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ABSTRACT

The computer code COMMIX-2 has been developed for amalyzing and
designing thermal-hydraulic aspects of nuclear reactor components.
The code employs a two-fluid model for solving transient, three-
dimensional two-phase (or single phase) nonhomogeneous and nonequi-
librium flow conditionms.

This report presents numerical results of four problems selected
to demonstrate the capabilities of COMMIX-2: (1) transient single-
phase flow with heat source; (2) two-phase flow in a vertical tube,
where the surface heat flux is sufficiently high that a single-phase
liquid emerges as a mixture of liquid and vapor; (3) separation of
vapor and liquid; and (4) a high-pressure jet impinging on a ver-
tical plate. The third and fourth problems we.e selected to demon-
strate, respectively, that the code can handle computational diffi-
culties usually encountered in problems with sharp interfaces, and
the important role of interfacial mass and momentum exchange.

The numerical results obtained by COMMIX-2 code are very en-
couraging. It has not only demonstrated the computational capa-
bility but has also exhibited the ability of modeling ccmplex
phenomena of the jet impingement problem with very simple inter-
facial drag and evaporation mo-dels.

466 (42
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1. INTRODUCT ION

During loss of coolant ur transient cverpower accident situationms,

boiling uf liquid cooulant in a reactor core is expected due to high tempera-
tures of fuel pins. The fluid mixture of liquid and vapor, ia such circum-
stances, is nonhomogeneous with both phases being in nonequilibrium thermo-
dynamic states. It is, therefore, desirable to develop a computer code for
obtaining numerical solutions of three-dimensional, transient, two-phase
(gas-1liquid) flow system with nonequilibrium and nonhomogeneous conditions.

Accordingly, we have developed a transient, three-dimensional, two-phase
computer code called COMMIX-2., It is an extension of our COMMIX-1 code,[2]
which is restricted to single-phase flow.

The present version of COMMIX-2 uses the two-fluid model of Harlow and

Amsden [3] to describe the conservation equations of mass, momentum and

energy. Consequently, we can analyze a wide spectrum of flow conditions; i.e.,

from homegeneous and equilibrium to nonhomogeneous and nonequilibrium con-
ditions. The interactions between two fluids are accounted for by incorpora-
ting the corresponding terms in all of the conservation equations.

In the finite difference formulation, we use a staggered grid system
with central and partial donor cell finite differencing. The formulations
are partially implicit. The iterative scheme is similar to the point
relaxation technique without linearization developed by Rivard and Torrey
[4]. The conservation equations are solved as a boundary value problem
in space and an initial value problem in time.

This report presents some of the results of four problems treated by
the current version of COMMIX-2:

(1) Transient single-phase flow with heat source;

(2) Two-phase flow with heat flux;

(3) Separation of vapor and liquid; and

(4) High-pressure jet impingement on a vertical wall.

These results confirm the abilitv of COMMIX-2 to handle transient,
three-dimensional two-phase flow conditions.

Section 2 describes the basic field equations for two-phase flow
system. Section 3 provides the numerical solution procedure for inte-
grating those field equations. Sections 4, 5, 6, and 7 present the

results of the four problems.

466 14



6
2.  Two-Phase Governing Equations
I 2.1 Two-Phase Flow
l When a mixture of two phases (liquid and vapor) is in the non-

equilibrium and nonhomogeneous state, transfer of mass momentum and energy
between the two phases occurs at the interface. This interaction is a
very complex phenomenon and is not well understood. There are several
mathematical models in the open literature which postulate the inter-

action betwen the two phases; consequently, there are several formulations

which describe the governing conservation equstions.

The current version of COMMIX-2 ures the two-fluid model of
: Harlow and Amsden. In this model, separate conservation equations are
formulated for each phase, and the interaction between the phases is
accocunted for by including evaporation (or condensation), interfacial
drag and interfacial heat transfer terms in the corresponding mass,
momentum, and energy equations, respectively. The code, therefore,
soives the two-continuity, six-momentum, and four-energy conservation
equations and the required thermodynamic constitutive relations.

2.2 Governing Equations

The field equatione for the cwo~-fluid model are:

(1) Mass Conservation:

3(8,p,)
LR -
53 + v (Gﬁszz) =T, (2.1)
for the liquid phase, and
3(6lol) -
+ V « (8 U = =7 o
3t ( s 8) " . (2.2)
for the vapor phase.
(2) Momentum Conservation:
.
a(8,0,U,)
L 9 . THY = o B - 1 2
p—r + 9 (egolugul) elvp + v (6102) + Sml
> - =
+8,0,6+ x(ul - Ug) (2.3)
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7
(6 p U ) 3l o
+7 ¢ (8p 0 = -8 VP+V e (80)+8
3t (6P g% g (Bg7g) * Sng
+8pC+RAU -0 2.4
&8 ( : 2) (2.4)
for the vapor phase.
(3) Energy Conservation:
3(8,p H,)
LYETR > ap >
Sl v (elpﬁului) 8% it U VP + rlug + Ri(Tg - T,
+ ¢Q + V. (K;BRVTi) - Q2 LY
for the liquid phase, and
a(e p H) + - v -
—BBR 4g.(0pHU)=8 X4 v +|k+-B)A -
It 8888 g it & . g
+ +TH +R(T, =T )+ ¢ +V -+ (Ka VT 2.6
Qs g8 s(i g) g (as g)( )

for the vapor phase.

)

In the foregoing equations, ¢ is the density, p is the pressure, H is

the enthalpy, and 6 is the void fraction, and the subscripts i and g denote the

liquid and gaseous phases, respectively. The velocity vector ﬁ = ul + v] + wf,
where u, v and w represent the velocity components in x, y and z directions
respectively. FQ and rg are the volumetric source terms in the continuity
equations due to condensation or evcnoration. In the momentum equation ¢ 1s
the gravitational body force, K is the interfacial drag coefficient, Sm

is the momentum transfer due to mass transfer at the interface, and v is the
viscous stress tensor. Similarly, in the energy equation, R is the inter-
facial heat transfer coefficient, k is the thermal conductivity, ? is the
viscous dissipation term, and Q is the heat source. We have assumed that

all energy due to mass transfer and momentum transfer at the interface

enters the gaseous phase only. For a two-phase flow, we have

62 + 68 =1 (2.8)

The derivation of the quasi-continuum governing equations is
described in Appendix A.

In the present formulation, we have two-mass, six-momentum, and
two-energy equations. These equations are solved for 8, (or Bg), pressure p,
six velocities, and two enthalpies, The densities and temperatures are

obtained through the use of the equations of state. 466 OJ



3. Numerical Procedure
3.1 Formulation
The partial differential equations in Section 2 are solved using

the finite difference procedure. We use a staggered grid system to

differentiate between the field and flow variables. Thus we define field

voriables (p, o, 6, H, T) at the center of a cell, and flow variables

(u, v, w) at the surface of a cell. The finite difference equations are

tormilated using the partial donor cell differencing scheme for all con=-

vect ve fluxes, and central differencing scheme for the rest of the

terrs. Except for the convective and diffusion terms, the variables in

al’ terms are defined at new time variables. Therefore, the formulations are

pactially implicir and consequently requires an iterative solucion procedure.
3.2 Iterscive Scheme

ine finite difference equations of mass, momentum, and energy are
enlved as an initial value problem in time and boundary value preblem in
space. The procedure is iterative anu the main steps necessary to determine
the flow conditions at time t + At from those at time t are as follows:

(1) The pressure distribution at time t + At is estimated.

(2) The momentum equations are solved to vield a first
approximation of the three velocity components of each of
the two phases.

(3) Partial energy equations are solved for approximating
enthalpies of both phases.

(4) Densities and temperatures of both phases are calculated
using equation of state and estimated enthalpies and
pressures.

(5) Liquid void fraction 8, is estirated from the continuity
equat son. 7f liquid. Gas void fraction 63 is then
calculaied from the relation 68 =1 - 8,

(6) The gas continuity equation is now checked if it is
satisfied. If the equation is not satisfied, the pressure
is corrected, the amount of correction being dependent on
the mass residual. Steps (2) to (6) are then repeated.
This iterative procedure is continued until the mass

residual is less than the prespecified value.

466 052
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(7) Energy equations are sclved for enthalpies. Temperatures
and densities are then calculated using the equations of
state.

(8) A new time step is chosen and steps (1) to (7) are repeated.

4. Single Phase Flow With Uniform Heat Source
4.1 Problem

At time t=0, a horizontal duct (open at both ends) coutains air
at constiant pressure with zero velocity. Due to uniform heat source and
‘~qstant outlet pressure boundary conditions, air begins to move and an
osciliatory type pressure distribution is created inside the duct. The
schematic layout is shown in Fig. 4.1.

This problem was selected to enable a comparison of numerical
results with the following analytical solution. The transient pressure
distribution for a one-dimensional compressible flow problem with uniform
heat generation is given by

pt,x) = poey(t’x) . (4.1)
where

2al, ¢ (14D (203, (2) - I (2.)Y,(2)]
V(e =57 af1 — 209 0.0 0 sin 2%, (4.2)
n‘l [Yo(zo)Jl(zo)-Yl(zO)Jo(zo)1

¢ = plo, (4.4
YO' Yl. 20, Z1 are the Bessel functions, and the subscript 0 is for time
t =0,

4.2 Results

Figure 4.2 shows the transient pressure fluctuati. at the center
plane of the duct. We can see that our numerical results are in close
agreement with the analytical solutionm.

5. Two-Phase Flow in a Vertical Tube

5.1 Problem
The schematic layout is shown in Fig. 5.1, and the geometric

and input parameters are given below:

466 052
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Geometry: 0.1l mx 0.1 m x 0.2 m long square duct

Inle* Temp: 99.75°C

Inlet Pressure: 1 atm

Inlet Velocity: 1 m/s

Surface Heat Flux = 5.375 x 104 W/m2

Fluid = 820

To obtain the homogeneous-equilibrium flow conditions, very large
values of the interface friction and interface heat transfer parameters
were prescribed during computation. The evaporation rate was computed
from excess liquid enthalpy over liquid saturation enthalpy.

5.2 Results

The steadv-state numerical results are shown in Figure 5.2 and
5.3. The comparison with the theoretical overall energy balance shows
that the numerical results are very close to the theoretical steady state
solution.

We observed in this problem that numerical results do not converge
for high heat flux case due to high rate of vapor generator. On the other
hand, for very low heat flux case, we face the problems of round of errors.
In order to obtain a good, stable and converging solution, the entire

problem was run in double precision on IBM 370.

6. Separation of Steam and Water
6.1 Problem

At time t = 0, we have an isothermal uniform mixture of steam
and water in a rectangular vertical closed duct. As time proceeds, due
to gravity, vapor starts moving up and liquid starts moving down. The
separation continues until all vapor occupies the upper section of
the duct and all liquid occupies the lower part of the duct.

6.2 Results

To determine the effect of interfacial drag on separation,
we have carried out numerical computation for interfacial drag
coefficient K = 103, 104, and 105 kg/mB's. Figure 6.1 shows the liquid
particle distribution at various time steps. Figure 6.2 shows the
variation of void fraction with time in the top and the bottom cells
of the vertical duct. The rate of separation increases as inter-

facial drag coef{icient decreases. Figure 6.3 shows the transient

466 057
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There are no experimental measurements available to verify the
computed values. However, the trends are typical of the behavior expected
in a real physical situation.

7. High Pressure Jet Impingement
7.1 Problem

At time t = 0, a high-pressure jet containing a mixture of steam

(67%) and water (33%Z) enters into a stagnant atmosphere and impinges on a
vertical wall. The schematic layout is shown in Fig. 7.1.
This two-phase problem was selected for the following reasons:
(1) The high-pressure liquid jet expands as it leaves
the nozzle. Due to expansion, some of the liquid
evaporates. The problem, thereforz, involves a
source term in the continuity equation.
(2) Experimental measurements [5] for a steady-state case
are available for verification of our numerical results.
The axial velocity and pressure distributinns at the mid-plane
between the exit of nozzle and the impinged wall are shown In Figs. 7.2
and 7.3. As time proceeds, the velocity and pressure increase, reach

+ s, and thereafter decrease to steady-state

maximum values at t = 3.5 x 10~
values. Figure 7.4 shows the velocity profile at various axial positions 2
for t = 7.2 x ].0.5 s, where z is the distance from the exit of the nozzle.
Figures 7.5 and 7.6 present comparisons between COMMIX-2 cal-

culations and steady-state pressure measurements on the impinged wall, and
corresponding sensitivity study of variations of interfacial drag co-
efficient (K) and evaporation rate (Fg). There is good agreement between
experimental data on pressure distribution and the calculated results for

K= 2.0 x 10 kg/m s, and ry = 0.1 oy

466 (53
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Appendix A

DERIVATION OF QUASI-CONTINUUM GOVERNING EQUATIONS
FOR TWO-PHASE FLOW

A.1 Introduction

In this appendix, a set of quasi-ceontinuum governing equations for con-
servation of mass, momentum, and energy is derived. These equations are
applicable to a class of systems, such as heat exchangers and fuel rod
bundles, wherein the flow domuin contains numerous disprrsed solid objects.

The presence of solid objects in a flow domain has two effects on fluid
flow. One is the geometrical effect; here, the presence of solid objects
influences the flow by reducing the available space. We take this effect into
account by including the surface and volume porosities in the governing equations.
The second effect is the physical effect; here, the solid objects influence the
momentum and heat transfer to fluid flow. This we take into account by con-
sidering solid objects within a control volume as distributed resistances to
momentum transfer and distributed sources (or s‘nks) for heat transfer.

Although we have considered here only a two-phase (liquid-gas) system,
the formulations can be extended easily for application to a multiphase system.
A.2 Assumptions

In deriving the set of quasi-continuum governing equations we have made
the following assumption:

A real system containing numerous solid objects can be replaced by an

idealized system having uniformly distributed solid objects such that

both systems have the same volumetric porosities, surface permeabilities,
and interactions (momentum and heat transfer) between fluid and solid
surfaces.

A.3 Volume Porosity and Surface Permeability

Consider a stationary volume element AxAyAz through which fluid 1is
flowing (see Fig. A.l1). The total volume
AV = AxAybz = AV, + AV _, (A.1)
where AVf is the volume occupied by fluid, and AVH is the volume occupied by
all solid objects. We define the volume porosity Yy 38 the ratio of the
volume occupied by fluid to tte total volume; i.e.,
Ty, ® Avf/(AVf - Avs) = AVf/(AxAyAz). (A.2)
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The surface permeability is defined as the ratioc of surface area through
which fluid is flowing,to the total cross-sectional area. Thus, for a surface

permeability in the x-direction (see Fig. A.2),

QIA’ S ay dz) (A.3)
Y =

. (Byb2) fluid surface.

The surface permeabilities in the y- and z-directions are similarly
defined.

A.4 Continuity Equation

£ Consider the mass balance of phase i (i - 1 or 2) over a stationary
volume element AxAyAz through which the fluid is flowing (see Fig. A.3). Let

. 81 represent the fraction of fluid volume occupied by phase i, and Fi the
source of phase i per unit volume occupied by fluid. The mass balance can be

written as:

3
3¢ P40 v Axbydz) = (fieiuiyxA’Az) Ax (?181“1Yxﬁyaz) Ax
xX= ?r x+ ?r

(Rate of change) (flux in x-direction)
+ (DieiviYyAXAf) by - (?1aiviYyAXAf) by
y= 3 32

(flux in y-direction)

. (éieiwiyzAxAy)z- Az ~ (éieiwiyzAxA%)z+ Bz (A.4)
2

2
(flux in z-direction)
+ FinAxAyAz (source) ,

Here, u, v, and w are the velocity components in x, y, and z-directions,

respectively, and p is the thermodynamic density. By dividing the entire
equation by AxAylAz, we get

: .
Ao B uv)  Bloy8,vyy ) | 8(p,0,w.y,)

5
| ot (Oiein) N Ax * Ay Az - Piyv ’ (A.5)
[ where we define
s - ¢ )
Ax Ax
At ,( i M T W L. (A.6)
ij ij :
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Fig. A-3. Elementary control volume.
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A.5 Momentum Equation

For a two-phase fluid flowing in a space which is partially occupied by
solid objects, we have to account for two additional resistances in the
momentum equation. These are due to (1) the interaction between two phases,

and (2) the interaction between fluid and solid surfaces.

The interaction between two phases is a very complex and not well under-
stood phenomenon., At present, there are several mathematical models in
existence in the literature postulating the interaction between two phases.

In the present development, we adopt the model which assumes that the
interfacial resistance can be expressed by the following relation:

Resistance per unit fluid volume = K (Difference in phase velocities).
Hence, the total interfacial resistance in x-direction for phase i for control
volume as shown in Fig. A.3 is

Interfacial resistance = KvaAxAyAz(u2 - ul).

Here, Kx is the interfacial friction coefficient, which depends on

Reynolds number, void fraction, phase velocity difference, and the shapes

and sizes of dispersed phase (bubbles/droplets). A high value of K represents
that both phases are moving at the same velocity.

In regard to the interaction between fluid and scolid surfaces, we
assume that the solid objects in a flow domain produce distributed resis-
tances to flow, and that we can express these distributed resistances through
source (sink) terms in the momentum equation. With these remarks about in-
teractions and with the definitions of porosities and A¢/ij (Eq. A.6), we
can now derive the momentum equation.

Consider the momentum balance in x-direction for phase 1 and for a
control volume as shown in Fig. A.3. First, we describe each term:

Rate of Change of Momentum

B
Y (OlelyvuleAyAx)
Convective Flux

2
A(oleleul ) & A(°161Y191f;) " A(olelvzulwl)
-AxfiyAz
Ax Ay Az

Pressure and Body Force (Fig. A.4; Fig. A.5)

_ Alp) +
AxAyAz [ e Ble °191ngx
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The pressure forces are usually considered surface forces.
However, in this case, it is the pressure gradient force which acts on a
unit volume of the fluid. Hence we regard the pressure force as a
body force term in the present derivation.
Viscous Transfer (Fig. A.5)
AxByAz [é(r Yx%? alr Yj?) A(‘széii] (A.12)
Ax Ay Lz

Here Txx’ Txy. and sz are the viscous stresses acting on the surfaces of the

control volume.
Distributed Resistance (Fig. A.4)
AxAylAz [Rx]’ (A.13)

where Rx is the distributed frictional resistance per unit volume in x-

direction.
Interfacial Force (Fig. A.4)
[ o
bxbybz 1y K (u, ul)} (A.14)
We now write the momentum balance for x-direction:
2
A o el s 4 L2 Wi o 1 e N Al b UL b
Bt "1 1wk Ax Ay Az
ATy ) A(t_y) A(T_x)
B SE p B Y B XX ' X Xy'y’ Xz'z
*va(“z - ul) elv + 11 v Rx + A + By + e . (A.15)

Equations are similar for other directioms.

Energy Equation

As in the previous section for momentum balance, we must account
for cwo additional interactions; the interactions between the phases, and the
interactions between fluids and solid surfaces. Therefore, we adopt the

same mathematical models to describe these interactions. Thus we define:

Heat transfer between phases per unit fluid volume = (A.16)

R (Temperature difference between phases),
and
Heat transfer between fluid and solid surfaces per unit volume = Q (A.17)

With these definitions, we can now write all terms of the energy equation
for phase 1.
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Fig. A-4. Volumetric forces.
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Fig. A-5. Surface forces.
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Rate of Change of Energy
bxdybz [0 8y £ = Axdydz [0, My =p/o )]
= AxbyAz [ait—(ole Yl = el lep)] (A.18)

Herc¢, E is the sum of internal and kinetic energy per unit mass, and H = E + p/p
is the sum of enthalpy and kinetic energv per unit mass.

Note that Yy is not a function of time, and can be eliminated from the
differential with respect to time.

Convective Flux

8p8,uv,E)) A8, vy E) Al 8wy E)

- AxAyAz T + e + 50 . (A.19)
which we rewrite in terms of enthalpy and pressure:
6(p 161Uy Hy) . A(p,8 vy 1)) . A("lel"ﬁz”l)]
Ax Ay Az
- [“91“1Yx") o S A(el"ﬂz")] AxAyhz (A.20)
Ax Ay Az .
Pressure Work
=
AGG.u.y.p) 2(B,v.y.p) A(B,w.y_p)
171'x 1 1*y 1 1'%
- - e i
l T - iy iz AxAyAz (A.21)
Work Due to Viscous Forces
AlB,y (r_ u.+t_v.+1 w)l AlS® + + 1
Nalohs ‘ L'x" xx"1 xy 172 | [ le(Txyul ooVl ryzwl).
ax Ay
A
% lsllg(rxzul+Tyzvl+Tzzwl)]} (A.22)
Az
Work Due to Body Force
AxAyAz [olelyv(gxul + gy vy + gzwln (A.23)
Diffusion
A(B,v q) Alé,vq ) 40,y q)
- AxbyAz Usle’ 270y e (A.24)
Ax Ay Az
Here, q is the conductive heat transfer per unit surface area, which can be
expressed in terms of temperature gradient by
aT aT aT
1 b { -1
A, Y k — AB,Y. k 3 A,y k
AstiyAs 1l x109x + 1y ]9y + 1 2132 1. (A.25)
Ax Ay Az

466 079






—_——

—



References

W. T. Sha and S. L. Soo, "Multidomain and Multiphase Fluid Mechanics;"
ANL-CT-77-3 (Mar 1977).

W. T. Sha, H. M. Domanus, R. C. Schmitt, J. J. Oras, and E. I. H. Lin,
"COMMIX-1: A Three-Dimensional, Transient, Single-Phase Component Computer
Program for Thermal-Hydraulic Analysis", NUREG-0415; ANL-77-96 (Sept 1978).

F. H. Harlow and A. A. Amsden, "Flow of Interpenetrating Material Phases,"
J. Comput. Phys. 18. 440-464 (1975)

W. C. Rivard and M. D. Torrey, "K-Fix: A Computer Program for Transient,
Two-Dimensional, Two-Fluid Flow," LA-NUREG-6623, (1977)

H. Schweickert, "Investigation of Phenomena in a Multiply Subdivided
Containment Following Rupture of a Cooling Pipe in a Water-Cooled
Reactor," Technical Report BFR 50-32-C12-1, Kraftwerk Union,

Cermany (1956).



R et

M e R et e o e

OISTRTBUTION

A. Lillie

Atomics International

8900 DeSoto Avenue

Canoga Park, California 91303

G. Grant

Babcock and Wilcox Company

Breeder Reactor Development Program
20 S. VanBuren Street

Barberton, Ohio 44203

D. Dietrich

Combustion Engineering, Inc.
1000 Prospect Hill Road
Windsor, Connecticut 06095

C. L. Storrs, Director

FBR Development

C-E Power Systems
Combustion Engineering, Inc.
1000 Prospect Hill Road
Windsor, Connecticut 0€09%

P. Magee

General tlectric Company

310 DeGuigne Drive
Sunnyvale, California 94086

D. Rongaards

Westinghouse Electric Corporatior
6001 S. Westshore Boulevard
Tampa, lorida 33616

W. J. Severson

Advanced Reactors Division

Wes tinghouse Llectric Corporation
P. 0. Box 158

Madison, Pennsylvania 15663

Dr. A. A, Bishop

Chemical/Petroleum Engineering Department
1259 Benedum Hall

University of Pittsburgh

Pittsburgh, Pennsylvania 15261

Frofessor B. T. Chao

Department of Mechanical Engineering
University of I1linois

Urbana, Il1linois 61801

Dr. Neil E. Todreas

Department of Nuclear Engineering
Massachusetts Institute of Technology
138 Albany Street

Cambridge, Massachusetts 02139

Mr. E. H. Novendstern, Manager

Thermal and Hydraulic Analysis
westinghouse Advanced Reactor Division
P. 0. Box 158

M2dison, Pennsylvania 15663

Mr. R. Markley

Westinghouse Electric Corporation
Advanced Reactors Division

Waltz Mill Site

P. 0. Box 158

Madison, Pennsylvania 15665

Professor >. L. Soo

Departmen. of Mech. & Industrial Engr.
144 Mectanical Engineering Building
University of Il1linois

Urbana, I1linois 61801

Frofessor Brian E. Launder
University of Califcrnia
Daris, California 95616

I
|
Professor John C. Slattery '
Chemical Engineering Department
The Technological Institute
Northwestern University
Evanston, I1linois 60201 1
|
|

Frofessor John C. Chen
Department of Mechanical Eny. & Mechanics
Lehigh University

Bethlehem, Penrcylvania 18015

466 033



DISTRIBUTION

Professor M. Doria
Valparaiso University
Valparaiso, Indiana

Professor D. H. Schultz
Department of Mathematics
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201

Professor S. H. Chan

College of Engineering and Applied Science
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201

Professor A. A. Szewczyk

Department of Aerospace and Mech. Engr.
University of Notre Dame

Notre Dame, Indicna 46556

166 083}






