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1. INTRODUCTION

Liqdid-propellant guns (LPGs) represent a concept in gun design that offers

many advantages over conventional solid-propellant weapons. Higher impulses at

lower peak pressures, cooler operation, reduced erosion, improved propellant

management, and elimination of the cartridge are the major advantages, all of

which lead to a lightweight, low-volume gun system that is capable of high

muzzle velocities at sustained, higher rates of fire.

The advantages of liquid propellants have led to exploratory development

activities on bulk-loaded and regenerative, direct-injection gun concepts. In

the former, the propellant is loaded in bulk and ignited; see Fig. 1.1(a). In

the latter concept, a split chamber is used in which the propellant is sprayed

through a regeneratively activated piston into the forward combustion

chamber, while the force to drive the piston into the propellant section is

m derived from the combustion process; see Fig. 1.1(b).

Test results on both concepts have exhibited unexplained phenomena that are

manifest in erratic behavior in the pressure-time traces. Bulk-loaded gun
K firings have exhibited unacceptable shot-to-shot variability in the

pressure-time traces (Fig. 1.2). Pressure-time traces obtained from

regenerative gun firings exhibit a variety of oscillations during the

combustion process, an example of which is shown in Fig. 1.3.

These observations have not been explained and, although no catastrophic

failures have been reported to-date, the sources of these variabilities require

a more fundamental understanding of the interior ballistics process in order to

ensure that the relationship between gun design and performance is predictable.

Research conducted to date has begun to provide a basis for this needed

understanding.

The overall objective of the present study was to develop a fundamental

understanding of the interior ballistics process in liquid-propellant guns,
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injection, and (b) regenerative, direct injection.

2



MULTIPLE HUMP

SINGLE PEAK
FLAT TOP

TIME TIME TIME

OVER PRESSURE

CL

FIZZ MODE

TIME TIME

Fig. 1.2. Variability of pressure-time traces - Typical of certain bulk-
loaded gun test firings.

I-

HIGH FREQUENCY OSCILLATION - INSTABILITY

UJ

TIME

Fig. 1.3. Instability - Typical of certain regenerative-
injection gun test firings.

3



with emphasis on the regeneratively injected gun concept. Prior research on

the bulk-.oaded gun concept served as a basis for the theoretical work

described here. The specific objective was to develop a transient model for

the study of flow in the propellant chamber and through orifices. Of

particular importance is to establish an understanding of the origin and

control of pressure oscillations and the influence of scaling and design

features on the combustion process.

In this report, the formulation of a detailed analysis of the transient-flow

phenomena that occurs inside the propellant chamber and the injector orifice

under conditions typical of LPG operation is described. The effects of orifice

channel geometry and wall boundary layer development are included as an

inherent part of the transient, two-dimensional framework of governing

equations and boundary conditions. The overall interior ballistics analysis

utilizes the framework of equations previously developed for the bulk-loaded

LPG [1] and generic internal combustion engines [2]. An interior moving

boundary accommodates the piston, which is a modification to the original

framework [1,2].U

The transient orifice flow model was used to parametrically evaluate the

sensitivity of the predicted orifice flow phenomena to fluid properties,

geometry and operating conditions.

A schemati.c of regenerative liquid-propellant gun is shown in Fig. 1.4.

Existing one-dimensional regenerative LPG analyses involve a number of

simplifying assumptions in addition to neglecting multidimensional effects

[3-9]. These assumptions relate to such major areas as injection of propellant

(treated as a steady-state Bernoulli flow), liquid accumulation in the

combustion chamber (either ignored or inferred from experimental data), and

fluid flow from the combustion chamber into the gun tube (approximated by

steady Bernoulli or isentropic flow). Usually, a number of loss terms are

lumped into one or more adjustable discharge coefficients. The veracity of

such models to accurately predict the sensitivities of performance to design

and operating conditions has not been substantiated. The fundamental coupling

of transient flow behavior and physico-chemical processes occuring in the gun

chamber is not apparent when the subprocesses are lumped into a single

4
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I-.

coefficient. Thus, more rigorous modeling of the individual phenomena is

needed in order to identify the design parameters most critical to reliable gun

i performance prediction.

Experiments conducted at the BRL [7], GE [10] and SAIC [11] have used different

configurations, piston geometries and piston movements for injecting the liquid

*through the orifice. A schematic diagram of the configuration is shown in Fig.

1.5 for the three experimental apparatus.

In the present study, the configurations A and B shown in Fig. 1.6 have been

studied to establish the adequacy of the transient model for application to the

gun problem. Configurations C and D of Fig. 1.6 were not studied due to the

termination of the present phase of work.

In Section 2, the formulation and numerical scheme modified for this study are

presented. Section 3 presents the results and comparison of predictions with

the GE data. Section 4 is comprised of discussion and conclusion.

6
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2. FORMULATION AND NUMERICAL SCHEME

m I The computer code is an adaptation of MAGIC (Modeling Algorithm for Generic

, Internal Combustion Engine) developed over the past ten years [2]. The

time-dependent model is two-dimensional (rectangular or axisymmetric) and uses

a generalized coordinate system with quadrilateral finite-difference cells for

defining general curvilinear cylindrical volumes, in addition to an arbitrary

Lagrangian to Eulerian coordinate system for time-dependent in-cylinder

boundary definition. MAGIC uses a control-volume differencing scheme with

upwind and centered spatial differencing.

The code uses explicit time differencing with semi-implicit time splitting

options for acoustic waves, coupled species reaction rates and turbulent

production/dissipation rates. It embodies multi-species transport with

multi-step hydrocarbon chemistry and/or turbulent reaction-rate closure, with

the capability of handling axisymmetric swirling flows with coupled solution

for swirl velocity component. Navier-Stokes molecular and turbulent stress as

well as thermal and species diffusion are accounted for in addition to

m mcompressibility and streamline curvature modifications (see [2] and references

cited there).

The chemistry option was not required in the present study, since the focus of

attention was on orifice flows. The existing turbulence models are based on

steady-state flows, i.e., the models have been developed and calibrated against

steady-state data. In addition, in this highly transient flow, there is a

basic question of whether the time is sufficient for the flow to become

turbulent. Not having the answer to this question, the work reported here is

limited to laminar-flow assumption.

The governing equations include the conservation of mass, momentum, energy, and

chemical species as well as the thermal and caloric equations of state and

appropriate initial and boundary conditions. These equations are described in

integral form for a finite-difference grid element which may be in motion with

an arbitrary, prescribed velocity U. This is in accordance with the

control-volume differencing approach. For a time-varying volume element V(t)

with a surface S(t) and an outward-directed normal vector A, the governing

equations can be written as follows:

9



Conservation of Mass

UA
-If pdV - uu) ndS 0 (2.1)

Conservation of Momentum

p-udV- f P-u(Uu) ndS
at V( t) puV - S(t) -

(2.2)A A

+ fS(t) PndS - fndS

Conservation of EnerQy

fv peT dV- fS pe('U-u) ndS
(t) (t)S

r A -~f A
A A

+ n ei ii) dS + ft) ̂ dS

Conservation of Soecies

t fV pFidV - f Fi(U--u) ndS -

V(t) S(t)
A;<,. / . (2.4)

JV(t) <Pi>dv S(t) n dS
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p .

where p fluid density, u = fluid velocity, eT = specific total energy,

U = grid velocity, P = pressure, q = heat flux vector, T = temperature,

li(T) = specific internal energy of specie i including the energy of formation,

ji = diffusion flux vector for specie i, and Fi = mass fraction of specie i,

with LF i = 1 and P i= P Fi. The stress tensor, T, is assumed to include bothiI
laminar and turbulent contributions within an eddy viscosity formulation, for

l turbulent-flow applications (see the references cited in [2]).

Currently, the model includes provisions for defining the gas-phase pressure as

a mixture of ideal gases as given by:

i T, (2.5)

where R is the universal gas constant and Mi is the species molecular weight.

The caloric equation of state may be written as:

e - PieiI
2 (2.6)

e a i T + bi T2 + el. o

* where e is the mixture specific internal energy, ei is the internal energy of

the gaseous specie i, and ai, bi, and ei, ° are constants. All constants in the

caloric equation of state are correlated from the thermodynamic data available

in JANAF tables for the species of interest.

The model equations may be solved in one or two spatial dimensions with a

generalized mesh which may move with time and an acoustically implicit solution

for the pressure. The finite-difference grid of general quadrilateral cells

are conformal to solid surfaces. The generalized mesh allows the grid points

to move with the fluid (Lagrangian), be held fixed (Eulerian) or move in a

prescribed manner (e.g., due to a moving solid boundary). The staggered grid

system uses cell-centered scalar quantities and node-centered flow velocities

(Fig. 2.1). Explicit time differencing and centered spatial differencing are

11
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used for the stress terms. The system of finite-difference equations is solved

by explicit time integration beginning from a set of initial conditions, and

using separate steps for various terms in the conservation equations. This is

accomplished by updating the velocities and energy to an intermediate step

accounting for pressure forces and stresses. An acoustic implicitization

technique is then used in order to overcome the courant restriction (due to the

use of explicit technique), i.e., the computational time step being less than

the time it takes an acoustic wave to propagate across a computational zone,

which severely restricts the time step due to the large difference between the

flow speeds and the local sound speed. Finally, the advection terms are

solved, rezone is performed, and (if appropriate) the chemical reactions are

computed, completing the computational cycle. The grid points are then moved

to their next time level and the flow quantities are updated, accounting for

thermal and species diffusion using centered differencing of the diffusion

- terms. The entire procedure is then repeated to advance the solution in time.

A complete description of the model and numerical scheme is given in Ref. [2].

-1

SI
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3. RESULTS

The transient, two-dimensional (axisymmetric) analysis was applied to different

geometries and problems in order to identify and address the important

fundamental processes that occur during the injection of liquid propellants in

typical gun configurations with moving boundaries. This modular model was

applied to the propellant chamber and the injector. The modular approach, in

which the model is first applied separately to each of the major components of

the gun provides advantages (numerically) both in dealing with the wide range

of time and spatial scales of the problem and in isolating each of the major

processes for detailed study. The dearth of information on the flow phenomena

occuring inside orifices and injectors in general, and under transient

conditions in particular, coupled with the emerging evidence that this nternal

flow behavior affects the spray combustion process, has led to the current

focus of research on this process.

The computer model was first applied to the case of a laminar flow of a liquid

through a straight cylindrical annulus where an analytical solution exists.

The velocity distribution for steady, incompressible flow in an annulus is

S(PI - PL)R2  2  R
4 p L 1--- + I n(1/k)) Zn(- , (3.1)

where v is the velocity, P and PL are the pressures at the inlet and exit

planes of the annular tube of length L, p is the viscosity, R is the outer-tube

radius, kR is the inner-tube radius, and r is the radial location with respect

to the centerline of the geometry.

The transient code was applied to the flow of a liquid in a cylindrical

annulus, and the velocity distribution was compared to the results of the

analytical solution once the transient model approached steady state. Figure

3.1 shows the comparison between the prediction and the analytical solution,

14



indicating that the model is capable of predicting this type of flow. The

sensitivity of the predictions to grid size, i.e., numerical diffusion effects,

U is shown in Fig. 3.2. The issue of numerical diffusion will be addressed later

in this report.

In order to identify the sensitivity of the flow structure to the orifice
m r geometry, theoretical predictions were carried out for the flow of a liquid

through two annular orifices, each having a different contour along its length.

In one, the cross section was constant (Case 1), while in the other, a minimum

section was placed near the entrance to the orifice (Case 2). The

computational mesh, velocity vectors and fluid speed contours are shown in Fig.

3.3 for the constant cross-section orifice and in Fig. 3.4 for the orifice with

a minimum cross section at the entrance. Each figure gives the theoretical

predictions for three different times. The propellant and combustion chambers

have radii of 1.5 cm and lengths of 2 cm. The annular region in both cases is

1.5 cm long. The width of the annulus is 0.15 cm in case 1 (straight channel).

The annulus in case 2 has a width of 0.30 cm in general, but it narrows down to

a width of 0.15 cm at the propellant chamber. The grids do not move during

this calculation. The time-dependent pressure boundary conditions are shown in

Fig. 3.5. Fhe imposed pressure difference causes the propellant to flow

through the annulus from the propellant chamber to the combustion chamber.

Figure 3.6 shows the pressure profiles for different times at the
right-hand-side boundaries of cases 1 and 2. The plots show that both

calculations come to a near-steady state after approximately 1 msec.

The profiles of pressure at the end of calculation (1.14 msec) are compared in

Fig. 3.7. It can be seen that in the straight orifice (Case 1), the pressure

decreases linearly along the length, whereas in Case 2 (orifice with a minimum

section at the inlet), the pressure falls to a minimum at the minimum section

and then increases as the combustion chamber is approached.

The predictions of the velocity vectors shown in Figs. 3.3 and 3.4 indicate

that the flow structure is extremely sensitive to the orifice contour. The

straight orifice prediction (Fig. 3.3) shows the development of a recirculation

zone downstream of the orifice exit. As can be seen in Figs. 3.3(a)-(c), this

recirculation zone increases in size with time and expands into the exit plane

15
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of the orifice. In the case of the orifice with a minimum section near the

entrance, i.e., Figs. 3.4(a)-(c), a similar recirculation-zone behavior can be

observed in the vicinity of the exit plane. However, a second recirculation

zone develops immediately downstream of the minimum section and it too grows in

size with time. Furthermore, conditions may be found where vortex roll-up in

the propellant chamber may occur, which will be discussed later. These results

appear to be the first detailed orifice calculations made for a liquid

undergoing transient flow that take into account the viscous, multi-dimensional

flow details. The significance of these results is the predicted sensitivity

of the flow structure to the orifice geometry which can be expected to have

marked effects on the spray formation and combustion processes. In addition,

the development of recirculation zones indicates the potential for the

separated-flow region to spread back to the propellant chamber with the

possibility that pre-ignition and sporadic combustion might occur. The

_ 'prediction of these phenomena not only depend on accounting for transient-flow

development, but are critically dependent on the two-dimensional nature of the

flow.

m The discharge coefficient, defined as

CD = mactual/ m theoretical (3.2)

where m is the mass flow rate, with theoretical being calculated from steady,
1-D calculations, is plotted in Fig. 3.8 for Cases 1 and 2. Later, the

discharge-coefficient calculations and results for the moving-piston case and

comparisons with the GE results will be presented.

The GE configuration shown in Fig. 1.5 was not used due to the complexity of

the geometry and rezoning required in the present phase of the effort.

Instead, the geometry shown in Fig. 3.9 was used with the flat piston moving in

the opposite direction of the GE piston movement. However, grid movement

(i.e., variation of the domain of integration with respect to time due to the

piston movement) was incorporated in the computer model in the uniform-area

section of the propellant chamber. The following experimental data for the

quasi-steady discharge coefficients in annular orifices were among those

provided by GE [10] which were selected for comparisons with the predicted

26



0.7

O. i lh (from steady 1-0 caiitions) CO 0.638

1.* 0.6 -

0.5 
Steady Bowdary

CD  CD - 0.418

0.4 -- -

Iio I_

/

0.1 L_ 
, . ,

0.0 02 OA 0.6 0.8 1.0 12 IA 1.8

t nsec)

Fig. 3.8. Variation of discharge coefficient with time for Cases 1 and 2

of Figs. 3.3-3.7.
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discharge coefficients:

Test No. Gap(in.) Pc(Psi) PL(Psi) T(C) p(cp) Vp(in./sec) CD

1 0.125 1239 1763 15 9 389 0.99

10 0.125 1247 1774 - 8 23.5 370 0.94

20 0.125 1078 1534 -28 78 288 0.79

27 0.125 1815 2582 -37 175 300 0.64

Note that the values of CD were corrected for calculating the area of the flow

used in the calculation of volume-flow rate and fluid pressure adjacent to the

piston. These corrections were communicated to GE staff conducting these

cold-flow studies. Here, the gap distance of 0.125 in. is the minimum section

in the orifice (Fig. 3.9), P C is the combustion-chamber pressure measured when

the piston velocity becomes constant, PL is the liquid-propellant pressure, T

is the propellant temperature, p is the propellant viscosity, and VP is the

piston velocity.

The discharge coefficient obtained from the predictions was based on the

following formula:

C Qactual Qactual Qactual (3.3)
D Qtheoretical A2 vth. A2 2 P

A (1 A/A 1)

where Q is the volume-flow rate, A1 is the piston area, A2 is the minimum

gap area, p is the propellant density (assumed constant), AP is the pressure

difference between the piston face and the orifice minimum area, and v th is the

theoretical velocity obtained from the Bernoulli equation. Qactual was

calculated in the code from the integration of v.AA across the piston face,

where v is the average fluid velocity between two adjacent grid points.

Comparisons of the discharge coefficients obtained from the data and the

computer code are shown in Fig. 3.10 as a function of propellant temperature.
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The agreement between the predictions and CD data appear good at relatively low

temperatures where the viscosity of the liquid propellant is relatively high.

However, for higher temperatures and consequently smaller viscosities, the

disagreement between the predictions and data is significant. Moreover, the

predictions are almost flat for temperatures greater than -24 C which suggests

that numerical viscosity (which will be discussed later) is greater than the

physical viscosity.

Figures 3.11(a)-(j) show the grid distributions and velocity-vector plots for

0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, and 3.2 msec for Run No. 1 of GE with

T = 15 , p = 9 cp, Vp = 389 in./sec, and PC = 1239 psi. The flow is well-

behaved through the main chamber, the convergent section, the orifice, and the

divergent exit, with the exception of development of some non-uniformities in

two regions, one at the beginning of the converging section in the vicinity of

the fixed wall and one in the upper corner between the piston face and the

fixed wall. The non-uniformities developed at the upper corner of the piston

face exist at all times; they smoothen themselves in the axial direction, but

propagate in the radial direction with time. Those developed at the entrance

to the converging section (or, in other words, the beginning of the fixed-grid

zone at x = 3.5 cm) do not appear until times of approximately 1.6 msec, see

Fig. 3.11(d). The disturbances at the converging wall and those at the

piston/wall region do not appear to be of the same origin, although they share

the same physical explanation, i.e., the no-slip condition at the wall and a

relatively coarse mesh for the treatment of the developing boundary layer.

Those non-uniformities originating at the piston/wall corner may be

attributable to the tendency of a vortex roll-up process developed due to

scrubbing of the fluid by the piston moving along the fixed wall. This is a

hypothesis which needs further study to verify. The disturbances developed at

the converging wall can be explained in terms of the aspect ratios of the

individual cells and the ratio of the sizes of the last moving grid and the

first fixed grid (at x = 3.5 cm) which exceeds the allowable limits of 0.8-1.2

(see Ref. [2]) as is seen in Fig. 3.11(d). Clearly, the cause of this behavior

is a combination of large cell aspect ratios in the regions of steep gradients

and the shrinking of the moving-grid cells which result in the ratio of

adjacent grid sizes at the boundary of the moving-grid zone and the fixed-grid
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zone to go beyond the limits of 0.8-1.2. Attempts to carry out the calcula-

tions to significantly longer times have shown that the cells collapse,

resulting in a very large aspect ratio for the moving-grid cells. This

occurrence is another source of unstable behavior.

Figure 3.12 shows the plot of discharge coefficient as a function of time for

- Run No. 1 of GE, for which the velocity-vector plots were presented in Fig.

3.11. The discharge coefficient approaches a value of 0.76 at the longer times

compared to the corrected, experimental steady-state value of 0.99. The effect

of numerical diffusion is evident in this result.
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4. DISCUSSION AND CONCLUSION

This research activity has involved the development of a 2-D transient

simulation of the interior ballistics process in regenerative liquid-propellant

guns. The focus of the research has been on the description of the flow inside

the injector covering the domain of the flow path from the propellant chamber

to the exit of the annular orifice injector.

There were three features of this LPG research: (1) The delineation of the

phenomena occurring in the fluid prior to injection into the combustion

chamber, whereas other research is focused largely on the post-injection

process, (2) The inclusion of the highly transient nature of the

injection/orifice flow process, whereas prior research on orifice flow is

almost exclusively limited to steady flow, and (3) The 2-D description of the

flow that is necessary to investigate the occurrance of vortex roll-up in the

propellant chamber, to study the development of internal recirculation zones,

and to delineate the relationship between the phenomena occurring inside the

injector and the occurrence of pressure fluctuations observed in experimental

gun firing.

This report presents the prediction of the onset and temporal growth of

recirculation zones inside an orifice with fixed, spatially varying

cross-sectional area, the direct prediction of discharge coefficients for

time-varying, i.e., moving-boundary, orifice flows, and a study of grid

resolution effects in a straight annular orifice for which an analytical

solution for steady flow exists (Poisuille flow).

In addition to the physical phenomena predicted by the model, an important

conclusion derived from these results was the existence of numerical diffusion

in the calculations. Although the Poisuille-flow study showed that with a

coarse grid the predicted solution deviated from the analytic solution, a

modest refinement in the grid produced excellent agreement with the exact
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solution. However, when the model was applied to a typical LPG orifice-flow

geometry with the moving boundary, numerical diffusion was not reduced to an

acceptable level. The basic method in the existing calculation involves a

first-order upwind differencing of the convective terms. The advantage is

stability, but the penalty is accuracy. Methods that take advantage of the

existing low-order, but stable solution, to compute the correction terms that

are used to compute an updated low-order solution should result in mitigating

the accuracy problem, affecting an increase in accuracy of the basic

differencing method.

Although the results show the onset of vortex generation in the propellant

chamber due to the moving boundary, the requirement exists for increasing the

resolution of the wall boundary layer as a means of accurately describing it to

study the potential vortex roll-up phenomenon and the regions of steep

" gradients.

In addition, a re-gridding technique is needed which provides for maintaining

good aspect ratios and adjacent-cell ratios throughout the entire injection

process. While the new re-gridding helps to eliminate the aspect-ratio

problem, it also provides the means for moving the upper wall and keeping the

piston and the lower wall fixed, resulting in a geometery and piston movement

similar to the experimental configurations, i.e., the piston moving opposite to

the direction of injection.
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