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or structures (see for instance [6]). This increases theimportance of attenuating the pressure �eld createdwithin the cavity. In order to succeed in systematicnoise reduction, a mathematical model that capturesthe essential features of the physical process will befundamental.A number of authors have studied the physicalmechanism that induces the acoustic waves alongwith di�erent means to control it. These e�orts haveinvolved a variety of cavity shapes and Mach num-bers. It is now known that this physical mechanismresults in di�erent characteristics depending on theratio length/depth (l=d) of the cavity. In this re-gard, a cavity is usually classi�ed as shallow or deepdepending on whether its ratio l=d is greater or isless than 2, respectively. In our considerations herewe discuss ow over a shallow cavity.In [6], H.H.Heller and D.B.Bliss consider a shal-low cavity for analysis and experiments. They de-scribe the uid/cavity interaction as a six step feed-back loop where instabilities of the shear layer causea mass addition/removal process at the cavity down-stream end. They predict the mode shapes and am-plitudes and implement suppression techniques toreduce them. In [3], Cain, Bower, McCotter andRomer consider the cases of supersonic and sub-sonic/transonic ow and give a classi�cation of theow type along with the corresponding pressure pro-�le for each case. They focus on the case of an \opencavity ow" consisting of cavities satisfying the con-dition l=d < 10, and describe the problem as a four-step process where each step is modeled and used todevelop a code for simulation. In [8], Rockwell andNausdacher consider three di�erent groups based on1



what originates and sustains the oscillations in thecavity. They discuss the physics characteristics andmathematical models for the frequencies and ampli-tudes in each case. In their paper they present anextensive summary and comparison of e�orts priorto 1978 in terms of analysis, attenuation means andexperimental results.Here we present a physical-based nonlinearmathematical model for the uid/structure interac-tion in a two-dimensional shallow cavity with 2 <l=d < 10. In this case the uid-induced oscillationprocess begins when a boundary layer separates atthe upstream end of the cavity, creating an unstablewave. This wave propagates and ampli�es down-stream across the top of the cavity until it reachesthe downstream end of the cavity, where it interactswith the structure, generating an acoustic �eld. Theacoustic wave then propagates back upstream insidethe cavity until it reaches the upstream end, feed-ing the disturbances in the shear layer (see, e.g., [3],[6], [8]). In most of the e�orts to date, the authorsconsider a linear model along with a semi-empiricalformula that predicts modal frequencies (see [3], [6],[8], [9]).We specify the characteristics of the ow consid-ering two large regions, one above the shear layerand one beneath it. The governing equations arederived where in each case the state equation forperfect gas is considered. Boundary conditions andshear layer interface conditions are de�ned. A weakformulation suitable for �nite element computationsis then given.MATHEMATICAL MODEL
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Incompressible Viscous FlowFigure 1: Two-Dimensional Open Cavity underHigh-Speed FlowThe model presented here is derived from theconservation laws of mass and momentum and thestate equation, which relates the pressure, the den-sity and the temperature of the uid.

We consider the two dimensional problem fora rectangular shallow cavity where the ratiolength/depth is greater than 2 but less than 10 (re-ferred to as \open cavity ow" by Cain et al.), as de-picted in Figure 1. The freestream ow is assumedto have a uniform mean speed denoted by U with aMach numberM . The uid in this region is assumedto be a perfect gas, with small variations in density,and thus it may be regarded as incompressible andviscous. However, inside the cavity, it is assumedthat the viscous e�ects above the shear layer do notplay a key role in the creation and propagation ofthe acoustic waves. Hence, as our �rst approximat-ing model we assume a compressible inviscid uidabove the shear layer, inside the cavity, and incom-pressible viscous ow everywhere else.We also assume that the uid temperature is thesame outside and inside the cavity, and thus the sta-tionary values for pressure and density are the sameinside and outside of the cavity.Based on these considerations, we proceed to de-rive the equations for the motion of the ow.Governing Equations for the Freestream FlowConsider �rst the freestream ow, which is as-sumed to be viscous, incompressible with a uniformmean speed U (see Figure 1). Therefore, its motionmay be described by the Navier-Stokes equations@uf@t + (uf �r)uf = 1�f r� h��ruf + (ruf )T�i�rpf�f ; (1)the continuity equation or conservation of mass law,@�f@t = �r�(�fuf ) = �r�f �uf (2)and the state equation for perfect gaspf = �fRT; (3)where uf = (uf ; vf ) is the velocity of the ow, �fis density, � is the viscosity coe�cient, pf is thepressure, R is a constant, called the gas constant,and T is the temperature. If the uid's viscosity� is taken to be constant in space, the equation ofmotion (1) becomes@uf@t + (uf �r)uf = ��f �uf � rpf�f : (4)2



Remark 1 If � does not depend on space we haver� h��ruf + (ruf )T�i = �r��ruf + (ruf )T�and since r� (ruf )T = r (r�uf ) ;which vanishes for incompressible ow, it turns outthatr� h��ruf + (ruf )T�i = �r�ruf = ��uf :The speed of sound of a perfect gas, denoted byc, is given byc2 = RT;  = CpCv ;where Cp is the speci�c heat at constant pressureand Cv is the speci�c heat at constant volume. Inparticular,  = 1:4 for air. Then, the equation ofstate is given by pf = c2 �f : (5)Note that we assume that the temperature is con-stant, thus the speed of sound c is also constant. Byde�ning c20 = c2 ;we may write pf = c20�f : (6)Combining the continuity equation (2) and thestate equation (6) we have@pf@t = �r�(pfuf ) = �rpf �uf : (7)Since variations in uid density in the freestreamow are very small, we may approximate �f by itsmean value �0. Therefore, the equations of motionfor the freestream ow reduced to@uf@t + (uf �r)uf = ��0�uf � rpf�0 (8)@pf@t = �r�(pfuf ) (9)pf = c20�f : (10)Remark 2 Note that we approximate �f by �0 onlyin the Navier-Stokes equations.

Governing Equations for the Acoustic WavesThe acoustic waves inside the cavity propagatein a region determined by the shear layer and thecavity. It was observed in experiments conductedby Heller and Bliss, [6], that the cavity uid can bedescribed by the acoustic wave equation; hence theuid may be regarded as compressible and inviscid asdepicted in Figure 1. In order to model the motionof the acoustic waves we consider the basic equationsof balance of mass and momentum and the equationof state.Hence, the equations that describe the uid mo-tion are the Euler's equations@uc@t + (uc�r)uc = �rpc�c ; (11)the continuity equation@�c@t = �r�(�cuc) (12)and the state equationpc = c20�c: (13)Here uc = (uc; vc), �c and pc are the velocity, densityand pressure of the uid in the cavity and above theshear layer, respectively.Remark 3 Note that the state equation is analo-gous to that for the uid below the shear layer (10).We now apply the time derivative to Euler'sequation (11)@2uc@t2 + @@t [(uc�r)uc] = � @@t �rpc�c �= 1�2c @�c@t rpc � 1�cr�@pc@t � : (14)The above equation, the continuity equation (12)and the approximated state equation (13) yield@2uc@t2 + @@t [(uc�r)uc]= �r�c�c �ucrpc�c �r�ucrpc�c+ c20r [r�(�cuc)]�c : (15)3



By means of the following identities (see [4])�u = r(r�u)�r� (r� u);r� (fu) = fr� u+rf � uandr� (u�w) = ur�w�wr�u+ (w�r)u� (u�r)w;where u;w are vector functions and f is a scalarfunction, and since the ow is irrotational outsidethe vortex sheet, we may writer [r�(�cuc)] = �(�cuc) +r� [r� (�cuc)]= �(�cuc) +r� (r�c � uc)= �c�uc + 2ruc�r�c +r�cr�uc+ (uc�r)r�c � (r�c�r)uc:By using the above identity in the equation (15),the nonlinear acoustic equation becomes@2uc@t2 + @@t [(uc�r)uc]� c20�uc= �r�c�c �ucrpc�c �r�ucrpc�c+ 2c20ruc�r�c�c + c20r�c�c r�uc+ c20 (uc�r)r�c�c � c20 (r�c�r)uc�c : (16)Combining this with the state equation (13) we�nd that it is equivalent to@2uc@t2 + @@t [(uc�r)uc]� c20�uc= �c20r�c�c �ucr�c�c + 2c20ruc�r�c�c+ c20�c [(uc�r)r�c � (r�c�r)uc] : (17)Therefore, the motion inside the cavity may bedescribed by the following equations@2uc@t2 + @@t [(uc�r)uc]� c20�uc= �c20r�c�c �ucr�c�c + 2c20ruc�r�c�c+ c20�c [(uc�r)r�c � (r�c�r)uc] (18)@�c@t = �r�(�cuc) (19)pc = c20�c: (20)
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Freestream Figure 2: Boundary ConditionsWe assume that the ow satis�es the no-penetration condition at the walls of the cavity andthe no-slip condition at the walls outside the cavity,that is,uc�n = 0; at cavity wallsuf = 0; at surfaces outside the cavity:(21)Here n denotes the unit vector normal to the wall(see Figure 2) and 0 is the null vector, that is,0 = (0; 0).Also, we assume that there is no change in pres-sure magnitude in the normal direction at the walls,either inside or outside the cavity, i.e.rpc�n = 0; rpf �n = 0; (22)at the walls.Remark 4 The conditions on the pressure followfrom the Navier Stokes equations (8) and equation(18) by considering the normal component to thewalls of each term and assuming that the �rst andsecond derivatives of the velocity components aresmall and may be neglected.Interface ConditionsThe uid is governed by di�erent di�erentialequations depending on whether it is above or be-low the shear layer. In this section we specify theinterface or coupling conditions to be satis�ed by thevelocity and pressure at the shear layer.4



Interface Condition for the VelocityAs stated in the introduction, the shear layergenerates and feeds acoustic waves inside the cavitywhich in turn, feed disturbances in the shear layer.This process induces di�erent velocity distributionsin the uid above and below the shear layer, so thatwe have a uid owing one above the other havingdi�erent velocity pro�les, which is a special case ofa Kelvin-Helmholtz instability. In particular, thereis a discontinuity of the velocity in the tangentialdirection with respect to the shear layer, while thevelocity in the normal direction remains continuous.(For more details concerning Kelvin-Helmholtz in-stabilities see [1], pp. 511-513; [5], pp. 15-17; [7],pp. 216 ss). Let us denote the velocity of the shearlayer by uis and the unit vector normal to the shearlayer by n. Then, we haveuc�n = uis�n = uf �n:To develop appropriate interface conditions, theshear layer is viewed as an in�nitesimally thin sur-face, a surface of discontinuity, separating the twouid ows (see Figure 3).
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������

����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������

n

v
u

=(u, v)u

Shear Layer   y=h(t,x)Figure 3: Interface BoundaryRemark 5 It is important to note that the tangen-tial and normal components of the velocity with re-spect to the shear layer are not necessarily the hori-zontal and vertical components of the velocity. Thisis depicted in Figure 3.We de�ne H(t; x; y) � h(t; x)�y where the shearlayer interface is de�ned by yis = h(t; x) and they�axis is positive downward with y = 0 at themouth of the cavity. Then the normal to the shearlayer at any time t is given byn = rHjrHj :

where rH = (@H@x ; @H@y ) = (@h@x ;�1):Thus the interface condition uc�n = uf �n at y = hbecomes uc@h@x � vc = uf @h@x � vfor (vf � vc)jy=h = (uf � uc)jy=h @h@x : (23)Moreover, if we consider uf as equivalent to thefreestream mean velocity U , the above identity maybe approximated by(vf � vc)jy=h = (U � ucjy=h)@h@x : (24)Remark 6 From the equation (23) we can see thatvf = vc if h(t; x) is constant in x (i.e., the shearlayer is horizontal) or in the special case that thehorizontal velocities uf and uc coincide (i.e., thereis no shear layer).Remark 7 In equation (24) we have approximateduf by the mean freestream velocity, U . We are, thus,assuming that the uid ow below the shear layer isdriven mainly by the freestream, and the perturba-tions produced by the shear layer are small comparedto U .Remark 8 Above the shear layer, the ow has zerohorizontal mean velocity. However, at a particularposition uc varies in direcction and magnitude, andits value may be high compared to its mean value0. Approximating uc by its mean value would entailaveraging the velocity in the whole cavity and for thisreason we do not make this approximation on uc.Interface Condition for the PressureAnother interfacial condition is given by thestress tensor, which must have a continuous normalcomponent at the interface (see [1], [5], [7]). Since weneglect viscosity e�ects inside the cavity, the stresstensor inside the cavity is given bySc = �pcI;where I denotes the identity operator. On the otherhand, the stress tensor in the freestream ow is givenby Sf = �pf I + ��ruf + (ruf )T� ;5



and thus, the stress condition reduces to�pcnjy=h = �pfnjy=h+�n� �ruf + (ruf )T����y=h ;or equivalently,(pf � pc)njy=h = �@uf@n ����y=h + �n� (ruf )T ���y=h :(25)Furthermore, we assume that viscous terms of thestress in the direction normal to the shear layer aresmall compared to the pressure terms, i.e.� @uf@n ����y=h + n� (ruf )T ���y=h! << (pf � pc)njy=h ;and therefore it may be neglected.Remark 9 In other words, we are approximatingthe stress component normal to the shear layer bythe pressure in the normal direction, i.e.n�Sf jy=h � � pfnjy=h :Hence, we obtain the continuity condition for thepressure at the interfacepf jy=h = pcjy=h: (26)Remark 10 If the uid is considered inviscid ev-erywhere, the condition of continuity for the pres-sure follows immediately from the continuity of thetensor.Approximation of the Interface SurfaceBy considering the shear layer as the boundarywhere the interface conditions are imposed, we aredealing with a moving domain. For computationalpurposes we approximate the interface surface by thearti�cial boundary y = 0, which is just the straightline connecting the ends of the cavity. Therefore, theinterface conditions are further approximated byvf jy=0 = vcjy=0 + �U � ucjy=0� @h@x; (27)pf jy=0 = pcjy=0: (28)
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Figure 4: DomainTHE FLOW-CAVITY MODELWe collect the equations, boundary conditionsand interface conditions discussed in our proposedow-cavity model.Consider the open sets 
f ; 
c de�ned by
f = f(x; y) : x 2 (x0; x3); y 2 (0; yf )g ;
c = f(x; y) : x 2 (x1; x2); y 2 (yc; 0)gwith x0 << x1 < x2 << x3 and yc < 0 << yfand boundaries @
f = �f and @
c = �c.Due to the di�erent conditions on the bound-aries, we subdivide �f and �c as follows�f = �e [ �s [ �is �c = �w [ �iswhere �e; �s; �is and �w are given by (see Figure4) �e = f(x0; y) : y 2 (0; yf )g[ f(x; yf ) : x 2 (x0; x3)g[ f(x3; y) : y 2 (0; yf )g�s = f(x; 0) : x 2 (x0; x1) [ (x2; x3)g�is = f(x; 0) : x 2 (x1; x2)g�w = f(x1; y) : y 2 (yc; 0)g[ f(x; yc) : x 2 (x1; x2)g[ f(x2; y) : y 2 (yc; 0)g :We consider the interaction ow-cavity withinthe domain 
 = 
f [ 
c. The ow motion can bedescribed by combining the equations for the uid ineach subdomain, given by equations (8)-(10), (18)-(20), boundary conditions for velocity and pressure,including (21) and (22), and the interface conditionsfor velocity and pressure, (27),(28).6



The model then consists of a set of coupled equa-tions given by@uf@t + (uf �r)uf = ��0�uf � rpf�0 (29)@pf@t = �r�(pfuf ) (30)pf = c20�f (31)@2uc@t2 � c20�uc = � @@t [(uc�r)uc]� c20r�c�c �ucr�c�c + 2c20ruc�r�c�c+ c20�c [(uc�r)r�c � (r�c�r)uc] (32)@�c@t = �r�(�cuc) (33)pc = c20�c (34)where uf ; pf ; �f are de�ned on 
f and uc; pc; �c arede�ned on 
c, with boundary conditionsuf=c =M; vf = 0 pf = pe on �e (35)uf = 0; rpf �n = 0 on �s (36)uc�n = 0; rpc�n = 0 on �w (37)where pe is a given pressure distribution on �e, andcoupling conditions on �isvf jy=0 = vcjy=0 + (U � ucjy=0)@h@x ; (38)pf jy=0 = pcjy=0:Here we have assumed that the arti�cial boundary,denoted by �e, is far enough from the cavity so thatthere are no e�ects from uid/structure interaction.WEAK FORMFor both theoretical and computational consid-erations it is often convenient to write a model suchas that derived above in a weak or variational form.We do that here, following the general ideas used in[2] and [10].

First, we de�ne the framework for theuid/structure interaction model given above. LetVf be the subspace of �H1(
f )�2 de�ned byVf = n	 2 �H1(
f )�2 : r�	 = 0 in 
f ;	 = 0 on �f � �isg ;equipped with the �H1(
f )�2-normkuk2Vf = kuk2[H1(
f )]2 = 2Xi=1 kuik2H1(
f )and juj2Vf = 2Xi=1 jruij2[L2(
f )]2 :Let Wf be the subspace of H1(
f ) de�ned byWf = �� 2 H1(
f ) : � = 0 on �e	equipped with the H1(
f )-norm, and let Vc be thesubspace of �H1(
c)�2 de�ned byVc = n	 2 �H1(
c)�2 : 	�n = 0 on �w o ;equipped with the �H1(
c)�2-norm.Let 	 2 Vf ; � 2 Wf ; 	 2 Vc and � 2 H1(
c)and consider the variational form of the system (29)-(34) with uf 2 Vf , pf and �f 2 Wf , uc 2 Vc andpc; �c 2 H2(
c).We will seek solutions that satisfy homogeneousboundary conditions since these can be translatedinto solutions satisfying (35) in a straight forwardmanner (see [2]).We then have, along with the coupling equations(38), the system�@uf@t ;	�+ ((uf �r)uf ;	) = � 1�0r� ~S;	� (39)�@pf@t ; ��+ ( r�(pfuf ); �) = 0 (40)(pf ; �)� c20 (�f ; �) = 0 (41)�@2uc@t2 ;	�+� @@t [(uc�r)uc] ;	�7



�c20 ��uc;	�+ �c20r�c�c �ucr�c�c ;	��� c20�c [(uc�r)r�c � (r�c�r)uc] ;	�� 2c20�ruc�r�c�c ;	� = 0 (42)�@�c@t ; ��+ �r�(�cuc); �� = 0 (43)�pc; ��� c20 ��c; �� = 0; (44)where ~S is de�ned by~S � �pfI + �ruf :Remark 11 Recall that for � constant the diver-gence of the stress tensor, given byr�Sf = r�n�pfI + � hruf + (uf )T io ;reduces tor�Sf = r� (�pfI + �ruf ) :(see Remark 1). Thus, we haver�Sf = r� ~S:We note that((u�r)v;w) = �(v� (rw)T ;u) + (v n�u;w)�is(45)for u;v;w 2 Vf . This identity follows fromr�(v u) = (u�r)v + vr�u; (46)for v 2 H1(
f ); u 2 �H1(
f )�2, combined withGreen's formula(r�	; �)
f = (n�	; �)@
f � (	;r�)
f ; (47)where 	 2 �H1(
f )�2 ; � 2 H1(
f ). The argu-ments for (45) are given by((u�r)v;w) = ((u�r)v1; w1) + ((u�r)v2; w2)= (r�(v1 u)� v1r�u; w1)+ (r�(v2 u)� v2r�u; w2)= �(v1 u;rw1) + (v1n�u; w1)�f�(v2 u;rw2) + (v2n�u; w2)�f= �(v� (rw)T ;u) + (vn�u;w)�is ;

where we recall that r�u = 0 in 
f and w = 0 on�f � �is.Again using Green's formula and introducing thecoe�cient of kinematic viscosity denoted by � =�=�0, we see that the equation (39) becomes�@uf@t ;	�� �uf � (r	)T ;uf�� (ufvf ;	)�is+(�ruf ;r	) + (pf=�0n;	)�is = 0: (48)Remark 12 Note that in the above computation weassumed @uf@n = ruf �n � 0 on �is;so that �n� ~S=�0;	��is � � (n pf=�0;	)�is :Remark 13 In the equation (48) we have used thefact that the outward normal vector to �is is pointingupward, away form 
f , and because of the coordinatesystem chosen, we haveuf �n = �vf :Consider now the equation (42) given by�@2uc@t2 ;	�+ � @@t [(uc�r)uc] ;	�� c20 ��uc;	�+�c20r�c�c �ucr�c�c ;	��� c20�c [(uc�r)r�c � (r�c�r)uc] ;	��2c20�ruc�r�c�c ;	� = 0:The second term on the left side can be written as� @@t [(uc�r)uc] ;	� = ��@uc@t �r�uc;	�+�(uc�r) @uc@t ;	� :(49)By arguments similar to those below equation (45),we �nd the following identity for u;v;w 2 Vc:((u�r)v;w) = �(v� (rw)T ;u)� (vr�u;w)+(v n�u;w)�is : (50)8



Applying this identity to each term on the right sideof (49), we �nd� @@t [(uc�r)uc] ;	�= ��uc� �r	�T ; @uc@t ���ucr��@uc@t � ;	�+�ucn�@uc@t ;	��is ��@uc@t � �r	�T ;uc���@uc@t r�uc;	�+�@uc@t n�uc;	��is= ��uc� �r	�T ; @uc@t ���@uc@t � �r	�T ;uc��� @@t (ucr�uc) ;	�+� @@t (ucn�uc) ;	��is :We substitute this back into equation (42) to ob-tain�@2uc@t2 ;	�+ c20 �ruc;r	�+ c20 �n�ruc;	��c��uc� �r	�T ; @uc@t ���@uc@t � �r	�T ;uc��� @@t (ucr�uc) ;	�+� @@t (ucvc) ;	��is+�c20r�c�c �ucr�c�c ;	�� 2c20�ruc�r�c�c ;	��� c20�c [(uc�r)r�c � (r�c�r)uc] ;	�= 0: (51)Therefore, by using equations (48) and (51) and(38), the variational formulation for the system (29)-(34) may be written as the coupling equation (38)along with the equations�@uf@t ;	�+ a(uf ;	)� b1 (uf ;	;uf )� (ufvf ;	)�is + (pf=�0n;	)�is = 0 (52)�@pf@t ; ��� e(uf ; pf ; �) � (pf vf ; �)�is = 0(53)�pf � c20 �f ; �� = 0 (54)�@2uc@t2 ;	�+ c20 a(uc;	)

� �b1�uc;	; @uc@t �+ b1�@uc@t ;	;uc��� �b2�@uc@t ;uc;	�+ b2�uc; @uc@t ;	��+ c20 d�uc; r�c�c ;	�� 2c20 b11�uc; r�c�c ;	��c20 �b3�uc; r�c�c ;	�� b3�r�c�c ;uc;	��+c20 �n�ruc;	��c +� @@t (ucvc) ;	��is = 0(55)�@�c@t ; ��� e(uc; �c; �) + (vc�c; �)�is = 0 (56)�pc � c20 �c; �� = 0; (57)where the forms a(�; �), b1(�; �; �), e(�; �), a(�; �),b1(�; �; �), b11(�; �; �), b2(�; �; �), b3(�; �; �), d(�; �) ande(�; �; �) are de�ned as followsa(u;v) = (�ru;rv) ;b1(u;v;w) = �u� (rv)T ;w� ;e(u; p; q) = (p u;rq) ;a(u;v) = (ru;rv) ;b1(u;v;w) = (u� (rv)T ;w);b11(u;v;w) = (ru�v;w);b2(u;v;w) = (ur�v;w);b3(u;v;w) = ((u�r)v;w) ;d(u;v;w) = ((u�v)v;w) ;e(u; r; q) = (ru;rq) ;with u;v;w 2 Vf , p; q 2 Wf , u;v;w 2 Vc and r; q 2H1(
c). REFERENCES[1] G.K. Batchelor, An Introduction to Fluid Dy-namics, Cambridge University Press, 1967.[2] H.T. Banks and K. Ito, \Structural ActuatorControl of Fluid/Structure Interactions," Proc. 33rdConference on Decision and Control, Lake BuenaVista, Fl, Dec. 1994, pp.283-288.[3] A.B. Cain, W.W. Bower, F.McCotter andW.W.Romer, \Modeling and Prediction of WeaponsBay Acoustic Amplitude and Frequency," P.O.P61100-5016, Technical Report Submitted to VEDAInc., Feb. 1996.9
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Figure 5:  Flow-Cavity Model

u  = 0∆

p    =0n.

u  /c = M
v  = 0 fp  = p

f

f

f

f

p  = pf fp  = p
e

e

e

∆

p    =0n.
u  = 0f

f

fv  = 0

u /c = Mf

fv  = 0

n.c

c

n.
c

cp    =0

∆

n.c

cu =0

p    =0p    =0

∆

∆

u =0

v =0

u =(u,v)

y

x

Nonlinear Acoustic Eqns.

Interface Conditions

u /c = Mf Navier-Stokes Equations

10


