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NUMERICAL SIMULATION OF COMPRESSIBLE VISCOUS MAGNETO- 
HYDRODYNAMICS EQUATIONS WITH CHEMICAL KINETICS 

AFOSR GRANT NO. F49620-99-1 -0005 

Ramesh K. Agarwal 

Washington University in St. Louis 

Objective 

The objective of this research project is to provide physical understanding and 
quantitative prediction of the effect of magnetic field on hypersonic flow of a slightly 
ionized gas with finite-rate chemistry via numerical simulation. The objective has been 
achieved by developing a two-dimensional computational code that solves the MHD 
equations (mass, momentum and energy equations of fluid flow including Lorentz force 
and Joule heating, magnetic induction equations and Maxwell equations) and includes 
several electrical conductivity models, an equilibrium air model and a finite-rate chemical 
kinetics model, and a one-equation turbulence model. The code has been validated by 
computing some benchmark MHD flow problems, for example flow in a magnetic shock 
tube, shock structure in the presence of magnetic field, Hartmann-Poiseuille flow, MHD 
boundary layer on a flat plate, etc. The validated code then is employed to compute the 
hypersonic flow of a weakly ionized air plasma past a blunt body and in a scramjet inlet 
to investigate the possibility of drag reduction by the application of a strong magnetic 
field. 

Status of Effort 

Most of the objectives of this research project have been achieved. In this first phase of 
the AFOSR grant (1 October 1998 - 30 September 2002), the principal investigator and 
his students have developed a 2-D unsteady compressible viscous magnetohydrodynamic 
code designated MHD2D which has been validated for 2-D internal and external flows. 
The code solves the coupled MHD equations (mass, momentum and energy equations of 
fluid flow including MHD effects (Lorentz force and Joule heating), magnetic induction 
equations and Maxwell equations) and includes an equilibrium air model for real gas 
effects, a finite-rate chemical kinetics model for dissociated air, several electrical 
conductivity models and a bi-temperature model. This code has been employed to 
investigate the concept of supersonic drag and heat transfer reduction by 
modification/dissipation of shock waves in the presence of strong magnetic fields. A 
series of numerical experiments for blunt body flows and scramjet inlet flow fields have 
been conducted by varying the Mach number, Reynolds number, degree of ionization of 
the air plasma and the intensity of the magnetic field to understand the physics of the 
phenomena and its potential for supersonic drag reduction in practical applications. In 
addition, the numerical simulations have been performed to evaluate the "MHD bypass 
energy concept" which essentially involves magnetogasdynamic extraction of energy 
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from the flow in the inlet to slow down the flow at the entrance of the combustor. The 
extracted energy can then be used for other onboard functions or for accelerating the flow 
exiting the combustor thereby providing additional thrust. The inlet, the MHD generator 
employed for extraction of energy, the combustor, and the MHD accelerator constitute 
the so called "MHD bypass propulsion" system which has the potential to make the high 
speed ramjet engines feasible. In these calculations, a seven species chemical kinetics 
model for dissociated air was employed. Several fundamental studies on wave 
propagation and shock propagation in a weakly ionized air plasma have also been 
conducted. 

In addition, a baseline three-dimensional compressible viscous MHD code designated 
MHD3D has been developed which solves the mass, momentum and energy equations of 
fluid flow including the Lorentz force and Joule heating and the magnetic induction 
equations. This code has been validated by computing the flow in a 
3-D square duct; benchmark computations are available for this test case for comparison 
purpose. Effort is also currently underway to include zero-, one- and two-equation k - e 
turbulence model in the 2-D code MHD2D. 

Accomplishments and Their Relevance to the Air Force Mission 

The aero-thermal problems associated with hypersonic flight vehicles and associated air- 
breathing propulsion systems have led to the revival of research in the use of 
magnetohydrodynamic (MHD) flow control as a possible solution. The formation of 
weakly ionized—hence conducting—plasmas due to the high temperatures in hypersonic 
flow fields has opened up the possibility of using electromagnetic fields to reduce drag, 
skin-friction and heat-transfer loads. Recent interest in this area by the U.S. Air Force has 
been sparked primarily by plasma flow control studies associated with the Russian 
experimental vehicle concept AJAX where the shock structure in a weakly ionized 
plasma has been shown to be weaker than that in a non-ionized gas at the same 
temperature. Several hypotheses have been advanced to account for the observed non- 
trivial dynamic properties of a gas discharge plasma that can be divided into two groups. 
The first group is based on the assumption that the weak disturbances propagate in the 
plasma at a velocity greater than the thermal sound velocity. The second group, (the 
"energy hypothesis"), rests on the assumption that the energy is released in the shock 
layer after the shock front, i.e., either the release of energy is concentrated in the 
molecular degrees of freedom or it is a consequence of current flowing in the shock 
wave. 
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Figure 1. The MHD Bypass Propulsion System 

Furthermore, as the Air Force's "AJAX" effort to investigate the possibility of supersonic 
drag reduction by dissipation/elimination of shock waves using MHD flow control has 
progressed, recent interest has converged on the formulation of a MHD Bypass 
Propulsion System (Figure 1) for air-breathing engines to assess the feasibility of high- 
speed scramjet and ramjet/RBCC engines. In this concept, MHD generators are used to 
provide additional compression with lower losses both externally (fore-body compression 
surfaces) and internally, at inlets ahead of the combustion chamber. In the latter case, the 
conversion of flow enthalpy to electromagnetic energy allows for the temperature rise in 
a decelerating inlet flow field to be controlled, thus allowing a higher Mm to be flown for 
the same burner temperature limit. Thus, the Mach number at the combustor entrance can 
be reduced and ramjet operations can be sustained to higher Mm. The energy extracted in 
the MHD generator is used to power MHD accelerator downstream of the combustor, and 
if needed, to power the pre-ionizers. These ionizers may be needed to create the 
necessary conductivity in the flow if the natural flow conductance is not sufficient to 
sustain the required degree of MHD interactions. The external MHD generator can also 
be used to regulate mass flow into the inlets. 

The key accomplishment of this research project has been the development of a validated 
two-dimensional unsteady compressible viscous MHD code with advanced physical 
models (electrical conductivity models, an equilibrium air model, a 7-species chemical 
kinetics model for dissociated air, and a bi-temperature model) that has been employed to 
investigate these MHD control concepts of interest to the Air Force. The computations of 
hypersonic flow of a weakly ionized air plasma past a blunt body and in a scramjet inlet 
indicate the possibility of supersonic drag reduction due to modification/dissipation of 
shock waves as well as enhanced total pressure recovery in an inlet. Development of 
advanced numerical simulation tools is critical both in understanding the complex 
physics of these flow as well as for evaluation of "MHD control concepts" when they are 
applied to real three-dimensional configurations. 
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