THEORETICAL ANALYSIS AND NUMERICAL EVALUATION OF THE FLOW INSIDE THE SUPERSONIC NOZZLE FOR CHEMICAL LASERS
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Abstract: The main objectives of work in this area are, first, obtaining the high laser energies in short time durations needed for the feasibility studies of laser induced thermodynamically exothermic chemical reactions, second, investigating the physical principles that can be used to make laser sources capable of delivering high average powers. We note that, in order to reach both objectives, one has to convert electrical or chemical energy into laser energy, using dense gaseous media.. We present results from the early development of an F atom source appropriate for HF and DF chemical laser research. We next explain the very important difficulties encountered in working with dense gases for that purpose, and we shall describe how, especially at Evaluation of downstream-mixing scheme –levels transitions (001) → (100) and (001) → (020) gas dynamic laser The physical phenomena that control the operation of presently existing laser devices are now sufficiently well understood, so that it is possible to predict that new generations of lasers could be designed in the future. The proposed model of excitation and relaxation levels was finally proved by the computational numerical code of Matlab toolboxes of different parameters of nozzle.
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Introduction: Chemical lasers offer the obvious advantage that the population inversion is produced by selective chemical reactions; Chemical compounds are able to store large amounts of energy that may be partially released in exothermal chemical reactions, i.e. the ones proceeding with liberation of energy. It has been rather attractive to convert this energy into coherent optical radiation. Here are some examples of the substitution reactions useful for lasing action (* indicates an excited state). The deuterium fluoride chemical transfer laser, here we give a short exposition to a chemical transfer laser operating in CO2 lines excited by the reaction between deuterium and fluoride. The reactor chamber of the laser, shown in Fig. 1, receives through one port a mixture of helium (carrier gas) and molecular fluorine, and through another port a mixture of nitrogen monoxide and carbon dioxide, The reaction is: 
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                    H+C12 →HCl*+Cl              (1)

Cl+HI→HCI*+I

The excited DF* molecules transfer their energy to the CO2 molecules that lase in the optical resonator where they enter with the gas flow.  Although these reactions produce species in the excited state, the dissociation of the hydrogen, fluorine, or chlorine atoms from their initial molecular states (H2 , F2 C12) must be accomplished with an additional energy source (say a flash lamp or a thermal source). Therefore, the chemical reaction should be not only initiated but also maintained by creating new chemically active species instead of those eliminated from the chain. The number of lasing species also declines through the processes deactivating the upper laser level. Under equilibrium conditions the ratio of the number of molecules in an upper and lower state are given by the Boltzmann distribution:
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This then leads to the concept of partial inversions characterized by vibrational and rotational "temperatures." For a diatomic molecule, in the harmonic oscillator-rigid rotator approximation the energy levels are given by:
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The number of molecules in a vibrational state is given by:
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In any given vibrational level the rotational level populations are given by:  
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A DF can be converted to CO2 lasing with the conventional devices and appropriate changes to resonator optics, in one cubic centimeter of gaseous media has about 1016 to 1017 of such species. This conversion may be possible because of a relatively efficient near resonant vibrational energy transfer between the two molecules via the reaction:
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1. Physical problem

[image: image7.emf]
Fig.1. Schematic of a hydrogen- fluoride chemical transfer laser. 1 chemical reactor chamber,

2 resonator volume, 3 output mirror, 4 laser output
 The inversion production mechanism in the gas dynamic CO2 laser,similar to other types of CO2 lasers, here the population inversion is obtained between the (001) and (100) states and (001) and (020) states of the CO2 molecule. The processes of resonant energy transfer from the HF-DF(v=1) molecules take an important part in populating the (001) upper laser level. Water molecules introduced into the mixture aid in rapid sweeping out lasing molecules in the (010) state. The thermodynamic pumping is remarkable in that now the vibrational states of the HF-DF (v=1) and CO2 molecules are populated through thermal" rather than electronic, excitation.

It is essential that the excited vibrational level of the HF(v=1) molecule and state (001) of the CO2 molecule depopulate slower than states (100), (020), and (010).
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Fig.2. analogical approach-Rate-controlling processes in CO2 laser . Groups 1 and 2 represent the collective lower and upper laser levels. Group 3 represents the excited metastables such as HF-DF

1. Simulation model and governing equations

The following hypotheses are considered for the nozzle problem formulation: two-dimensional equilibrium flow, inviscid flow (where the dissipative transport phenomena of viscosity, mass diffusion, and thermal conductivity are neglected), there is no body force acting on the fluid and there is no heat addition. The development of the following equations is detailed in Anderson (1995) and the main steps are described below. At a given location, a gas is characterized by the fluid parameters and the relative mole fractions of the gas components. Variables include (1) static temperature T, (2) static pressure P, (3) density ρ, and (4) gas velocity U. Knowledge of the stoichiometry allows one to also calculate the average molecular weight W, the heat capacities at constant pressure CP and temperature CV, the specific heat ratio CP/CV, and the speed of sound c. When considering the evolution of kinetic processes, one simply uses the velocity U to relate position and time, using dx = Udt. At high velocities, where compressibility of the gas becomes significant, the flow behavior becomes complicated. This regime is usually defined to occur when the Mach number, M = U/c, becomes greater than ~0.3. For the case of a nonreacting flow with neither friction nor heat addition (isentropic), the flow is characterized by its stagnation properties, which correspond to flow conditions after the flow is isentropically brought to rest, given by:
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If the above equations are applied at the throat where  M =1, the critical area signified by an asterisk , (*) superscript, the energy equation takes the forms
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where P, T, and ρ are the static properties and P0, T0, and ρ0 are the stagnation properties. Gas flows that travel isentropically through a duct with variable cross section A satisfy Equations 
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Equations (7-9) and (10-11) are the characteristic equations and are solved by finite differences. The aforementioned equation is valid for any point in a nozzle, when the values for a, M and  ρ, present at this point, are filled in. The mass flow through a nozzle is determined by the narrowest cross section of the nozzle. With the diminishing cross section, the velocity M = 0 at the condition p1, T1 and ρ1, increases up the narrowest point of the nozzle. At critical or over-critical pressure drops, sonic velocity is reached at this point. Supercritical pressure drops followed by a diverging nozzle section (LAVAL NOZZLE) further increase the velocity. This critical pressure ratio is only dependent on the ratio of the specific heat capacities CP/CV, and therewith constant for a particular. The mass flow through a nozzle whose inlet pressure p1 is constant, first increases

with decreasing pressure downstream of the nozzle. The mass flow reaches its maximum at the critical pressure ratio and from then on remains constant. For the calculation of mass flows through a nozzle, two cases have to be considered:

a) critical or supercritical pressure drops

b) subcritical pressure drops
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Figure.3. Flow conditions behind an oblique shock wave for the free stream Mach number
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Fig. 4.Temperature and Mach number distribution inside the nozzle convergent-divergent Nozzle

 The gas equation of state, which is usually well approximated by the ideal gas law, allows calculation of the mass density and local molecular concentrations of the various gas constituents based on temperature and pressure. The classical governing equations can be written in the conservation form as Continuity equation (mass conservation equation)
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Themselves, thus the basic set of equations are unsteady, two-dimensional form of laminar Navier-Stokes equations, augmented with appropriate species continuity, global continuity, energy, state equation and the vibrational relaxation equations, which can be expressed as:

Conservation of species equation.
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Equation of state
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In the above equations, ρ, p and T are the density, the static pressure and temperature, is the universal gas constant, ωi and  Wi are the net reaction rate and the specific weight of the ith species and N is the total number of species of the system. Considering i as the indices of the species (with a total of N ) and k as the indices of the reactions (with the total of K ), the expression for the net production rate wi , for the ith species can be written as
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Where vik is the stoichiometric coefficient (stoichiometric mole number) of the ith species and the kth reaction. The simulation model used for the present analysis is explained in detail by figures 5 and illustrates the upper laser level is state (001), the lower laser level is provided by states (020) and (100). The present system being a downstream-mixing chemical cavity, the pumping rate of the (001) level of CO2, by chemical exothermic reactions, HF-DF is the controlling factor in the evaluation of laser gain as the flow moves downstream of the nozzle exits;

The transition (001) → (100) yields a line at the wavelength λ= 10.4 μrn, whereas the (001) → (020) yields a line at λ = 9.4 μrn. The population of the (001) state builds up through inelastic collisions of the CO2 molecules with electron (electron impact) produced in the plasma of the discharge and with the excited nitrogen molecules (resonant energy transfer).
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Fig.5 energy diagram, r- resonance transitions, g- kinetic transitions in GDL-N2-CO2 analogy with DF-CO
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Fig.6.Values of the relaxation time of the decaying levels in nozzle to increase with time
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Fig.7.Flow gas as function of distance Nozzle throat region.
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Fig.8. Numerical simulation section area-thrust in nozzle
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Fig.9. variations levels transitions a supersonic speed (600μmsec) for the fluid flow in nozzle

2. Results and discussion

The validation of the nozzle code developed here was done for the same nozzle geometry described above considering only the air with no chemical reactions, with the ratio of specific heats (k=CP/CV) equal to 1.4. The region of interest for the present analysis starts from the nozzle exits extends downstream and remains confined between two centerlines severally transitions. This region for the sake of simplicity is referred as duct see figures 3-4 and 6-9. A supersonic stream of vibrationally excited pure chemical reaction HF-DF is mixed tangentially with a supersonic stream of cold CO2, at the nozzle exits. Due to mixing through molecular collisions, vibrational energy is transferred from DF (v=1), to cold CO2 with resonance transition transfer energy see figure 4. Under the simulation conditions , the transit time of fluid through the laser cavity  is about  24 μm sec, compared with  8μm sec resonant transfer  time between  CO2 and DF (v=1), and  75μm sec relaxation time  of the upper laser level. Relaxation time (010) → (000) is in the order 10μm sec. Thus, the mass flow only depends on the condition of the gas upstream of the nozzle and its properties. The coefficients of loss of well finished nozzles are today so well known that for the purpose of calculating the mass flow, the motive nozzles of jet pumps supply far more accurate values than any other form of throughput measuring. Therefore motive nozzles can be directly used for the exact calculation of the motive medium mass flow rate.
3. Conclusions
The main objective of this work is to evaluate the flow inside the transonic convergent-divergent nozzle of the supersonic combustion research facility. This study will help to design the nozzles geometry for the desired tests conditions and also it will help to find the relation between the flow test conditions and the mass flow rate of the  chemical reactions in prechamber of combustion (CO2+NO) and (F2+He). The method developed in this work yields two main results. One is to possess the ability of adjusting the relation between the flow generated at the inlet nozzle exit and the ratio of the reactant (HF-DF) mass flow rates at the relaxation in resonator optical unit entrance. It is recommended to have: velocity ratio between the CO2, and DF-HF mixing streams to reduce the viscous heating and hence the total temperature recovery in the mixing region. Further, the laminar mixing, though slow, is found to be very efficient as it gave rise to uniform mixed regions with homogeneous density distribution at large distances. All of the examples mentioned here are complicated with respect to the flow geometry and the flowing media, so we will use a simplifying model. This allows us to focus on the important aspects of a compressible flow, which is influenced by the sonic velocity, and the Mach number appears as an important variable for this type of flow
Acknowledgement

 This material is based upon work supported by the Research Laboratory LARHYSS; The authors (Equipe 03)) gratefully acknowledges the financial assistance provided by the Council of Scientific and Industrial Research-PNR-CNEPRU-of MESRS, and Laboratory LARHYSS-UMK-Biskra. We gratefully acknowledge this support

References

1. Anderson J D Jr 1976 Gasdynamic lasers: An introduction (New York: Academic Press)

2. Abbott, C., et al.: “New Techniques for Laser Micromachining MEMS devices,”

SPIE, 4760: 281, 2002.

3. Herbst, L., Simon, R., Paetzel, R., Chung, S.-H., and Shida, J.: “Advances in

Excimer Laser Annealing for LTPS Manufacturing,” IMID, 2009.

4. Delmdahl, R., Weissmantel, S., and Reisse, G.: “Excimer Laser Deposition of

Super Hard Coatings,” SPIE Photonics West, 7581, 2010.

5. Usoskin, A., and Freyhardt, H. C.: “YBCO-Coated Conductors Manufactured

by High-Rate Pulsed Laser Deposition,” MRS Bulletin, 29(8): 583–589, 2004.

6. Stamm, U., et al.: “Novel Results of Laser Precision Microfabrication with

Excimer Lasers and Solid State Lasers,” 1st International. Symposium on Laser

Precision Microfabrication, SOIE, Omiya, Saitama, Japan, 2000.

7. Paetzel, R.: “UV-Micromachining by Excimer Laser,” ICALEO, 2005

8. J.M. Herbelin, T.L. Henshaw, B.D. Rafferty, B.T. Anderson, R.F. Tate, T J. Madden, G.C. Manke 11, and G.D.Hager, "The Measurement of Gain on the 1.315 gm Transition in Atomic Iodine in a Subsonic Flow of Chemically Generated NCI(a'A),'' Chem. Phys. Lett_, 299, 583, 1999.

9. T.T. Yang, V.T. Gylys, R.D. Bower, and L.F. Rubin, "Population Inversion Between 1(2p 1/2) and 1(2 P3/2) of Atomic Iodine Generated by Excitation Transfer from NCl(a'A) to 1(2 P3/2),"' SPIE, 1871, 1993.

10. A.J. Ray and R.D. Coombe, "Energy Transfer from NCI(al A) to Iodine Atoms,", J. Phys. Chem., 97, 3475, 1993.

11.  A.J. Ray and R.D. Coombe, "An I* Laser Pumped with NCI(a'A),'' J. Phys. Chem., 99, 7849, 1995.

12. T.R. Hayes, R.C. Wetzel, and R.S. Freund, "Absolute Electron-Impact-Ionization Measurements of the Halogen Atoms," Phys. Rev. A, 35(2), 578, 1987.

13. F.A. Stevie and M.J. Vasile, "Electron Impact Ionization Cross Sections of F2 and C1b," J. Chem. Phys., 74(9), 5106,1981.

14. Universal Laser Systems. (Online) http://www.ulsinc.com/products/features/

index.php, 2010.

15. Ready, J. F., and Farson, D. F. (eds.). LIA Handbook of Laser Materials Processing, Magnolia Publishing, 2001.

16. Vogel, H. Gertson Physik, Springer, Berlin, 1995.

17. Schulz, J. “Diffusionsgekuehlte, koaxiale CO2-Laser mit hoher Strahlqualitaet,”

Dissertation. s.l. : RWTH Aachen, 2001. Bd. Dissertation.







PAGE  
1

_1471762530.unknown

_1471762535.unknown

_1471762537.unknown

_1471762538.unknown

_1471762539.unknown

_1471762536.unknown

_1471762533.unknown

_1471762534.unknown

_1471762531.unknown

_1471762528.unknown

_1471762529.unknown

_1471762526.unknown

