) 

dfyvr     d{pv^+p)     2fyol 
at dr r ~ Sdr^^dr       r^^^ r ^ dr 

_ ^Vx 
(2) 
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(3) 
The state equation of ideal gas is 

where 

p = pRr (4) 

Ke = K+^^T^ (5) 3 an 
The dynamic viscosity n using Sutherland's law is calculated as follows 

^ = M.e/(T/T.e/)^/^%ipt|^ (6) 

For air, /ire/ = 1-71 x 10~^kg/{m • s) at Tref = 273K. The constant thermal conductivity « is 
chosen to keep Prandtl number Pr = 0.89 in which the /i is computed at T = 29311^ using Eq.(6). 
The computed flowfield outside the initial energy deposition region was found to be insensitive to 
the Rosseland mean absorption coefficient OR ranging from 1 m~^ to 1,000,000 m~^ 

The Flux-Corrected .Transport algorithm [10] is used and the second order Godunov method is 
applied to compute the inviscid fluxes. The two-stage Runge-Kutta method is utiUzed for the time 
integration. The first and second order MUSCL scheme [11] is used for the reconstruction of the 
flow variables at the interfaces of the adjacent cells. The algorithm is second order accurate in space 
and time. 

For both the one-dimensional and three-dimensional simulations, a spherically synunetric initial 
temperature distribution is proposed to model the laser energy pulse assuming the energy is added 
instantaneously at constant volume (therefore the density is constant) and the gas is ideal. The 
temperatme variation using a Gaussian profile can be written as 

AT = AToe-'-'/'-S (7) 

where ATQ, the peak temperature variation is determined by the total energy deposited 

eEE= /     /   /   r^ sm9pooCv^Tdrded(f> (8) 
Jo   Jo Jo 

where E is the energy of the incident laser pulse and c„ is the specific heat at constant volume. 
Substituting (7) into the above equation and integrating it, we obtain 

iT'^'^ro^PooCv 

where TQ is related to the initial radius i?o=0.90 mm of the laser spot obtained from the laser 
perturbation focal volume VQ = ^irR^ and set to be Ro/2. Prom Eq. (7), AT will reach 2% of ATQ 

at r = Jf?o- 
The second model incorporates detailed gas chemistry with an eleven species model (N2, O2, NO, 
N, O, Nj, O^, N0+, N+, 0+, e), finite-rate ionization of the gas in the focal region by the cascade 
release of electrons (inverse bremsstrahlung), and the absorption and reflection of laser energy by 
the plasma. Model details are presented in Kandala and Candler [12]. We faced two major challenges 
in the development of this model. First, the absorption and reflection parameters for laser energy 



deposition are not known in general, and therefore preliminary parameter studies were performed 
to ascertain appropriate values by comparison with our experimental data. Second, the simulations 
of laser energy deposition are extraordinarily time-consuming, since the characteristic time scales 
of ionization and electron energy redistribution are on the order of 10"^^ sec while the convective 
flow time scales are on the order of 10~^ sec. Significant improvement in computational efficiency 
was achieved through implementation of an implicit time-accurate solver; however, additional re- 
ductions in computational cost are achievable. Results of this model are described in Section 3.1. 
In particular, we observed that over half of the energy deposited by the laser goes into chemical 
energy, and that a significant time is required for this energy to be released to the flow, resulting 
in substantial changes to the gas dynamics. 

The governing equations are 

dpuj     dpujUj _    dp     dTjj .^j, 
dt dxj dxi     dxj 

dE, 
^,   -f- ^  = -^ - Qh-e - Qv-e + Qr + We^e (12) 
dt   . oxj oxj 

^ + ^ = -^-^E «.,£?„,, + QT-V + Qe-v + t ^se.,s (13) 
dt        dxj dxj     dxj ^ f^i 

dE , diE + p)uj 9   f    ,      j      \     dujTjj      d  A ,   . 

-m"-    dx-    =-^^^^^^'^^^^''^^--^-d^ih^'''''^'      ^ ^ 
These equations represent the conservation of mass, momentum, electron energy, vibrational energy 
and total energy, respectively. The subscript s denotes a species, «i is the mass-averaged velocity, 
Va^ is the species difiusive velocity, and Ws is the rate of production of species s. The viscous stress 
tensor is denoted by Ty and a Newtonian viscosity law is assumed. The static pressure of the gas is 
p. The electron energy per unit volume is Eg and pe is the electron pressure. The conductive flux 
of electron energy qe is given by Fourier's Law with the thermal conductivity of electrons from 
Mitchner and Kruger [13]. Additional details are presented in Kandala and Candler [14]. 

2.3    Experimental Facilities 

Experiments (except laser energy deposition in quiescent air) were performed in the Mach 3.45 
supersonic wind tunnel of the Rutgers Gas Dynamics and Laser Diagnostics Laboratory. The tuimel 
is a blow-down facility with compressed air supphed from high pressure (16.6 MPa) air storage tanks 
with a capacity of 8 m^. Three four-stage compressors and a regenerative air dryer are employed. 
The test section is 15.2 cm x 15.2 cm, and the total available test time is several minutes per day. 
Test section stagnation pressmre can be set in the range of 0.55 to 4.8 MPa, with a typical value of 
1.0 MPa, and the stagnation temperature is ambient (typically 290 K). The Reynolds number per 
meter is 1.5 - 24.0 x 10^. 



3    Results 

3.1    Energy Deposition in Quiescent Air 

Perfect Gas Model 
The ambient condition is temperature roo=293 K, density Poo = 1-20 kg/m^ and freestream velocity 
U^ = 0, which is consistent with the experiment. The initial laser spot radius is jRo=0.90 mm. Two 
different grid spacings (Ar=0.01 mm and 0.02 mm) are used and show 1.3% difference in predicting 
the profile of shock wave radius vs time in Fig. 6, showing the grid resolution in the simulation is 
sufficient. The grid spacing of Ar=0.01 mm was therefore used in all the simulations. 

A blast wave formed by the rapid expansion of the 
high pressure and temperatiure region propagates 
into the ambient air. The position of the leading 
front varying with time for E=112 mJ is shown in 
Fig. 6. The position of the blast front is determined 
by locating the maximum pressure along the radial 
distance from the center of the source. Considering 
not all of the laser energy is absorbed and some of 
the energy is reflected, transmitted, scattered and 
emitted by the plasnaa, the total energy absorbed is 
assumed to be esE. Therefore, 

ATo = 
esE 

TT^f^ro^PooCv 
(15) 

The net energy deposited (ejjE) in the flow affects 
the flow characteristics. The choice of CE is based ,i,,, 
on the criterion that the standaxd deviation of the    F^g^« ^^ Shock wave radius and shock Mach 
predicted profile of the shock wave radius r;* time    ""°^b«^ "* *>°^« ^""^ ^ =112 mJ 
is within 5% of the experimental fit. The results using es = 0.65 show good agreement with 
experimental fit given in Adelgren [15] for E=112 mJ {r{t) = 140.692 i"-^^^ + 2.466 x 10-^ where t 
is in seconds and r in meters) except at very early time instants (t < 5/is) where no experimental 
data are available. The experimental fit of Adelgren agrees with experiment to within ±5% for 
t = 5 /xs to 40 fis. 

Taylor [16] and Sedov [17] proposed a similarity law at the early stage of the air explosion, r{t) = 
At^-^ where A is the function of input energy and ambient density when A4| » 1 (where Ms = 
Vs/ooo, and Ms, Vs and Coo are the shock Mach number, shock velocity and ambient speed of sound, 
respectively.) Jiang et al [18] utilized this law as the initial condition and they found that the flow 
showed non self-simlar behavior in the mid and far-field regimes where the shock is too weak to 
follow Taylor's similarity law. 

The different behavior in our study compared to Taylor's similarity law is due to the relative weak 
strength of the shock wave in oxur case, which is demonstrated in Fig. 6 showing that the Mach 
number at t = 5/is, which is the first time record in our experiment, is about 1.6 and that the shock 
strength decreases rapidly until it propagates at essentially the speed of sound. 

Figs. 7, 8, 9 and 10 show the experimental contour plots for E=H5 mJ at i = 20^s. The laser 
beam is incident from the left. The origin (0,0) in (x, y) plane is the center of the laser spot. For 



the velocity contours, only the magnitude of the y component is shown. In the experiment, the 
temperature and pressure were measured and the density was computed from the equation of state 
for perfect gas. The experimental uncertainty in the measurement of the pressure, temperature and 
velocity is ±2%, ±1% and ±4%, respectively. The central part is blanked out since no experimental 
data are available there. In the incident direction, the blast wave shows a asymmetric shape due to 
the directional formation of the plasma, while in the vertical direction, the shape is fairly symmetric 
and the data is extracted in this direction to compare with the simulation. 

Figure 7: Density contours at t 
E =145 mJ 

20/xs for Figure 8: Pressure contours at t  =  20//S for 
E =145 mJ 

Figure 9: Temperature contours at t = 20/is for Figure 10: Velocity contours at t = 20/is for 
E =145 mJ E =145 mJ 

Figs. 11, 12, 13 and 14 show the comparison with experiment at t = 20//s for £;=145mJ. The 
experimental data is extracted along a vertical line from y=0 mm to y=15 mm. The assumed 
absorption coefficient is eg = 0.5. Good agreement is achieved for the shock wave position, the 
magnitude of the change of the flow variables across the shock and the distribution of flow variables 
for points with r less than the shock radius and outside the laser spot region. Since the intensity of 
Rayleigh Scattering (RS) is proportional to the density and the density is very low at the center of 
the energy spot, the uncertainty increases near the center due to lower signal levels in RS. Also as 

10 



mentioned previously, the RS is dominated by the plasma emission for early time so no experimental 
information is shown here. 
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Figure 11: Density vs radius at i = 20/is for Figiure 12: Pressure vs radius at t = 20/is for 
E =145 mJ E =145 mJ 
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Figure 13: Temperature vs radius at i = 20/iS for Figmre 14: Velocity vs radius at t = 20//s for 
E =145 mJ E =145 mJ 

Real Gas Model 

The real gas model describes the laser energy deposition and subsequent flow evolution by the 
Navier-Stokes equations with extension to include nonequilibrium thermochemistry and radiative 
transport. Air is modeled using eleven chemical species (N2, 02, NO, N, O, N2+, 02+, NO+,N+, 
0+, e). 
The absorption and reflection parameters of the model were calibrated by comparison with the 
experimental data for shock radius vs time. Fig. 15 displays the close agreement between computed 
and experimental shock radius vs time for a Nd:YAG laser pulse (108 mJ, 20 ns) in air at STP. 
The computed and experimental static pressure, static temperature and horizontal velocity on the 
symmetry plane are displayed in Figs. 16,17,18, respectively. Generally good agreement is observed 
in the region of measurement. 

11 
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3.2    Laser Energy Deposition Upstream of an Edney IV Interaction 

The Edney IV interaction [19] causes intense surface heat transfer due to the impingement of a 
supersonic jet, formed by the interaction of a blunt body shock and a separate incident shock, 
with the surface (Fig. 19). The peak heat transfer can be several orders of magnitude above the 
ordinary stagnation heat transfer of the isolated body. Analysis of the National AeroSpace Plane 
indicated that an Edney IV interaction on the inlet cowl could result in a heat transfer rate of 
1.2 X 10® W/m^, equivalent to delivering the entire power output of a moderate size nuclear power 
plant to a 1 m^ surface. 

A hypersonic aircraft would be designed to operate outside of the conditions which lead to an 
Edney IV interaction. The five other types of shock-shock interactions (Fig. 20) result in signifi- 
cantly lower surface heat transfer than the Edney IV interaction. Nevertheless, the aircraft might 
momentarily enter a flight attitude due to vehicle maneuver or gust response wherein the Ed- 
ney IV interaction would occur. Therefore, a flow control technique for alleviating or eliminating 

12 



Jet b^ 
shock 

Blunt bo 

Oblique shock 

M > 1 

Blunt body shock 

Type I 
pe II 

Type Ill/^Oblique shock 

TypeIV_ 

Flow 
M > 1 

Figure 19: Edney IV interaction 

TypeV 
ype VI 

Figure 20: Edney I-VI interactions 

(a) t=0 fis (b) t=40 us (c) t=80 fis (d) t=110 ^s 

Figure 21: Schlieren image of Edney IV interaction (E=293 mJ) 

the Edney IV interaction is needed. 

3tea(^ atata diatribulioTi 

RecOMpniAon 

An experimental study was conducted 
at Moo = 3.45 to assess the capa- 
bility of laser energy deposition to 
reduce the peak aerothermodynamic 
loads due to an Edney IV interac- 
tion generated by the interaction of 
an oblique shock wave, generated by 
a 15° wedge, with a 25.4 mm sphere. 
The stagnation pressure pt^ and tem- 
perature Tt^ are 1.138 MPa and 283 K, 
respectively. High frequency surface 
pressure measurements were obtained 
on the centerplane of the sphere for 
angles -55° < 0 < 51°. Preliminary 

Figure 22: Surface pressure vs time surface heat transfer measurements 
were also performed [7]. 

Schlieren images of laser energy deposition {E = 293 mJ) are shown in Fig. 21. Fig. 21(a) shows 
the Edney IV interaction (The upper oblique wave in the schlieren image is a weak Mach wave 
near the tunnel sidewall and does not interfere with the Edney IV interaction. The impinging shock 
wave is the lower oblique wave.) including the impinging supersonic jet and the location of the laser 
pulse {i.e., the bright spot). Fig. 21(b) shows the blast wave and plasma region interacting with the 
oblique and blunt body shocks. Fig. 21(c) indicates the substantial modification of the Edney IV 

200 -it 

13 



shock structure due to the interaction with the plasma region; in particular, the supersonic jet 
has been completely disrupted. Fig. 21(d) indicates the restoration of the Edney IV interaction 
following the passage of the plasma region. 

The laser pulse causes a significant reduction is surface pressure. Fig.22 displays the experimental 
surface pressure for -55° < ^ < 51°. An initial small compression is caused by the impact of the 
blast wave with the surface. The subsequent interaction of the high temperature plasma region 
with the shock structure deflects the supersonic jet and generates an expansion wave [6]. These two 
effects cause a reduction in the surface pressure. These results, while not conclusive evidence of the 
capability for reducing peak heat transfer associated with Edney IV interactions, are nevertheless 
suggestive that energy deposition is a promising candidate for control of this critically important 
phenomena. 

t = Ons t = 20(is t = 50ns t = 100)is t = 200ns 

(a) t=0 fis (b) t=20 fis (c) t=50 fis (d) t=100 ^is (e) t=200 (is 

Figure 23: Pressure contours for laser energy deposition upstream of Edney Type IV Interaction 

A series of 3-D simulations were performed using the real gas model to study the effect of energy 
deposition in a steady supersonic flow with an Edney Type IV shock-shock interaction. Energy from 
a laser discharge was deposited upstream of the Edney Type IV interaction in a steady supersonic 
flow. The flow conditions were set to simulate the experiments done at Rutgers University [20]. As 
the energy deposition region interacts with the shock structures in front of the sphere, there is a 
substantial decrease in the peak pressures on the surface of the sphere. This reduction of pressure 
varies with the location of energy deposition region. By varying the location, the pressure reduction 
can be maximized. Fig. 23 shows the pressure contours for the energy deposition. It was also found 
that the energy deposition region has a large amount of chemical energy due to air dissociation. 
As the gas cools, the dissociated species recombine through exothermic reactions, leading to a 
delayed release of energy and sustaining the effect of laser energy deposition region over a longer 
time. During the energy absorption process a number of chemical reactions take place. The rates of 
these reactions can be very high, imposing a stiff penalty on the time-step in explicit computation. 
Direct linearization of these source terms will not improve the time-step. This is because the source 
term consists of production and destruction terms, each of which depends in different ways on the 
conserved variables. Instead, we use a hnearization scheme developed by Spalart and AUmaras that 
handles the linearization of these production and destruction terms separately. A time-step increase 
of the order of 1000 can be achieved. 
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In addition to the Edney IV experiments described above, a series of experiments [7, 6]and simula- 
tions [14] for energy deposition upstream of an isolated sphere at MQO = 3.45 were performed. These 
experiments and simulations also demonstrated the capability for momentary reduction in surface 
pressure by laser energy deposition. A detailed discussion is presented in Adelgren et al [6] and 
Adelgren [7] including a theoretical analysis of the effect of the interaction of a temperature discon- 
tinuity with a normal shock which illustrates the reduction in surface pressure due the formation 
of an expansion wave. 

3.3    Control of Mach Reflection to Regular Reflection in Dual Solution Domain 

The crossing shock wave interaction is a fundamental phenomenon in high speed flight. For example, 
a scramjet powered hypersonic vehicle may utilize shock interactions to decelerate the flowfield in 
the inlets for more efficient combustion. The intersection of two symmetric oblique shock waves 
may result in either an RR or an MR (Fig. 24). When the incoming Mach number (MQO) exceeds 
a critical Mach number Mc (where Mc is 2.202 for a diatomic gas ([21]) and is approximately 
2.2 for perfect air), a Dual Solution Domain (DSD) is formed, wherein either an RR or an MR 
can theoretically exist shown in Fig. 25. The total pressure loss across the normal shock in a MR 
is substantially greater than across the RR, and therefore a scramjet inlet would be designed to 
operate with the RR domain. Nevertheless, the inlet flowfield may momentarily enter the DSD due 
to vehicle maneuver or gust response, and therefore a flow control technique for forcing a MR to 
RR transition in the DSD is essential. 

A detailed 3-D simulation of laser energy deposition upstream of a MR formed by symmetric shock 
waves generated by 22° wedges at Mach 3.45 was performed. The flow conditions correspond to the 
experiments performed at Rutgers University (Adelgren et al [6]). 

A Mach 3.45 flow enters two symmetric 22° wedges, which corresponds to a point midway in the 
DSD shown in Fig. 25. Once an MR is formed, a single laser pulse {E =215 mJ) is added above the 
horizontal center plane and on the vertical center plane shown in the numerical model (Fig. 26). 

The computational domain LxxLyX L^ shown in Fig. 26 is S.5w xAwx 2.2tt;, where w = 25.4 mm 
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Figure 26: Computational domain Figure 27: Mach number along centerline 

is the shock generator length measured along wedge surface. The x = 0,y = 0 and z = 0 planes are 
the inflow boundary, the lower boimdary and the vertical centerplane, respectively. The streamwise 
length Lx was chosen to insure supersonic flow at the downstream boundary and to keep the blast 
wave from the laser pulse away from the upstream boundary. The transverse and spanwise lengths 
Ly and Lz are based on the requirement that the reflections at the boundaries of the acoustic 
disturbances originating from the tip of the wedge and the blast waves from the laser pulse do not 
interact with the flow structure in the vicinity of the Mach stem. The trailing edges of the two 
wedges are placed 2.5«; downstream of the inflow. The center of the laser spot is located at 0.2w 
downstream of the leading edge and 0.9it; above the horizontal center plane in accordance with the 
experiment. 

2 OF 3 
The flow solver is GASPex which solves the compressible Euler equations. The third-order accurate 
Van Leer scheme along with Mid-Mod Umiter is used to compute the inviscid fluxes in each direction 
and a two-stage Runge-Kutta scheme is used for the time integration. 

The inflow boundary is a uniform Mach 3.45 flowfield and the extrapolation technique is used for 
the outflow. The symmetric boimdary is used for the z = 0 plane. The slip boundary condition is 
utilized on the wedge surfaces and also on the upper and lower boundary and z = Lz plane for 
simulating the wind tunnel side walls. 

The grid is generated by a commercial software ICEMCFD. Two sets of grids are generated to 
conduct a grid refinement study. Approximately 11 to 25 layers of cells are used to resolve the 
Mach stem in the vertical dkection for the coarse and fine grids, respectively. The total number of 
cells are 1.5 million and 5.0 million for the coarse and fine grids, respectively. The grid convergency 
is demonstrated in Fig. 27. 

The computation is performed in two steps. The flowfield is first converged to a steady state in 
the absence of any laser perturbation. Then, a single Nd:YAG laser pulse of 215 mJ was focused 
upstream of the shock and above the symmetry plane. 

The steady flow structure without the energy pertiurbation is first shown. The steady state is 
obtained when the Mach stem location doesn't change with time at the vertical centerplane. Fig. 28 
demonstrates the flow structures at the z = 0 plane for the fine grid. Two obUque shock waves 
generated by the leading edges form a Mach reflection. The flow after this normal shock becomes 
subsonic. The expansion fans emanating from the trailing edges are refracted through the reflected 
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Figure 29: Density isosurface for MR 

shocks and interact with slipstreams, forming a converging-diverging nozzle to accelerate the flow to 
be supersonic. The Kelvin-Helmholtz structures are clearly observed propagating along the sliplines, 
due to the difference in both the velocity and the density along the sliplines. The predicted spanwise 
averaged Mach stem height is 1.96 mm for the coarse and fine grid, and it is within 2% of the 
experimental value of 2 mm. The measurement uncertainty of the Mach stem height is ±10%. All 
the following computational results are shown for the fine grid simulation. 

Three dimensional effects, due to the finite aspect ratio of the wedges, are seen in the spanwise 
variation of the Mach stem height. Fig. 29 shows this variation in a plot of the isosurface of density 
for p/poo = 3.57. The Mach stem decreases in height from the centerplane (which corresponds to 
the right edge in the figure) and disappears close to the edge of the wedge (which corresponds to 
the left edge in the figure). This observation is consistent with the study by Ivanov et a/[22]. 

Once the steady MR is formed, a laser pulse is added. The experimental schlieren images are 
shown in Figs. 30 in which each experimental schlieren image is an ensemble of three to eight 
experiments, although the instantaneous images show the same trends as described below. The 
numerical schlieren images which are the contour plot of the first derivative of the density along 
the streamwise direction at the ^ = 0 plane are plotted for quafitative comparison in Figs. 31. 

Figs. 30(a) to 30(b) and Figs. 31(a) to 31(b) show the process of the blast wave and the thermal spot 
interacting with the upper oblique shock wave, causing an upstream deflection of the obUque shock 
due to the lowering of the local Mach number firom the thermal spot. This deflection eventually 
reaches the Mach stem (Figs. 30(c) and 31(c)) at approximately t = 60/xs causing a reduction in the 
height of the Mach stem. In the experiment, the Mach stem decreases monotonically to 30% of its 
original height as shown in Fig. 32. This return to an MR may be due to fireestream disturbances in 
the tunnel. The simulation shows that the Mach stem finally disappears along the entire wedge span 
as shown in Fig. 33 and Fig. 34 and a complete transition of MR to RR is achieved. The computation 
runs for 2.0 flowthrough times following the establishment of the RR (where, one flowthrough time 
is defined as the time for the fireestream to traverse the whole computational domain) and the RR 
is stable as shown in Fig. 34 (where t = 280ns is the limit of the computation). 

The transition firom an MR to an RR may be described as follows. As mentioned above, the thermal 
spot and its induced blast wave convect with the fi:eestream, and first intersect with the upper 
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Figure 30: Experiment, a) t = 20 fis, b) t = 40 fis, c) i = 60 /is, d) < = 80 //s, e) t = 100 /us 

Figure 31: Simulation, see Fig. 8 for legend. 
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oblique shock. Their intersections generate a complicated shock system, including the reflection of 
the blast wave and expansion waves on the wedge surface, and the deflection and lensing of the upper 
oblique shock ([7]). As the deflected upper obUque shock reaches the Mach stem, the local shock 
angle is smaller than that for the lower obUque shock, therefore these symmetric double wedges 
actually act as two asymmetric wedges. Fig. 25 shown for symmetric double wedges is not suitable to 
explain the transition any more. [23] and [24] demonstrated that a hysteresis phenomenon existed in 
the reflection of asymmetric shock waves. Following this idea, we consider that the asymmetric laser 
pulse may affect the shock reflection from the symmetric reflection to the asymmetric reflection. 
Fig. 35 shows the DSD in (^1,^2) plane for Moo = 3.45, where Oi and 62 denote the lower and 
upper wedge angle, respectively. The initial wedge angle is displayed by a diamond symbol in the 
middle of the DSD, and it is also plotted in (01,02) plane in Fig. 35, where ai and 02 denote the 
lower and upper oblique shock angle, respectively. The MR -> RR transition is described in Fig. 35. 
As the deflected upper oblique shock reaches the Mach stem, the local shock angle is decreased 
to approximately 11° as shown in Fig. 31(c), while the lower oblique shock angle remains almost 
unchanged (37.3°). The initial point in the DSD moves below the von Neumann angle, wherein 
only an RR exists. When the thermal effects passes the Mach stem, the upper oblique shock angle 
changes back to its initial value into the DSD. However, the RR remains stable unless the shock 
angle reaches the detachment angle [25]. 
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