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Abstract 

A closed form solution for the flow of resin in the vacuum-assisted resin transfer 
molding (VARTM) process is used extensively for affordable manufacturing of large 
composite structures, During VARTM processing, a highly permeable distribution 
medium is incorporated into the preform as a surface layer. During infusion, the resin 
flows preferentially across the surface, simultaneously through the preform, to a complex 
flow front. The analytical solution presented here provides insight into the scaling laws 
governing fdl times and resin inlet placement as a function of the properties of the 
preform, distribution media, and resin. The formulation assumes that the flow is fully 
developed and is divided into two areas: (1) a saturated region with no crossflow, and (2) 
a flow front region, which moves with a uniform velocity, where the resin is infiltrating 
into the preform from the distribution medium. The law of conservation of mass and 
Darcy’s Law for flow through porous media are applied in each region. The resulting 
equations are nondimensionalized and are solved to yield the flow front shape and the 
development of the saturated region. It is found that the flow front is parabolic in shape, 
and the length of the saturated region is proportional to the square root of the time 
elapsed. The obtained results are compared to data from full-scale simulation and show 
good agreement. The solution allows greater insight into the physics process, enables 
parametric and optimization studies, and can reduce the computational cost of full-scale, 
three-dimensional (3-D) simulations. 
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1. Introduction 

The vacuum-assisted resin transfer molding (VARTM) process offers numerous cost 

advantages over traditional RTM via lower tooling costs, room temperature processing, and 

scalability to large structures. Recent advanced technology demonstrators such as the Advanced 

Enclosed Mast Sensor @EM/S) System and the composite advanced vehicle (CAV) have shown 

the potential of VARTM technology for the low-cost fabrication of large-scale structures 

requiring thick-section construction and hybrid multifunctional integral armor. The VARTM 

process is also used extensively in commercial applications such as bridge decks, rail cars, and 

yachts (Figure 1). 

Figure 1. Examples of the Broad Application Potential for VARTM Processes Including 
Shipping, Infrastructure, Land Combat Vehicle Armor, and Repair. 



VARTM is a composites manufacturing process that involves the layup and vacuum bagging 

of dry reinforcing fibers in fabric, tape, or bulk form as a preform in a one-sided open mold and 

impregnating the preform with liquid resin using negative pressure (i.e., a vacuum) followed by 

cure and demolding. The advantages of the VARTM process over the RTM process are 

scalability and affordability for the fabrication of large composite structures. Large parts can be 

infused rapidly using vinyl esters, phenolics, and epoxies at room temperature under vacuum 

pressure only. Consequently, tooling costs and investments are substantially reduced. VARTM 

is a completely closed system that traps volatile organic compounds (VOCs), reduces the need 

for solvents, and results in less scrap than other processes. 

The present study focuses on Seemann’s Resin Infusion Molding Process (SCRIMP) 

(Seemann 1990). In this VARTM process, a highly permeable distribution medium is 

incorporated into preform as a surface layer. During infusion, the resin flows preferentially 

across the surface and simultaneously through the preform thickness enabling large parts to be 

fabricated solely under vacuum pressure. The layup of the materials in the process is shown in 

Figure 2. 

In very large composite structures, multiple inlet gates are required to. ensure complete wet- 

out of the part prior to gelation of the resin. Selection of distribution media, performs, and gate 

and vent locations are based on past experience for similar applications. New applications in 

which part thickness, resin, or preform characteristics change require costly trial and error 

process development. Hence, a fundamental understanding of the process physics and associated 

models represent a significant contribution to the science base for VARTM. 

Modeling and predicting the flow during the impregnation process provides insight into the 

process physics and highlights potential problems before production. In addition, flow 

prediction enables optimization of the design variables affecting the process, such as the distance 

between resin inlets (in the case of multiple lines and thickness of the diffusion layer), and 

provides rules of thumb for scaling of the prototypes. Thus, a fundamental understanding of the 

underlying science will help develop models to reduce costs, aid in selection of design 

parameters, and improve quality. 
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Figure 2. Layup of Materials in the VARTM Process. 
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The flow of resin through porous media such as fiber preforms and resin distribution media is 

governed by Darcy’s Law: 

- Ic .VP, u=- 

IJ 
(1) 

where u is the Darcy’s velocity (defined as the total flow rate per total flow front area), K is the 

permeability tensor (which characterizes the ease of flow through the fiber perform), and ,LJ is 

the viscosity of the resin. This, when coupled with the continuity equation for incompressible 

flow, gives the Laplace equation for the fluid pressure field inside a region permeated by the 

fluid: 

(2) 

This equation can be discretized using finite element methods which then form the basis for 

simulation of mold-filling during the resin infusion process (Bruschke and Advani 1990, 1991a; 

Liu et al. 1996; Mohan et al. 1999). 

The flow simulations can be either two-dimensional (2-D) or three-dimensional (3-D). In 

2-D flow modeling (Bruschke and Advani 1991b; Trochu et al. 1994; Lee et al. 1994), the flow 

of resin through the thickness is considered uniform, and the finite element discretization is 

applied along the other two directions as with liquid injection molding simulation (LIMS), which 

is based on the finite element/control volume approach. In 2-D simulations, only the in-plane 

permeabilities are supplied (Simacek et al. 1998). In 3-D simulations, the pressure and flow in 

all three directions is solved, and a 3-D permeability sensor is supplied as input, as in the resin 

infusion process simulation (FUPS), which is based on finite element methods without the use of 

the control volume approach (Gallez and Advani 1996). Usually, the geometry, the material 

parameters, and the position of resin inlets and outlets are specified before the filling simulation 

is carried out. Simulation codes are used to track flow fronts and estimate the fill times. 

4 

. 

. 



. 
Parametric studies then can be conducted with simulations to design the mold and the process 

parameters. 

Closed form analytical solutions have also been derived for the resin flow under simplifying 

assumptions and for simple geometries. These solutions explain the role of various process 

variables and their interactions during processing. Indeed, a closed form solution of the resin 

flow during the VARTM process not only enables parametric studies, optimization, and 

reduction of computational expenses of full-scale simulations, but also offers insight on the 

scaleup of the process and material parameters for large structures. 

In earlier work, Tari et al. (1998) derived a closed form model for vacuum-bag RTM under 

several simplifying assumptions. They assumed that the velocity of resin in the fiber preform is 

negligible and that the region behind the flow fi-ont is uniformly saturated. In the present work, 

these assumptions were not made, so the velocity of the resin, as well as the shape of the flow 

front through the thickness of the fiber perform, are accurately captured. This is important for 

scaling purposes. 

A closed form solution for the flow of resin in the VARTM process is presented here. The 

layup is modeled as the distribution layer (high permeability material) and the structural layer 

(preform material). It is assumed that the flow is well developed and can be divided into a 

saturated region with no crossflow and a flow front region in which the resin infiltrates the 

preform from the distribution medium. The flow front region is assumed to be fully developed 

with a uniform velocity. The law of conservation of mass and Darcy’s Law for flow through 

porous media are applied in each region. The resulting equations are nondimensionalized and 

are solved to yield the flow front shape and the development of the saturated region. 

2. Problem Statement 

As illustrated in Figure 3, the layup of materials is modeled as two layers of permeable 

materials. The distribution layer is much thinner than the structural layer, h, << h, , where h, and 
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PO : injection Pressure 

Layer 1: Distribution Layer ; Flow Front Region 

I Layer 2: Structural Layer /Vacuum Pressure( = 0 

Note: d - region with transverse flow = flow front length. 
D - region without transverse flow = length behind the flow front region. 
UF - flow front velocity. 
,u - viscosity of resin. 

Figure 3. Two-Layer Model of Resin Flow in the VARTM Process. 

h,are the respective thicknesses of the two layers. The flow front in the distribution layer is 

considered uniform. The permeability of the distribution layer is K,, along the flow direction, 

and the permeabilities of the structural layer are K,,and K,, in the x and y directions, 

respectively. The constant inlet injection pressure (atmospheric pressure) is PO, and the resin 

viscosity is p . 

In the saturated region, the flow is one-dimensional (1-D) with Darcy’s velocities U, and U, 

in layers 1 and 2, respectively. The length of this saturated region is D, and the pressure at its 

boundary with the second flow region is assumed to be PD. 

The second region, illustrated in Figure 4, is the flow fi-ont region where there is transverse 

flow from the distribution layer to the structural layer. The flow front region of length d is 

assumed to maintain its shape, given by h, , and advances with a uniform horizontal velocity of 
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Flow Front Region 
I 

Vacuum Pressure 
t 

0 

Figure 4. Schematic of Resin Flow in the Flow Front Region for the Two-Layer VARTM 
Model. 

U,. This is the observed velocity of the resin and not the Darcy’s velocity. The transverse 

velocity of resin infiltration from the distribution layer into the structural layer is Q,. The 

horizontal velocity in the flow front region in the distribution layer u,, is with boundary 

condition u,, (x = D + d) = 0, U, . 

Since the resin is an incompressible fluid, using the continuity equation and Darcy’s Law in 

the structural layer, the governing equation for the pressure distribution is 



K 
2xX 

a2p; K a*p-() 
3X2 

2YY 
?Y’ : 

Consider the following nondimensional variables: 

p’=$ ,X* =x,y* 2, 
c xc YC 

(3) 

(4) 

where x, and y, are the characteristic length scales in the longitudinal and thickness directions, 

respectively, and P, is a scaling parameter for the pressure. Introducing the dimensionless 

variables, the governing equation can be recast in dimensionless form as follows (Pillai and 

Advani 1998a, 1998b): 

K,,yf a*p* + a2p* -= 
K,,x,Z ax** $2 

o 
. (5) 

Since the resin distribution media was used in the process to enable the rapid and uniform 

distribution of the resin across the mold surface, it can be assumed that within the flow front 

region in the structural layer, the major portion of the resin flow is from the distribution layer 

into the structural layer. Hence, the flow rate in the y direction must be more significant than 

that in the x direction (i.e., Qy >> Q,). The x, in the flow fi-ont region is d, while y, is h,. If 
- 

u and v are the average Darcy’s velocities in the two directions, then 

Qy =id, 

and 

Q, =;h2. 

(6) 

Considering Darcy’s equation for the velocities, the following scaling argument can be made: 
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I . 

and 

v= K2, ap - K2vv p ----&.j,“-A 
Pay P h2’ 

Since QY >> Q,, from equations 6 to 8, it can be determined that: 

K*xxG- << 1 
K,,d* ’ 

(7) 

(8) 

(9) 

This allows for the neglect of the x-term in pressure equation 5 in the flow front region, which 

leads to the following result: 

and 

K2yy ap K2yy v=---= --fA-4 
CL@ I-L 

At the top of the structural layer, where the flow is always Corn the distribution layer, the 

boundary condition is defined as v jyzO= z+*,,(x). Hence, in the flow fi-ont region, 

v(x) = Gy (4, 

9 



where yzY(x) is the velocity of the resin flow from the distribution to the structural layer in the 

flow front region. In the saturated region, the length scale of the flow is D in the x direction and 

h, in the y direction, where D >> h, . Since D >> d, from equation 9, 

K2Jc <<la K2A 
K2yyd2 K2,DZ 

<<l. 

So, the first term in equation 5 can be neglected, and 

Thus, the velocity in they direction in the saturated region is 

v= K2yy w K2yy ---=-- 
P ay cc fsW 

(11) 

(13) 

At the bottom of the structural layer in the saturated region, the resin is in contact with the 

surface of the mold, which is impermeable. Hence, the no-penetration boundary condition was 

applied (i.e., v = 0 @y = h2) in the saturated region. Therefore, 

dP 
s = fs (x) = 0 in the saturated region. (14) 

As a result, v = 0 in the saturated region everywhere in the structural layer. Since v = 0, the 

second term in pressure equation 3 becomes zero, and 

$0 spy), 
. 
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as 

ap 0 -= @ * 
So, it can be inferred that g(y) is constant, and , 

Lx ap u=--- 
P ax 

(15) 

is constant in the saturated region. Hence, from boundary conditions of P = P, @x = 0 and 

P=P,@x= D, 

ap pD-po 
dx= D 

in the saturated region. (16) 

3. Analytical Solution 

Considering the element fluid volumes shown in Figure 5 and invoking the mass balance, 

U,zy~+U2(-dhF)=UFQZZ(-dhF)~U**y =*(@*uF -u,). (17) 

A lumped mass balance in the distribution layer in the flow front region gives 

-du,,h, = ~,~,,dx 3 u,~,, = -h, - 
di- 

(18) 
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Figure 5. Illustration for Resin Mass Balance in the Flow Front Region in the Two-Layer 
Model. 

From equations 17 and 18, the result is 

%, = -h d” Ix = $q@2uF -4,). h?x (19) 

Applying Darcy’s Law in the y direction in the flow front region and using equations 17 and 

18, 

and 
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This leads to the following equation for 4 (x’) , the pressure field in the distribution medium in 

the flow front region: 

&*)=h,~(@,u, -u2+ 
2YY 

(21) 

A similar mass balance in the flow front region, including both the structural and the distribution 

layers, yields 

U,h, +U,h, =U,(@, h, +@ 2 h,). 

Applying Darcy’s Law in the saturated region with 1 -D flow, 

and 

K2, PO - PLI u, =- K 

P D 
3 u, =u,x. 

K 2xX 

In combination with equation 22, 

(22) 

(23) 

(24) 

The previous set of equations can be nondimensionalized using the following nondimensional 

variables: 
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x-D h; +x* =- 
2 h2 ’ 

(25) 

and 

4* =$I* =$,p* =$ - 
2 2 0 

This gives the following system of equations: 

and 

(26) 

(27) 

(28) 

(29) 
- 

ti2UF Here, p* = - 
KLJO 

is obtained from the nondimensional Darcy’s Law. The boundary conditions 

14 



on UT, are Use= U,*.U~:(~*)= $1. The boundary conditions on h; (0) = l,h; (d’ ) = 0. The 

pressure boundary conditions are <* (0) = Pi,c* (d’ )= 0. 

Integrating equation 29 and applying the boundary condition ulx (0) = U,*,U;, (d’ ) = @I , 

In combination with equation 26, 

dl?’ tt a 1= 
dx* 

-CL Ulx = cc h; (x’ )+ @, 1 . (31) 

Combining equations 29 and 3 1, the following nonlinear ODE with boundary conditions 

hi (0) = 1, hi (d * ) = 0 result in: 

,““;;1. . 
2 2 

(32) 

This ODE is of the form given by (y2)” = ay + b. It can be solved using the substitution 
dY p=d,,y.=pdp dy (Murphy 19W This usually yields a solution in a quadratic form. 

The quadratic form hi (x’ ) = ax2 + /3x* + y can be substituted into the above equation to find the 

solution using the first boundary condition hi (0) = 1 and matching the coefficients of the powers 

of x* on either side. Then the second boundary condition, hi(d*) = 0, can be used to determine 

d * . This gives a quadratic equation for d * having two roots. Both roots are positive, but if the 

larger one were chosen, then the flow front profile would be physically impossible (Figure 6). 

Hence, the smaller root gives the following unique solution: 

15 



K* 2YY a=- 

6h,* ’ 

and 

y=l. 

Thus, 

K* *2 
h;(n’)=--$, 

1 

and since hi (d’ ) = 0, d * can be determined as 

(33) 

(34) 

(35) 

Substituting the form h;(x*) = ax** + /3x* + y in equation 29, the pressure can be 

determined as follows: 

p’ = -b2 -dJ* 
1 K’ 

[2ax*’ + 3a/?x” + (p’ + 2a)x* + pl 
7-YY 

(36) 

Applying the boundary condition 4’ (0) = Pi gives 

16 



-- 
\ 

Xf = d* Nonphysical Region 

Flow Front Shape: &(x*) 

Figure 6. Two Mathematical Roots of hi* = 0. Note That Only the Smaller Root Is 
Physically Possible. 

Using the nondimensional form of Darcy’s Equation in the saturated region, 

u* = G, 1-p; --s U;D * P* 
2 p* D* 

---.=1--p l o2 -u; G, + w;, 
K’ 2xX 

K’ %Y 3h; @2-u; - 

To find Uisubstituted with p* is 

@2UF _ 1 -- 
‘* = KlxxPo rLY+A ’ 

17 
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where 

u; r=- 
K* 2.w 

and 

From equation 38, the flow fi-ont velocity is 

&,& 1 -- Q- @, 170*+/c 

but U, =$, 
D 

and D’ = - ; hence, the previous equation becomes 
h2 

dD Klx,Po 1 -- 
-z- ph, ID-+-Ah, - (41) 

Solving the resulting differential equation for D(t), 

t-t, =C,(D’-D’)+C,(D-D,) , (42) 

where C, = rkf 
=Lpo 

a,ndC,=- 
Kl& 

The variable t, is the time it takes for the flow front 

region to become fully developed, while D, is the entry length for the development of the flow 

front region. Solving for D(t), 

18 



(/1 h*)Z + 2;pp (t-to +C,D,2 +C*D,)-Ah, 
D(t) = Ixr 0 

l- (43) 

Equations 42 and 43 are important for the design of the VARTM process. The results 

obtained are compared to full-scale, finite-element-based simulations using LIMS 4.0 and are 

presented in the next section. A parametric study is presented to shed light on how one can scale 

the parameters in the VARTM process. 

4. Verification: Full-Scale Simulations 

The results obtained can be compared to finite-element-based simulations of the filling 

process in VARTM. LIMS 4.0 was used for simulation of the tilling process for five different 

cases, with different values for permeabilities and fiber volume fractions for the distribution and 

structural layers, respectively, and length of part, D. Each part was modeled using finite 

elements and the filling process simulated as a constant pressure injection at 1 atm at one comer 

of the part. The viscosity of the resin, the thicknesses of the structural and distribution layers, 

and the permeability of the distribution layer were held constant. The fill times and the values of 

d were determined and compared to those obtained from the closed form solution. The results 

are tabulated in Table 1. The fill time from the analytical solution was found to be within 2% of 

the value from the full-scale numerical simulation, while the value of d was within 12% of the 

value from simulation. For all cases, the condition K2,h-i 
K*,d2 

<< 1 -. was maintained for a valid 

analytical solution. 

The flow front history and the pressure contours at the final time are plotted for Case 1 in 

Figure 7. It can be observed that the flow front is constant in shape, while the lines of constant 

pressure in the saturated region are equally spaced and vertical to the x axis, thus verifying the 

assumptions of constant flow front shape and linear variation in pressure in the saturated region. 
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Table 1. Comparison of Closed Form Solution With Results From Full-Scale Numerical 
Solution of the VARTM Process 

t-to 

(s) 
% Error” 

hse Parameters LIMS 4.0 Closed Form Closed Form 
Solution LIMS 4.0 Solution d 

(%) (i) 

1 Kzxx = 8.8E-7 cm 2 8.9 9.8 44.9 44.8 9.7 -0.3 
Kz~ = 4.4E-7 cm2 
01 = 0.99, $2 = 0.50 
D-Do = 40.0 cm 

2 K2xx = 8.8E-7 cm2 29.2 30.9 19.1 19.4 5.7 1.5 
K2yy = 4.4E-8 cm2 
$1 = 0.99, $2 = 0.50 
D-Do = 19.0 cm 

3 Kzxx = 8.8E-7 cm 2 3.0 3.1 54.2 54.5 2.9 0.5 
K2, = 4.4E-6 cm2 
$1 = o-99,+2 = 0.50 
D-Do = 47.0 cm 

4 Kzxx= 8.8E-7 cm 2 9.2 10.1 71.7 72.1 10.2 0.6 
Kzfl = 4.4E-7 cm2 
4, = 0.99, @2 = 0.80 
D-Do = 40.3 cm 

5 Kzxx= 8.8E-7 cm 2 9.0 10.0 44.2 44.5 11.6 0.7 
Kzyy = 4.4E-7 cm2 
0, = 0.70, $2 = 0.50 
D-Do = 40.0 cm 

jte: The following variables were used in all cases: 
PO = lE6 g/cm-s2, 
p = 1 g/cm-s 
h, = 0.01 cm, 
h2=1cm, 
Klxx = IE-3 cm2, and 
Do-O cm for all the cases. 
a Based on results from LIMS 4.0. 
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5. Effect of Process Variables: A Parametric Study 

The process variables that affect the flow of resin are broadly classified into geometric 

parameters (such as thickness) and material properties (such as permeability and porosity of the 

two layers). These process variables influence the time to fill a mold of a given length. A 

parametric study of these effects allows for better design and analysis of the VARTM 

manufacturing process. In the present section, the effect of a number of process variables on the 

fill times and flow velocity was studied. The baseline values used for the study are: 

P, =latm,p=lcp, 
h, = 1.00 cm, h, = 0.025 cm, 

K ,xx =8.8x10-4cm2,K,, = 8.8x10-‘cm’,K,, =1.47x10-‘cm’, and 

a, = 0.99, cp, = 0.50. 

In the plots for each parameter, the flow front velocity (UF) and the time taken (t) are plotted 

against D for different values of the parameter. Note that the time axis is reversed; therefore, the 

lines for t start from zero at the top of the graph. 

5.1 Effect of Thickness Ratios. The effect of the ratio of the thickness of the distribution 

medium to that of the structural layer, hJ = + , is considered. Figure 8 plots the flow front 

velocity, U,, vs. D for different thickness ritios. As h,’ increases, the flow front velocity 

increases while the fill time decreases for a given length D. This is because as the thickness of 

the highly permeable distribution medium relative to that of the structural layer increases, the 

resin flow rate in the distribution medium increases. Since the diffusion material is used to 

distribute resin in the part and ensure mold filling, an increase in h,* will cause an increase in 

flow front velocity and a decrease in fill time. 

For the case of h; = 0.1, encountered with thin section composite parts, U, shows a slower 

decrease with D than with the other cases. With thick-section composite parts where h,’ + 0, 
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Figure 7. Example of a Full-Scale Numerical Simulation: (a) Flow Front History and 
(b) Pressure Distribution at the Final Time Step. 
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Figure 8. Flow Front Velocity and Fill Time as a Function of Length of the Saturated 
Region: Effect of Thickness Ratios. 

U, falls rapidly. In order to fill such a part efficiently, the distance between the gates (0) has to 

be small; thus, the number of gates required increases. Therefore, the solution provides insight 

into the scaling laws required for manufacturing thick-section composites by VARTM. 

5.2 Effect of Permeability. The permeability values of importance are: ICI*,, the 

permeability of the distribution layer in the longitudinal x direction, and K;, and Klw, the 

permeabilities of the structural layer in the longitudinal x and thickness y directions. As seen in 
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Figures 9-l 1, as the permeability values increase, the time to fill decreases, and the flow front 

velocity increases. As the permeability values increase, the resistance of the material to the resin 

flow decreases. Hence, the net flow rates are higher, and the time to till decreases, while the 

flow front velocity increases. Since the flow rate in the distribution layer is higher, the effect of 

K,*, is significantly more than that of K;, and Ki, . These effects can also be observed from 

the plots shown. This has important ramifications on the selection and the thickness of 

distribution media. 

5.3 Effect of Porosity. The porosity of a fiber preform is defined as the fraction of the total 

volume of the material not occupied by the fibers. In composite manufacturing, the 

complementary term, volume fraction, was more commonly used. The volume fraction is 

defined as the fraction of the fiber preform occupied by the fibers and is related to the porosity 

by the relation V/ = 1 - CD. The porosity also affects the permeability of the material. However, 

this coupling has not been accounted for in the present work. 

The porosity values considered here are CD,, the porosity of the distribution layer, and cD~, 

the porosity of the structural layer. As observed from Figure 12, 0, did not significantly affect 

the time to fill and the flow front velocity. In Figure 13, as Oz increases, the flow-front velocity 

decreases, and the fill time significantly increases. This is because the fraction of the total part 

volume occupied by the thin layer of diffusion material is very low compared to that occupied by 

the fiber preform in the structural layer. Hence, increasing the porosity of the diffusion material 

does not have a significant effect. Whereas, if cD~ increases, the volume of the structural layer 

(which is unoccupied by the fiber perform) significantly increases. This additional volume must 

be filled by the resin, thus requiring more time to fill it and therefore slowing down the flow 

front. 
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Figure 9. Flow Front Velocity and Fill Time as a Function of Length of the Saturated 
Region: Effect of Permeability of Distribution Medium. 

6. Conclusions 

A closed form solution for flow of resin in the VARTM process has been developed. This 

process is explained by a two-layer model comprised of a distribution layer and a structural 

layer, containing fiber preform. The flow is divided into a saturated region where there is no 
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crossflow, and a flow front region with a steady shape and uniform velocity where the driving 

flow emanates from the distribution layer to the structural layer. It is assumed that the thickness 

of the distribution layer is much smaller than that of the structural layer, and that the length of 

the flow front region is much smaller than that of the saturated region. It is also assumed that the 

crossflow in the flow front region is much higher than the flow from the saturated region into the 

flow front region. Darcy’s Law regarding flow in porous media and mass balances at different 

sections was used to formulate a system of differential equations, and a closed form solution was 
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Figure 11. Flow Front Velocity and Fill Time as a Function of Length of the Saturated 
Region: Effect of Transverse Permeability of Fiber Preform. 

found. The model predicted the shape and development of the flow front given the material 

properties, the geometric parameters, the pressure at the inlet, and the viscosity. The obtained 

results were verified by comparing them with full-scale simulations. The parametric study 

indicated trends that reflect the physics of the flow process and identified the parameters that 
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significantly affect the filling process. Subsquent solutions provided physical insight into the 

manufacturing process and can be used for scaling, design, and optimization of the VARTM 

process. 

. 
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DAVID TAYLOR RESEARCH CTR 
SI-IIP STRUCTURES 
& PROTECTION 
DEPT CODE 1702 
BETHESDA MD 20084 

DAVID TAYLOR RESEARCH CTR 
R ROCKWELL 
W PHYILLAIER 
BETHESDA MD 20054-5000 

OFC OF NAVAL RESEARCH 
D SIEGEL CODE 35 1 
800 N QUINCY ST 
ARLINGTON VA 222 17-5660 
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NO. OF 
COPIES ORGANIZATION 

8 NAVAL SURFACE WARFARE CTR 
J FRANCIS CODE G30 
D WILSON CODE G32 
R D COOPER CODE G32 
J FRAYSSE CODE G33 
E ROWE CODE G33 
T DURAN CODE G33 
L DE SIMONE CODE G33 
R HUBBARD CODE G33 
DAHLGREN VA 22448 

1 NAVAL SEA SYSTEMS CMD 
D LIESE 
253 1 JEFFERSON DAVIS HWY 
ARLINGTON VA 22242-5 160 

1 NAVAL SURFACE WARFARE CTR 
M LACY CODE B02 
17320 DAHLGREN RD 
DAHLGREN VA 22448 

1 OFC OF NAVAL RES 
J KELLY 
800 NORTH QUINCEY ST 
ARLINGTON VA 222 17-5000 

2 NAVAL SURFACE WARFARE CTR 
CARDEROCK DIVISION 
R CRANE CODE 2802 
C WILLIAMS CODE 6553 
3A LEGGE’IT CIR 
BETHESDA MD 20054-5000 

1 EXPEDITIONARY WARFARE DIV N85 
F SHOUT’ 
2000 NAVY PENTAGON 
WASHINGTON DC 20350-2000 

1 AFRL MLBC 
2941 P ST RM 136 
WRIGHT PATTERSON AFB OH 
45433-7750 

1 AFRL MLSS 
R THOMSON 
2179 12TH ST RM 122 
WRIGHT PATTERSON AFB OH 
45433-77 18 

NO. OF 
COPIES 

2 

ORGANIZATION 

AFRL 
FABRAMS 
J BROWN 
BLDG 653 
2977 P ST STE 6 
WRIGHT PATTERSON AFB OH 
45433-7739 

AFRL MLS OL 
L COULTER 
7278 4TH ST 
BLDG 100 BAY D 
HILL AFB UT 84056-5205 

OSD 
JOINT CCD TEST FORCE 
OSD JCCD 
R WILLIAMS 
3909 HALLS FERRY RD 
VICKSBURG MS 29 180-6 199 

DEFENSE NUCLEAR AGENCY 
INNOVATIVE CONCEPTS DIV 
6801 TELEGRAPH RD 
ALEXANDRLA VA 223 lo-3398 

WATERWAYS EXPERIMENT 
D SCOTT 
3909 HALLS FERRY RD SC C 
VICKSBURG MS 39180 

DARPA 
M VANFOSSEN 
SWAX 
L CHRISTODOULOU 
3701 N FAIRFAX DR 
ARLINGTON-VA 22203-1714 

FAA 
TECH CENTER 
D OPLINGER A4R 43 1 
P SHYPRYKEVICH AAR 43 1 
ATLANTIC CITY NJ 08405 

SERDP PROGRAM OFC 
PM P2 
C PELLERIN 
B SMITH 
901 N STUART ST STE 303 
ARLINGTON VA 22203 
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NO. OF 
COPIES 

1 

1 

1 

5 

1 

ORGANIZATION 

FAA 
MIL HDBK 17 CHAIR 
L ILCEWICZ 
1601 Ll-ND AVE SW 
ANM 115N 
RESTON VA 98055 

US DEPT OF ENERGY 
OFC OF ENVIRONMENTAL 
MANAGEMENT 
P RITZCOVAN 
1990 1 GERMANTOWN RD 
GERMANTOWN MD 20874- 1928 

DIRECTOR 
LLNL 
F ADDESSIO MS B216 
PO BOX 1633 
LOS ALAMOS NM 87545 

DIRECTOR 
LLNL 
R CHRISTENSEN 
S DETERESA 
F MAGNESS 
MFlNGERMS313 
M MURPHY L 282 
PO BOX 808 
LIVERMORE CA 94550 

OAK RIDGE NATIONAL 
LABORATORY 
R M DAVIS 
PO BOX 2008 
OAK RIDGE TN 37831-6195 

OAK RIDGE NATIONAL 
LABORATORY 
C EBERLE MS 8048 
PO BOX 2009 
OAK RIDGE TN 3783 1 

OAK RIDGE NATIONAL 
LABORATORY 
C D WARREN MS 8039 
PO BOX 2009 
OAK RIDGE TN 37922 

41 

NO. OF 
COPIES 

7 

3 

1 

1 

ORGANIZATION 

NIST 
R PARNAS 
J DUNKERS 
M VANLANDINGHAM MS 862 1 
J CHIN MS 8621 
D HUNSTON MS 8543 
J MARTIN MS 862 1 
D DUTHINI-I MS 8611 
100 BUREAU DR 
GAITHERSBURG MD 20899 

LOCKHEED MARTIN MISSILES 
& FIRE CONTROL 
R TAYLOR 
PO BOX 650003 M S WT 93 
DALLAS TX 75265-0003 

HYDROGEOLOGIC INC 
SERDP ESTCP SPT OFC 
S WALSH 
1155 HERNDON PKWY STE 900 
HERNDON VA 20170 

DIRECTOR 
SANDIA NATIONAL LABS 
APPLIED MECHANICS DEPT 
DIV 8241 
J HANDROCK 
YRKAN 
J LAUFFER 
PO BOX 969 
LIVERMORE CA 94550-0096 

NASA LANGLEY RSCH CTR 
AMSRL vs 
W ELBER MS 266 
F BARTLETT JR MS 266 
G FARLEY MS 266 
HAMPTON VA 23681-0001 

NASA LANGLEY RSCH CTR 
T GATES MS 188E 
HAMPTON VA 2366 l-3400 

USDOT FEDERAL RAILRD 
M FATEH RDV 3 1 
WASHINGTON DC 20590 



NO. OF 
COPIES 

1 

ORGANIZATION 

FHWA 
E MUNLEY 
6300 GEORGETOWN PIKE 
MCLEAN VA 22101 

CENTRAL INTLLGNC AGNCY 
OTI WDAG GT 
W L WALTMAN 
PO BOX 1925 
WASHINGTON DC 20505 

MARINE CORPS INTLLGNC ACTVTY 
D KOSITZKE 
3300 RUSSELL RD STE 250 
QUANTICO VA 22 134-50 11 

DIRECTOR 
NATIONAL GRND INTLLGNC CTR 
LANG TMT 
220 SEVENTH ST NE 
CHARLOTTESVILLE VA 
22902-5396 

DIRECTOR 
DEFENSE INTLLGNC AGNCY 
TA5 
K CRELLING 
WASHINGTON DC 203 10 

GRAPHITE MASTERS lNC 
J WILLIS 
38 15 MEDFORD ST 
LOS ANGELES CA 90063-1900 

ADVANCED GLASS FIBER YARNS 
T COLLINS 
28 1 SPRING RUN LANE STE A 
DOWNINGTON PA 19335 

COMPOSITE MATERIALS INC 
D SHORTT 
19105 63 AVE NE 
PO BOX 25 
ARLINGTON WA 98223 

COMPOSITE MATERIALS INC 
R HOLLAND 
11 JEWEL CT 
ORINDA CA 94563 

NO. OF 
COPIES 

1 

ORGANIZATION 

COMPOSITE MATERIALS INC 
C RILEY 
14530 S ANSON AVE 
SANTA FE SPRINGS CA 90670 

COMPOSIX 
D BLAKE 
L DIXON 
120 0 NEILL DR 
HEBRUN OHIO 43025 

CYTEC FIBERITE 
R DUNNE 
D KOHL1 
M GILL10 
R MAYHEW 
1300 REVOLUTION ST 
HAVRE DE GRACE MD 21078 

SIMULA 
J COLTMAN 
RHUYETT 
10016 S 51ST ST 
PHOENIX AZ 85044 

SIOUX MFG 
B KRIEL 
PO BOX 400 
FT TOTTEN ND 58335 

PROTECTION MATERIALS INC 
M MILLER 
F CRILLEY 
14000 NW 58 CT 
MIAMI LAKES FL 33014 

FOSTER MILLER 
J J GASSNER 
M ROYLANCE 
w ZUKAS 
195 BEAR HILL RD 
WALTHAM MA 02354-l 196 

ROM DEVELOPMENT CORP 
ROMEAR4 
136 SWINEBURNE ROW 
BRICK MARKET PLACE 
NEWPORT RJ 02840 
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NO. OF 
COPIES 

2 

1 

1 

2 

1 

2 

1 

2 

ORGANIZATION 

TEXTRON SYSTEMS 
T FOLTZ 
M TREASURE 
201 LOWELL ST 
WILMINGTON MA 08870-2941 

JPS GLASS 
L CARTER 
PO BOX 260 
SLATER RD 
SLATER SC 29683 

0 GARA HESS & EISENHARDT 
M GILLESPIE 
9113 LESAINT DR 
FAIRFIELD OH 45014 

MILLIKEN RSCH CORP 
HKUHN 
M MACLEOD 
PO BOX 1926 
SPARTANBURG SC 29303 

CONNEAUGHT INDUSTRIES INC 
J SANTOS 
PO BOX 1425 
COVENTRY RJ 028 16 

BATTELLE NATICK OPNS 
J CONNORS 
B HALPlN 
209 W CENTRAL ST STE 302 
NATICK MA 01760 

BATTELLE NW DOE PNNL 
THALLMSK231 
BATTELLE BLVD 
RICHLAND WA 99352 

ARMTEC DEFENSE PRODUCTS 
S DYER 
85 901 AVE 53 
PO BOX 848 
COACHELLA CA 92236 

GLCC INC 
JRAY 
M BRADLEY 
103 TRADE ZONE DR STE 26C 
WEST COLUMBLA SC 29 170 
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NO. OF 
COPIES 

3 

1 

ORGANIZATION 

PACIFIC NORTHWEST LAB 
M SMITH 
G VAN ARSDALE 
R SHIPPELL 
PO BOX 999 
RICHLAND WA 99352 

AMOCO PERFORMANCE 
PRODUCTS 
M MICHNO JR 
J BANISAUKAS 
4500 MCGINNIS FERRY RD 
ALPHARETTA GA 30202-3944 

SAIC 
M PALMER 
2109AIRPARKRDSE 
ALBUQUERQUE NM 87106 

SAIC 
G CHRYSSOMALLIS 
3800 W SOTH ST STE 1090 
BLOOMINGTON MN 5543 1 

A41 CORPORATION 
T G STASTNY 
PO BOX 126 
HUNT VALLEY MD 21030-0126 

APPLIED COMPOSITES 
W GRISCH 
333 NORTH SIXTH ST 
ST CHARLES IL 60 174 

ALLIANT TECHSYSTEMS MC 
J CONDON 
E LYNAM 
J GERHARD 
WV0 1 16 STATE RT 956 
POBOX210 
ROCKET CENTER WV 
26726-02 10 

CUSTOM ANALYTICAL 
ENG SYS INC 
A ALEXANDER 
13000 TENSOR LANE NE 
FLINTSTONE MD 21530 



NO. OF 
COPIES 

8 

ORGANIZATION 

ALLIANT TECHSYSTEMS INC 
C CANDLAND MN1 12830 
C AAKHUS MN1 12830 
B SEE MN1 1 2439 
N VLAHAKUS MN11 2145 
R DOHRN MN1 12830 
S HAGLUND MN1 1 2439 
M HISSONG MN1 12830 
DKAMDARMNll2830 
600 SECOND ST NE 
HOPKINS MN 55343-8367 

PROJECTILE TECHNOLOGY INC 
515 GILES ST 
HAVRE DE GRACE MD 2 1078 

LORAL VOUGHT SYSTEMS 
G JACKSON 
K COOK 
1701 W MARSHALL DR 
GRAND PRAIRIE TX 7505 1 

AEROJET GEN CORP 
D PILLASCH 
T COULTER 
C FLYNN 
D RUBAREZUL 
M GREINER 
1100 WEST HOLLYVALE ST 
AZUSA CA 9 1702-0296 

HEXCEL INC 
R BOE 
F POLICELLI 
J POESCH 
PO BOX 98 
MAGNA UT 84044 

NO. OF 
COPIES 

1 

2 

1 

1 

5 

1 

1 
HERCULES INC 
HERCULES PLAZA 
WILMINGTON DE 19894 

BRIGS COMPANY 
J BACKOFEN 
2668 PETERBOROUGH ST 
HERNDON VA 2207 l-2443 

2 

ORGANIZATION 

ZERNOW TECHNICAL SERVICES 
L ZERNOW 
425 W BONITA AVE STE 208 
SAN DIMAS CA 9 1773 

OLIN CORPORATION 
FLINCHBAUGH DIV 
E STEINER 
B STEWART 
PO BOX 127 
RED LION PA 17356 

OLIN CORPORATION 
L WHITMORE 
10101 NINTH ST NORTH 
ST PETERSBURG FL 33702 

GKN AEROSPACE 
D OLDS 
15 STERLING DR 
WALLINGFORD CT 06492 

SIKORSKY AIRCRAFT 
G JACARUSO 
T CARSTENSAN 
BKAY 
S GARBO MS S33OA 
J ADELMANN 
6900 MAIN ST 
PO BOX 9729 
STRATFORD CT 06497-9729 

PRATT &WHITNEY 
D HAMBRICK 
400MAINSTMS 11437 
EAST HARTFORD CT 06 108 

AEROSPACE CORP 
G HAWKINS M4 945 
2350 E EL SEGUNDO BLVD 
EL SEGUNDO CA 90245 

CYTEC FIBERITE 
MLIN 
W WEB 
1440 N KRAEMER BLVD 
ANAHEIM CA 92806 

, I 
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NO. OF 
COPIES 

1 

2 

2 

1 

1 

1 

1 

l 1 

ORGANIZATION 

HEXCEL 
T BITZER 
11711 DUBLINBLVD 
DUBLIN CA 94568 

BOEING 
R BOHLMANN 
PO BOX 516 MC 5021322 
ST LOUIS MO 63 166-05 16 

BOEING DFNSE & SPACE GP 
w HAMMOND s 4x55 
J RUSSELL S 4X55 
PO BOX 3707 
SEATTLE WA 98 124-2207 

BOEING ROTORCRAFT 
P MINGURT 
P HANDEL 
800 B PUTNAM BLVD 
WALLINGFORD PA 19086 

BOEING 
DOUGLAS PRODUCTS DIV 
L J HART SMITH 
3855 LAKEWOOD BLVD 
D800 0019 
LONG BEACH CA 90846-0001 

LOCKHEED MARTIN 
S REEVE 
8650 COBB DR 
D 73 62 MZ 0648 
MARIETTA GA 30063-0648 

LOCKHEED MARTIN 
SKUNK WORKS 
D FORTNEY 
1011 LOCKHEED WAY 
PALMDALE CA 93599-2502 

LOCKHEED MARTIN 
R FIELDS 
1195 IRWlNCT 
WINTER SPRINGS FL 32708 

MATERIALS SCIENCES CORP 
B W ROSEN 
500 OFC CENTER DR STE 250 
FT WASHINGTON PA 19034 

NO. OF 
COPIES 

1 

2 

3 

4 

1 

ORGANIZATION 

NORTHRUP GRUMMAN CORP 
ELECTRONIC SENSORS 
& SYSTEMS DIV 
E SCHOCH MS V 16 
1745A W NURSERY RD 
LINTHICUM MD 2 1090 

NORTHROP GRUMMAN 
ENVIRONMENTAL PROGRAMS 
R OSTERMAN 
AYEN 
8900 E WASHINGTON BLVD 
PICO RIVERA CA 90660 

UDLP 
D MARTIN 
PO BOX 359 
SANTA CLARA CA 95052 

UDLP 
G THOMAS 
PO BOX 58123 
SANTA CLARA CA 95052 

UDLP 
R BARRETT MAIL DROP M53 
V HORVATICH MAIL DROP M53 
328 W BROKAW RD 
SANTA CLARA CA 95052-0359 

UDLP 
GROUND SYSTEMS DIVISION 
M PEDRAZZI MAIL DROP NO9 
A LEE MAIL DROP Nl 1 
M MACLEAN MAIL DROP NO6 
1205 COLEMAN AVE 
SANTA CLARA CA 95052 

UDLP 
R BRYNSVOLD 
P JANKEMS 170 
T GIOVANETTI MS 236 
B VAN WYK MS 389 
4800 EAST RIVER RD 
MINNEAPOLIS MN 55421-1498 

GDLS DIVISION 
D BARTLE 
PO BOX 1901 
WARREN MI 48090 
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NO. OF 
COPIES 

2 

NO. OF 
COPIES ORGANIZATION ORGANIZATION 

GDLS 
D REES 
M PASIK 
PO BOX 2074 
WARREN MI 48090-2074 

2 UNIV OF DAYTON 
RESEARCH INST 
RYKTM 
AKROY 
300 COLLEGE PARK AVE 
DAYTON OH 45469-0168 

1 GDLS 
MUSKEGON OPERATIONS 
W SOMMERS JR 
76 GETTY ST 
MUSKEGON MI 49442 

1 MIT 
P LAGACE 
77 MASS AVE 
CAMBRIDGE MA 01887 

1 GENERAL DYNAMICS 
AMPHIBIOUS SYS 
SURVIVABILITY LEAD 
G WALKER 
991 ANNAPOLIS WAY 
WOODBRIDGE VA 22 19 1 

1 IIT RESEARCH CENTER 
D ROSE 
201 MILL ST 
ROME NY 13440-6916 

1 GA TECH RSCH INST 
GA INST OF TCHNLGY 
P FRIEDERICH 
ATLANTA GA 30392 

5 INST FOR ADVANCED 
TECH 
T KIEHNE 
HFAIR 
P SULLIVAN 
W REINECKE 
I MCNAB 
4030 2 W BRAKER LN 
AUSTIN TX 78759 

1 MICHIGAN ST UNIV 
MSM DEPT 
R AVEIULL 
3515 EB 
EAST LANSING MI 48824-1226 

1 UNIV OF KENTUCKY 
L PENN 
763 ANDERSON HALL 
LEXINGTON KY 40506-0046 

2 CIVIL ENGR RSCH FOUNDATION 
PRESIDENT 
H BERNSTEIN 
R BELLE 
1015 15TH ST NW STE 600 
WASHINGTON DC 20005 

1 UNIV OF WYOMING 
D ADAMS 
PO BOX 3295 
LARAMIE WY 82071 ARROW TECH ASS0 

1233 SHELBURNE RD STE D 8 
SOUTH BURLINGTON VT 
05403-7700 

1 UN-IV OF UTAH 
DEPT OF MECH & 
INDUSTRIAL ENGR 
S SWANSON 
SALT LAKE CITY UT 84112 

R EICHELBERGER 
CONSULTANT 
409 W CATHERINE ST 
BEL AIR MD 21014-3613 2 PENN STATE UNIV 

R MCNITT 
C BAKIS 
2 12 EARTH ENGR SCIENCES BLDG 
UNIVERSITY PARK PA 16802 

UCLA MANE DEPT ENGR IV 
HTHAHN 
LOS ANGELES CA 90024- 1597 

46 



NO. OF 
COPIES 

1 

1 

1 

1 

7 

1 

ORGANIZATION 

PENN STATE UNIV 
R S ENGEL 
245 HAMMOND BLDG 
UNIVERSITY PARK PA 1680 1 

PURDUE UNIV 
SCHOOL OF AERO & ASTRO 
CTSUN 
W LAFAYETTE IN 47907-1282 

STANFORD UNIV 
DEPT OF AERONAUTICS 
& AEROBALLISTICS 
S TSAI 
DURANT BLDG 
STANFORD CA 94305 

UNIV OF DAYTON 
J M WHITNEY 
COLLEGE PARK AVE 
DAYTON OH 45469-0240 

UNIV OF DELAWARE 
CTR FOR COMPOSITE MTRLS 
J GILLESPIE 
M SANTARE 
G PALMESE 
S YARLAGADDA 
S ADVANI 
D HEIDER 
D KUKICH 
20 1 SPENCER LABORATORY 
NEWARK DE 19716 

UNIV OF ILLINOIS AT 
URBANA CHAMPAIGN 
NATIONAL CENTER 
FOR COMPOSITE 
MATERIALS RESEARCH 
J ECONOMY 
216 TALBOT LABORATORY 
104 S WRIGHT ST 
URBANA IL 61801 

NORTH CAROLINA STATE UNIV 
CIVIL ENGINEERING DEPT 
W RASDORF 
PO BOX 7908 
RALEIGH NC 27696-7908 
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NO. OF 
COPIES 

3 

ORGANIZATION 

THE UNIV OF 
TEXAS AT AUSTIN 
CTR FOR ELECTROMECHANICS 
J PRICE 
A WALLS 
J KITZMILLER 
10100 BURNET RD 
AUSTIN TX 787584497 

VA POLYTECHNICAL 
INST & STATE UNIV 
DEPT OF ESM 
MWHYER 
K REIFSNIDER 
R JONES 
BLACKSBURG VA 24061-0219 

UNIV OF MARYLAND 
DEPT OF AEROSPACE ENGNRNG 
AJVIZZJNI 
COLLEGE PARK MD 20742 

DREXEL UNIV 
ASDWANG 
32ND & CHESTNUT ST 
PHILADELPHIA PA 19104 

SOUTHWEST RSCH INST 
ENGR & MATL SCIENCES DIV 
J RIEGEL 
6220 CULEBRA RD 
PO DRAWER 285 10 
SAN ANTONIO TX 78228-05 10 

ABERDEEN PROVING GROUND 

US ARMY MATERIEL 
SYSTEMS ANALYSIS 
P DIETZ 
392 HOPKINS RD 
AMXSY TD 
APG MD 21005-5071 

DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLOPAPL 
APG MD 21005-5066 



NO. OF 
ORGANIZATION COPIES 

ABERDEEN PROVING GROUND (CONT) ABERDEEN PROVING GROUND (CONT) 

106 DIR USARL 
AMSRL CI 
AMSRL CI H 

W STUREK 
AMSRL CI s 

A MARK 
AMSRL CS IO FI 

M ADAMSON 
AMSRL SL B 

J SMITH 
AMSRL SL BA 
AMSRL SL BL 

D BELY 
R HENRY 

AMSRL SL BG 
AMSRL SL I 
AMSRL WM B 

A HORST 
E SCHMIDT 

AMSRL WM BA 
F BRANDON 

AMSRL WM BC 
P PLOSTINS 
D LYON 
J NEWILL 
S WILKERSON 
A ZIELINSKI 

AMSRL WM BD 
B FORCH 
R FIFER 
R PESCE RODRIGUEZ 
B RICE 

AMSRL WM BE 
C LEVERITT 
D KOOKER 

AMSRL WM BR 
C SHOEMAKER 
J BORNSTEIN 

AMSRLWMM 
D VIECHNICKJ 
G HAGNAUER 
J MCCAULEY 
B TANNER 

AMSIUWMMA 
R SHUFORD 
P TOUCHET 
N BECK TAN 

AMSRL WM MA 
D FLANAGAN 
L GHIORSE 
DHARRIS 
S MCKNIGHT 
P MOY 
P PATTERSON 
G RODRIGUEZ 
A TEETS 
RYTN 

AMSRLWMMB 
B FINK 
J BENDER 
T BLANAS 
T BOGETTI 
R BOSSOLI 
L BURTON 
K BOYD 
S CORNELISON 
P DEHMER 
R DOOLEY 
W DRYSDALE 
G GAZONAS 
S GHIORSE 
D GRANVILLE 
D HOPKINS 
C HOPPEL 
D HENRY 
R KASTE 
M KLUSEWITZ 
M LEADORE 
R LIEB 
E RJGAS 
J SANDS 
D SPAGNUOLO 
W SPURGEON 
J TZENG 
E WETZEL 

AMSRL WM MB ALC 
A FRYDMAN 

AMRSL WM MC 
J BEATTY 
ECHIN 
J MONTGOMERY 
A WERECZCAK 
J LASALVIA 
J WELLS 

NO. OF 
COPIES ORGANIZATION 
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NO. OF 
ORGANIZATION COPIES 

ABERDEEN PROVING GROUND (CONT) 

AMSRL WM MD 
W ROY 
S WALSH 

AMSRL WM T 
B BURNS 

AMSRL WM TA 
W GILLICH 
T HAVEL 
J RUNYEON 
M BUTUUNS 
E HORWATH 
B GOOCH 
W BRUCHEY 

AMSRL WM TC 
R COATES 

AMSRL WM TD 
A DAS GUF’TA 
T HADUCH 
T MOYNIHAN 
F GREGORY 
A RAJENDRAN 
M R4FTENBERG 
M BOTELER 
T WEERASOORIYA 
D DANDEKAR 
A DIETRICH 

AMSRL WM TE 
A NIILER 
J POWELL 

AMSRL SS SD 
H WALLACE 

AMSRL SS SE R 
R CHASE 

AMSRL SS SE DS 
R REYZER 
R ATKINSON 

AMSRL SE L 
R WEINR4UB 
J DESMOND 
D WOODBURY 
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NO. OF 
COPIES 

1 

ORGANIZATION 

LTD 
R MARTIN 
MERL 
TAMWORTH RD 
HERTFORD SG13 7DG 
UK 

SMC SCOTLAND 
PWLAY 
DER4 ROSYTH 
ROSYTH ROYAL DOCKYARD 
DUNFERMLINE FIFE KY 112XR 
UK 

CIVIL AVIATION 
ADMINSTRATION 
T GOTTESMAN 
PO BOX 8 
BEN GURION INTERNL AIRPORT 
LOD 70150 ISRAEL 

AEROSPATIALE 
S ANDRE 
ABTECCRTEMD132 
3 16 ROUTE DE BAYONNE 
TOULOUSE 3 1060 
FRANCE 

DAIMLER BENZ AEROSPACE 
J BAUER 
D 8 1663 MUNCHEN 
MUNICH 
GERMANY 

DRA FORT HALSTEAD 
P N JONES 
D SCOTT 
M HINTON 
SEVEN OAKS KENT TN 147BP 
UK 

DEFENSE RESEARCH ESTAB 
VALCARTIER 
F LESAGE 
COURCELETTE QUEBEC COA 
IRO CANADA 

NO. OF 
COPIES 

2 

ORGANIZATION 

ROYAL MILITARY COLLEGE OF 
SCIENCE SHRIVENHAM 
D BULMAN 
B LAWTON 
SWINDON WILTS SN6 8LA 
UK 

SWISS FEDERAL ARMAMENTS 
WKS 
w LANZ 
ALLMENDSTRASSE 86 
3602 THUN 
SWITZERLAND 

ISRAEL INST OF 
TECHNOLOGY 
S BODNER 
FACULTY OF MECHANICAL ENGR 
HAIFA 3200 ISRAEL 

DSTO MATERIALS RESEARCH LAB 
NAVAL PLATFORM VULNERABILITY 
SHIP STRUCTURES & MTRLS DIV 
N BURMAN 
PO BOX 50 
ASCOT VALE VICTORIA 
AUSTRALIA 3032 

ECOLE ROYAL MILITAIRE 
E CELENS 
AVE DE LA RENAISSANCE 30 
1040 BRUXELLE 
BELGIQUE 

DEF RES ESTABLISHMENT 
VALCARTIER 
A DUPUIS 
2459 BOULEVARD PIE XI NORTH 
VALCARTIER QUEBEC 
CANADA 
PO BOX 8800 COURCELETTE 
GOA IRO QUEBEC CANADA 

INSTITUT FRANC0 ALLEMAND 
DE RECHERCHES DE SAINT LOUIS 
DE M GIRAUD 
5 RUE DU GENERAL CASSAGNOU 
BOITE POSTALE 34 
F 68301 SAINT LOUIS CEDEX 
FRANCE 
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NO. OF 
COPIES 

1 

1 

1 

1 

. 

ORGANIZATION 

ECOLE POLYTECH 
J MANSON 
DMX LTC 
CH 1015 LAUSANNE 
SWITZERLAND 

TN0 PRINS MAURITS 
LABORATORY 
R IJSSELSTEIN 
LANGE IUEIWEG 137 
PO BOX 45 
2280 AA RIJSWIJK 
THE NETHERLANDS 

FOA NATL DEFENSE RESEARCH 
ESTAB 
DIR DEPT OF WEAPONS & 
PROTECTION 
B JANZON 
R HOLMLIN 
S 172 90 STOCKHOLM 
SWEDEN 

DEFENSE TECH & PROC AGENCY 
GROUND 
I CREWTHER 
GENERAL HERZOG HAUS 
3602 THUN 
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