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Abstract

The problem of laminar supersonic flow past an eroding hump is formulated on the basis of the triple deck theory. The result-
ing lower deck problem is intrinsically unsteady with a moving boundary, the hump surface. Numerical solutions are obtained,
starting from a steady hump flow till the hump and its contamination particles are totally removed from the computational do-
main. Typical results are presented; showing how the erosion of the hump progresses, and how the contamination spreads. The
effect of the Schmidt number is also studied. The results attest to the validity of the triple deck model as well as the numerical
solution method.

0 2004 Elsevier SAS. All rights reserved.

Keywords: Supersonic triple deck; Moving boundary; Eroding hump; Contamination; Numerical solution

1. Introduction

Flows past surfaces that erode, contaminating the fluid, are encountered in many situations. An example of environmental
impact is the contamination of air as wind passes over piles of chemical waste or sand hills. Another example is re-entry flights,
which involve ablation of surface coating at supersonic speeds to guard against overheating. Erosion caused by fluid flow is also
used for machining and polishing of surfaces.

To understand the erosion process and estimate the extent and time scale of the contamination process, we study the supe
sonic flow past a hump that erodes shedding its particles to the flow. The mathematical model we choose is that of the triple
deck theory [1]. It is an asymptotic model valid in the limit of infinite Reynolds number that takes into account the strong
viscid/inviscid interaction, which accompanies fast streamwise changes.

Numerous triple deck problems can be found in the literature. The one of concern to the present work is the flow past a
hump. The steady two-dimensional problem was first formulated by Smith [2] and solved numerically by Napolitano, Davis
and Werle [3]. Smith, Sykes and Brighton [4] handled a three-dimensional hump. Sykes [5] included upper deck stratification
in his steady hump flow. The unsteady hump problem was analyzed by Duck [6,7] and Bodonyi et al. [8]. The unsteadiness is
externally imposed on the flow, and interest is mainly directed toward wave formation.
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Nomenclature
a* sonic speed A X-step size
A displacement function e small parameter; = Re~1/8
c(0) concentration (normalized) N4, Nbe NF CONvergence tolerances
¢s (Cs) saturation concentration (normalized) 0* temperature
f* (F) height of hump (normalized) Kc* heat conductivity
}(l}* co?ﬁelntratlon gradient function WF diffusion coefficient
enthalpy * (u*) first (second) viscosi
i (1) _counFer ofX-grid lines (end value) ZZ W) norm(alizatior?factor f(t)yt
z identity tensor_ _ o* density of fluid
é*(J) Ic;onugr:the(r)fo;yur%r;)d lines (end value) o* density of hump
« . T boundary layer shear stress
L length of flat plate preceding hump " .
Ma freestream Mach number ¢ surface functlf)n .
p* (P) pressure (normalized) 1) reciprocal of time step size
0 pressure gradient function
r relaxation factor Operators
R* gas constant N , R
Re freestream Reynolds number D . subs_tantlal derivative
8 Schmidt number v gradient _
*(T) time (normalized) (), derivative of () with respect to
I* shear stress tensor
u* (U) longitudinal velocity (normalized) Subscripts
v* (V,v) lateral velocity (normalized, shifted) L . i
v velocity vector b (B) current (!n!t!al) begfnnmg.pomt of hump
W shear function e(E) F:u.r_rent (initial) ending point of hump
x* (X) longitudinal coordinate (normalized) Y initial
y* (Y, y) lateral coordinate (normalized, shifted) S surface
00 freestream
Greek letters
B Mach factor;8 = |[Ma2 — 1|1/2 Sjperscn;.)ts _
v, ¥’ ratio of specific heats;’ =y /(y — 1) k iteration counter
r* body force per unit volume n time level counter
S y-step size * dimensional quantity

The present problem has several new features that distinguish it from previously handled triple deck problems, and make its
numerical solution a difficult task. It is unsteady; the unsteadiness being intrinsic due to the erosion process. The surface of the
hump is a moving boundary that diminishes both longitudinally and laterally. The concentration enters as an additional variable,
together with its transport equation and abruptly changing boundary conditions.

Nonetheless, it was possible to compute a solution, starting from a steady state hump flow till the complete removal of the
hump and its contamination particles from the computational domain. The moving boundary of the hump was transformed
into a fixed one through an unsteady version of Prandtl's transposition (shift) theorem [9]. The steady problem was solved by
the efficient steady solver of El-Mistikawy [10]; which adopted a non-iterative, second order accurate streamwise marching
technique. The solution of the unsteady problem advanced in time in an iterative implicit manner with first order accuracy.
All terms in the problem were represented in the new time level; except for the time derivative terms, which used backward
representation. The resulting problem, being as close as could be to the steady problem, was solved by the steady solver.

The numerical results give plausible account of the erosion and contamination processes. The effect of the Schmidt num-
berc, representing the ratio of momentum to concentration diffusivities, is explored. As expected, an incBeaséannd to
cause a decrease in the erosion rate and lateral spread of the contaminant; in accordance with the limiting b8hgviovas
indefinitely.
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Fig. 1. Flow configuration.

2. Statement of the problem

A two-dimensional laminar compressible flow along a semi-infinite flat plate encounters a contamination spot in the form
of a hump (Fig. 1). At the leading edge of the plate, we introduce Cartesian coordinater&asng the plate pointing
downstream ang* in the outward lateral direction. The hump has density It begins at point B at a distandg® from the
leading edge, and extends a distafitéo end at point E. Its height is described by

Yi=foF =LY, LT<xt KLY+ (1a)

The whole surface is maintained at a fixed temperafgrat which the clean fluid has densit§ and viscosityus, and
admits saturation concentratiogand diffusion coefficient§.

Far from the surface, the uncontaminated freestream has uniform velggity the x* direction, temperaturé’, density
Pao, Pressurep’ , sonic speedy,, and viscosityu’,. The freestream is supersonic with Mach numbler= u} /a%, > 1.

The Reynolds numbdRe= pX uj L*/uj, is large and relates to a diminishing parameterRe~1/8.

For ¢* = O(¢3L*) and fa= O(s3L*), the boundary layer structure forming upstream of the hump develops into a triple
deck structure around the hump. The lower deck problem for this steady flow was obtained by Smith [2] and solved numerically
by Napolitano et al. [3].

At time r* = 0, erosion starts as particles of the hump diffuse into the flow to be washed downstream by the oncoming
clean fluid. The contamination is, therefore, confined to the lower deck and its downstream continuation. The steady triple deck
structure remains intact; however, the lower deck has to be corrected for the unsteady contamination process. The lower deck
variables show dependence on the tirfiewhich has to be QZL*/u’go) for the unsteadiness to be of leading order effect.

In particular, the hump is, now, described by

YO= R L), xp () <xT<xE "), (1b)
where f*(x* — L*,0) = fF(x* — L*), xg(O) =xg =L* andxg(0) = xf = L* 4 £*.
(Henceforth,f* is extended to describe the entire surface, given zero value outside the infereal™ < x£. The entire
surface can therefore be describedyiy= f*, or alternatively, byp™(x*, y*, r*) = 0 wherep™ = y* — f*.)

The governing continuity, momentum, concentration, and energy equations are written here for completeness. For details,
see, for example, reference [11].

D*p* + p*V*.v* =0, (2a)
p*D¥c=V*. (1*V¥c), (20)
,O*D*h* _ D*p* = g% ViV L VE. (K*V*Q*). (2d)

They are supplemented by the perfect gas laws
p*=R*p*9*, a*2=yR*9*, h*z]//R*Q* (2e—q)
and the constitutive relation for the shear stress teti$or

oF — M* [V*V* + (V*V*)#] + U«/*(V* ~V*)I. (2h)
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Respectively,D* and V* are the operators of substantial derivative and gradightp*, 0*, h*, a*, ¢, andv* = (u*, v*)

are the density, pressure, temperature, enthalpy, sonic speed, concentration, and velocity*vectop.*, and u* are the

coefficients of diffusion, heat conductivity, first viscosity, and second viscagitys the gas constany. is the ratio of specific

heats and’ = y/(y — 1). T is the identity tensor, anev*v*)¥ is the transpose & *v*. I'* is the body force per unit volume.
The conditions at the surface are, concisely,

V¥ x V¥*=0, D*p*=0, A"V*c.V*p*=0"v*".V*p*. (3a—c)

The first is the no-slip condition, forcing the velocity vector to be along the normal to the hump swrfa¢e The second is

the adherence condition, insuring that the fluid element adjacent to the hump surface follows the surface in its motion. The third
is the Stefan condition, equating the rate at which the contaminant diffuses into the fluid to the rate at which the contamination
particles are removed from the hump. In addition, the saturation condition

c=cs (3d)

applies at the hump surface.
Carrying out the usual triple deck analysis (taking the Schmidt nuSberp$ /1% to be 1) and neglecting the body force
term) leads to a lower deck problem that can be written as follows (a comma followed by a subscript denotes differentiation).

Ux+V,y=0, (4a)
U,T+UU,X+U,yV+P,X=U,yy, P,y:O, (4b,C)
C.r +UC,x+CyV=1Cyy, (4d)
U=0, V=Fr=%1Cc,y, C=Cs atY=F(X.,T), X € [Xp(T). Xe(T)], (4e-h)
U=0, V=0=C,y aty =0, X ¢ [Xp(T), Xe(T)], (4i—k)
Uy~1 U~Y—-AKX,T), C~0 asY ~ oo, (4l-n)
U~Y, A~0  C~0 asX ~ —oo, (40-q)
P~0 asX ~ oo, 4r)
P=Ay. (4s)

All lower deck variables are normalized. The Cartesian coordingte¥), hump heightF, velocity componentsU, V),
concentratiorC, pressureP, and timeT are related to the corresponding physical variabigsy®, f*, u*, v*, ¢, p*, andr*
as follows:

¥ L*=e3m XL*, y*=eSmy YL, f*=eSmyFL*, (5a—c)
SeyVut,, c¢=m.C, (5d-)
p* —pio = 827Tp Pp;ou’;g, t* = ezntTL*/u’go. (59,h)

u* =em, Uul,, v¥=¢

Ther's are normalization factors given by
—1/2 —1/4,_ _ ~1/2 1/4,_ _
TTx = Ps / Hs / B 3/4¢ 5/4, Ty = Ps / l/-s/ B 4, 3/4, (6a,b)

~1/2 1/4,_ ~1/2 3/4
= ps ops! pALYA = pg M2 p1/AL3/A, (6c,d)

e =0*(pt, wp=ng BHZY2, wy =g Y2282, (6e-f)
whereps = pd/p, andus = ns/ns.; B = IMaZ — 1]11/2 is the Mach factor; while is a non-dimensional constant representing
the surface shear of the clean boundary layer, as it approaches the hump region.

Conditions (4e—g) are normalized leading order forms of the no-slip, adherence, and Stefan conditions (3a—c). So are condi-
tions (4i—k) but forf* =0 (i.e.¢™ = y*). The saturation condition (4h) completes the conditions at the hump surface.

Conditions (4l-n), (40-q), and (4r) are matching conditions to the middle deck, the lower part of the oncoming boundary
layer, and the downstream continuation of the lower deck, respectively. In particular, conditions (4n) and (4q) indicate that the
flow in the middle deck and the oncoming flow are uncontaminated.

Finally, the interaction law (4s) expresses the sustained interaction between the supersonic potential flow in the upper deck
and the viscous flow in the lower deck. It relates the pressure perturbation produced in the former to the displacement effect
produced in the latterd being an unknown displacement function defined by condition (4m).

The initial conditions afl’ = 0 for the unsteady problem (4) result as the solution of the steady problem; which can be
obtained by dropping all time derivative terms together with the saturation condition (4h), and g&ting) = Fo(X),

Xp(0) = Xg = 0 and Xe(0) = Xg. The concentration equation (4d) and its boundary conditions (4k), (4n), and (4q), then,
have the solution of everywhere clean initial flai= 0.
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3. Numerical solution

The lower deck problem (4) has a moving boundary that diminishes in size, both longitudinally and laterally, causing
intrinsic unsteadiness that is not externally imposed on the flow. The hump hé{ghtT) as well as its nonzero interval
Xp(T) < X < Xe(T) has to be determined as a part of the solution.

3.1. Reformulation

It proved beneficial, in handling the steady problem (e.g. [2] and [3]), to apply Prandtl’s shift [9]
y=Y — Fo, v=V —-UFo,x (7a,b)
in order to transfer the surface conditions to the hne 0. Likewise, for the unsteady problem, we apply the unsteady shift
y=Y-—F, v=V-UF,x — F,T. (8a,b)

Note thatv in the steady problem and the initial value fat= 0) of v in the unsteady problem are not the same. They differ
by F,r (X, 0), as the shift rules (7b) and (8b) forindicate. Moreover, the shift results in discontinuitiewiacross the lines
X = Xp andX = Xe due to the discontinuity i, x.

We next introduce the shear functi®n(X, y, T), the concentration gradient functiei( X, y, T'), and the pressure gradient
function Q(X, T), as defined below in Egs. (9¢), (9¢), and (9u), in order to recast problem (4) in the new form

U,X—{—v,,:O, (9a)
Ur+UUx+Uyv+Q=W,,, W=U,y, (9b,c)
Cr+UCx+Chyv="1G,y, G=C,,y, (9d,e)
U=0, v=0 Fr=%1G, C=Cs aty=0,X e[Xp, Xel, (9f—i)
U=0, v=0, G=0 aty =0, X ¢ [Xp, Xel, (9}
W~1 U~y—A+F, C~0 asy ~ 0o, (9m-o)
U~y, A~0, C~O0 asX ~ —oo, (9p-)
P~0 asX ~ oo, (9s)
P=Ayx, QO=Py. (9t,u)

It is noted that the concentration field affects the velocity field only through varying the surface height as expressed by condi-
tion (9h).

3.2. Timediscretization

Contrary to the popular practice of modeling a steady solver after an unsteady one, the present work relies on modeling an
unsteady solver after a successful steady one. All terms in problem (9) are expressed in the new time [evekcept for
the time derivative terms which are expressed with first order accuracy using the backward difference represéntations
(UL —y"y, C,p = " (C"TL = C"), andF, 7 = 0" (F"t1 — F") wherew” = (T""t1 — 77y~ The resulting problem is
as close as possible to the steady problem and is, therefore, solved by a steady solver. All we need from the oldtinse level
U™, C", andF". This reduces the storage requirements and avoids having t¢' uadiich is discontinuous at the initial time
leveln = 0.

3.3. Iterative procedure

The steady solver we choose is El-Mistikawy's method [10]. It is an efficient iterative method that takes;timiteeation,
an old distributionA* of the displacement function and produces a newhie!. All equations and conditions in problem (9)
are expressed in the new iteration leket 1, except for condition (9m) which is written as follows

UKt~y — A 4+ F¥ asy~o0 (9m)
and Eg. (9u) which is replaced by the relaxation relation
Pk+l’X _ Qk+l :r(Ak+l _ Ak), (gu/)

wherer is a relaxation factor. Thaf is given its old valueF* in condition (9M) is in accord withF being fixed (i.e. known)
in the steady problem. (For convenience, the supersariptd andk + 1 will be dropped, henceforth.)
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3.4. Computational domain and layout

The computational domain covers the region of the-plane described b _« < X < X400, 0< ¥y < y400 , Where
—X_o00, X400 andy o are large enough to allow for adequate enforcement of the asymptotic conditions (9m-s). It is divided
into rectangular cells by a grid of)tlines X = X (i) and (j)-linesy = y(j). The countet =1 — [ is such thatX (1) = X _o,

X (i) = XB, X(ip) = Xp, X(ie) = Xe, X (ip) = Xg, and X (I) = X 400; While the counterj =1 — J is such thaty(1) =0
andy(J) = y+oo- The typicalij-cell hasX-stepA(i) = X (i) — X (i — 1) andy-steps(j) = y(j) — y(j — 1), and through its
midpoint pass thei(— 3) and (j — 3)-lines.

El-Mistikawy’s method [10], as applied to the steady problem, involves implicit marching iiX tHe&ection that advances
the solution non-iteratively from amline to the next, and uses three-point representation itXtaérection to achieve second
order accuracy. Its success can be attributed to the discretization layout it adopts; famelgsigned to the grid points ()
whereasy and W are assigned to the points % J). For the unsteady problem, comparison of Egs. (9b,c) to Egs. (9d,e)
shows thatC andG play the roles oU and W, respectively. They are, therefore, assigned to the same pGints(i, j) and
Gto(i — % J). Moreover, similar finite difference representations are applied to similar terms in the compared equations. The

X-dependent variables and P are assigned to thelines, whereag) is assigned to the %)-Iines. As for the hump height,
F is assigned to theand ¢ — 3)-lines.

3.5. Face discretization

Egs. (9a—e) are centered at the midpoint ofijleell. Central difference expressions, in terms of the abovementioned layout,
are used throughout. Howevéf,the coefficient o/, x andC, x in Egs. (9b,d) and/,,, in Egs. (9b,c) are represented in terms
of the ( — %)-values ofU, thenU (i — % j) is expressed backwards &si — 1, j) + %A(i)U,X i— % j) in Egs. (9b,d) and
forwards ad/ (i, j) — %A(i)U,X i— % j)in Eq. (9c). For these representations to be second order accurateXirdihection,

U,x (i — % J) may be represented with first order accuracy: At 2, we setU, x (i — % j) = 0 in accordance with condi-
tion (9p). Next to the two lines = iy andi = ie wherev (and consequently, x) is discontinuous, we use the respectie
iterateUk,x i+ % J) with the representatiorb[k(i +2,j)— Uk +1, DI/ A + 2) to approximate/, x (i + % Jj) andto
represent, x (i + %’ j). Otherwise, since continuity permits, x (i — % J) is approximated by its counterpart at thie—(%)-
line with the representatiod[(i — 1, j) — U (i — 2, j)]/A@ — 1). Atreatment similar to that df/, , in Egs. (9b,c) is applied to
C,y inthe corresponding Egs. (9d.e).

At eachi-line, the resulting 5 — 1) finite difference equations involve theJ5+ 1 unknowns:U(, j), C(, j),
(i — 3. j), Wi — 3, j), andG(i — 3, j) for j =1 J; together withQ(i — 3). They are to be supplemented, in view
of conditions (9f-0), withU/ (i, 1) = 0, v(i — 5.1) =0, C(i, 1) = Cs whenip < i <ie, G(i — 3,1) =0 wheni <ip ori > ie,
W@ — % H=1UGJ)= Y400 — AX() + F*(i), andC(i, J) = 0. This set of linear equations is efficiently solved for the
unknowns by the appending (hon-bordering) technique of reference [12].

3.6. Solution steps

At each new time levek + 1, a two-step iterative procedure is performed. The first step oktiéteration solves for
U,v,C,W,G,andQ by marching in theX-direction, which starts at= 2 (where conditions (9p,r) supply the needed values
ati = 1) and ends at = I. This is followed by evaluating a new distribution fgras follows. Condition (9h), expressed at the
(i — %)-Iines, givesF (i — %) =F"(i — %) +s GG - 1 1)/w" which is used to determinE(i — %), forip <i <ie. The
resultingie — i, — 1 values together with the end conditioRgi,) = F (ie) = 0 suffice to determiné (i) for ip, < i < ie, when
F is represented by quadratic splines so thand F, x are continuous at eac¢Hine.

In the second step of thgh iteration, we solve foP andA. Egs. (9t) and (90 are centered at the { %)-Iines and central
difference representations are used to achieve second order accuracy. Conditions (9q) and (9s) complete the set of equation
which are solved to givé® (i) andA(G) fori =1— 1.

Of thekth iterates onlyF¥ (i), A (i), UX, x (ip + 3, /), UK. x Gie+ 3, j), CK.x (ip + 3. j), andC¥,x (ie + 3, j) need to
be stored for use in the next iteration. Their first iterates (whenl) are taken from the solution at time level

The iterative process continues utibnd F reach convergence as judged by the satisfaction, everywhere, of the inequalities
|AKTLG) — A% ()| < 4 and|F¥H1(i) — FX(i)| < np wheren, andyy are prescribed tolerances. This marks the end of the
present time step.

We advance in time, step by step. At the instant when eifligg + 1) or F (ie — 1) becomes less than a prescribed tolerance
Npe, WE inCreasey by 1 or decreask: by 1, respectively, and sét = 0 there.
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The steady problem is obtained by canceling the time derivative terms, dropping condition (9i), and E&ttingo,
Xp = XB, andXe = Xg to describe the hump in its prescribed initial state. Its solution procedure is equivalent to one time step
of the unsteady solver. It ends whdrreaches convergence, starting from its guessed distributienfy.

3.7. Implementation

We applied the numerical method explained above to a hump describég £y4X (1 — X); thus havingXg = 1. The
computational domain extendedXo_ o, = —10, X ;o0 = 16, andy+~c = 12. The grid was such that= 131, = 39,ig = 36,
andig = 61. Variable step sizes in both directions were utilized to suit regions of fast or slow changes. Initiatlystep size
A took the values: 0.4 (for ¥ i < 6 and 116< i < 131), 0.3 (for 6< i < 26 and 96< i < 116), 0.2 (for 26< i < 36 and
86 < i < 96), 0.04 (for 36< i < 61 and 72< i < 76), 0.05 (for 76< i < 80), and 0.1 (for 80< i < 86). This left a gap of size
0.04 that followed = ig. It was divided by 1Q-lines into much smaller 11 steps; 5 of size 0.002, 3 of size 0.004, then 3 of
size 0.006. As time passed, the end of the hump retracted, by steps of size 0.04=frigno i = ie. After each retraction,
those 11 steps were transferred so that they always followed thésFlgwe. To put this transfer into effect, we only needed to
perform a linear interpolation in order to produdé) at the 10i-linesie < i < ie+ 11 in their new location. The-step sizel
took the values: 0.02, 0.04, 0.06, and 0.08 each for one step, 0.1 for 2 steps, 0.2 for 6 steps, 0.3 for 8 steps, 0.4 for 10 steps, thel
0.5 for the last 8 steps. For convergence tolerances, we ehosenr = npe = 10~4. A time step of size 0.2 was consistently
used, unless a changeijpor ie was anticipated. Then, the instant of change was captured in one or two steps within a time
interval of 0.4 involving three steps; each not exceding 0.2. The suitable value for the relaxation faa0.5 for the steady
problem and 10 for the unsteady problem. These choices made it possible to proceed with the solution till a hump characterized
by saturation concentratiafis = 0.01 was totally erased, and the contaminant was completely washed out of the computational
domain. To study the effect of the Schmidt number, four valuex 0.2, 0.5, 1, and 2) were used.

4. Results

The results of the typical cas&(= 1) agree with what one expects. The erosion in the front of the hump is faster than in
its back. The originally symmetric hump progressively looses its symmetry. This is obvious in Fig. 2 showing the hump shape
at different times of interval 20.

The contamination spreads laterally mainly by diffusion and longitudinally downstream mainly by convection. The contam-
ination boundary, defined to be having concentration ofd&4s shown in its development stage in Fig. 3(a) and afterwards in
Fig. 3(b). It expands laterally then approaches a ceilin@ (& 10), as the oncoming clean fluid carries the contaminant further
and further downstream till it reaches the computational boundar (L6). With the diminishment of the hump the ceiling
falls gradually, and after the hump is completely removedi(at 106) the contamination boundary travels downstream until
it departs the computational domain (@t 118). Fig. 4 presents several concentration contours at the ifBtant6 when

1.0 -
=0

0.8 20

0.6 - 490
F

60
04
80
02
0.0 T 1 1 ] 1
0.0 02 0.4 0.6 0.8 1.0
X

Fig. 2. Erosion of hump.
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Fig. 3. Contamination boundarg'({ Cs = 1%). (a) early stagesQ T < 8; (b) later stage¥ > 10.

the 10%Cs contour reaches its farthest downstream extent. Higher concentration contours, likewise, extend to their farthest but
earlier (e.g. af" =~ 9 for the 20%Cs contour); then retract slowly marking a slight prominence of convection over diffusion.

As expected, increasing the Schmidt numBeteads to a decrease in the lateral extent of the contamination as well as in
the erosion rate of the hump. The contamination ceiling at 10, for example, reaches~ 9.90, 7.34, 5.85, or 4.66 when
S =0.2, 0.5, 1, or 2, respectively. The corresponding time required for complete removal of the hdimp 35.1, 67.4,
106.1, or 167.3. These trends are expected to persi8t mereases indefinitely, since Eq. (9c) implies that a “concentration
boundary layer” forms witt/ ~ y ~ Sc=1/3 andv ~ y2 ~ Sc=2/3. Then, the rate of erosioR, 7 is found from condition (9h)
to diminish asSc=2/3. This limiting behavior predicts a contamination ceiling that reaches10.00, 7.37, 5.85, or 4.64 at
X =10 and a removal tim& ~ 36.3, 66.8, 106.1, or 168.4, when proportionality to the c&se- 1 is invoked; in remarkable
agreement with the aforementioned numerical results.

5. Conclusion

In this paper, we have studied what we believe to be the first moving-boundary problem formulated within the framework of
the triple deck theory. The supersonic flow past a flat surface having a contamination spot — in the form of a hump that erodes,
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Fig. 4. Concentration contours &t~ 16.

contaminating the flow — has been considered. The shape of the hump, which diminishes in size both longitudinally and laterally,

needs to be determined as a part of the numerical solution process. The difficulties, associated with the erosion of the hump
and the contamination of the flow, have been handled efficiently. The results indicate that the lateral spread of the contaminant
is confined to a neighborhood of the surface that diminishes forming a concentration boundary layer, as the Schmidt number
increases. Agreement with the scaling laws of this boundary layer is observed even for considerably law values of the Schmidt
number.
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