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1. INTRODUCTION

R2generative liquid propellant gun (RLPG) technology is sufficiently mature to allow the
testing of the first 155-mm hquid propeliant gun fixture. In support of the development of this
antillery weapon, test fixtures in 30 mm and 105 mm sizes have been built and *red. The data
from all these fixtures have been extensively analyzed to better understand the RLPG process
(Coftee, Wren, anc Morrison 1989, 1990; Wren, Coffee, and Morrison 1990). Previous eports
describe the design of the Concept VIC gun fixtures and the modeling modifications pertinent
to this design. Agreement between the interior ballistics simulations and the experimental
data is quite good. Details of the lumped parameter gun code used for these simuiations
have been described in previous publications (Coffee 1985; Coffee 1988; Morrison and Coffee
1990).

A Concept VIC RLPG is shown in Figure 1. An external solid or liquid propellant igniter
venting into the combustion chamber initiates the ballistic cycle. The chamber pressure forces
both the control and injection pistons rearward. Liquid propellant is then injected from the
liquid reservoir through the annulus between the pistons into the combustion chamber where it
burns. Typically, the startup regime of the RLPG process is characterized by accumulation of
iiquid prope'lant in the combustion chamber in an unreacted or partially reacted state.
Combustion models have been implemented to simulate this delay in erergy release.

The most unsatisfactory aspect of the interior ballistics simulations is the combustion
model. The mean diameter of the droplets in the combustion chamber is input as a function
of pressure. The droplets then combust according to a pressure dependent burning rate law,
which is based on experimental burning rate data (McBratney 1980, 1981). The optimum
droplet profile must be derived for each case. The droplet profiles for different initial
conditions, and especially for different calibers, vary substantially in magnitude, although their

qualitative behavior is similar.

In this paper, we discuss procedures for predicting the droplet profiles. Input parameters
are “ept the same as in the most accurate model frcm the previous reports. Only the

combustion model is varied.




A total of eleven ci“erent experimental cases were considered in the three simulation
reports (Coffee, Wren, and Morrison 1989, 1990; Wren, Coffee, and Morrisor. 1990). This

report will concentrate on the four repeatability serizs. These were sets of test firings in which

the initial conditions were as identical as possible. The experimental muzzie velocities show
excellent repeatability (standard deviations less than half a percent), although the pressures
show more variation. The average muzzle velocities for *he repeatability series are presented

in Table 1.

2. PRESENT METHODS

One option built into the interior ballistics code is an assumption of instantaneous
orcpellant combustion. The assumption is r..ade that the liquid propeliant releases all its
energy immediately upon injection into the combustion chamber. This is the limiting casc of
very rapid combustion. Table 1 shows the muzzle velorilies predicted using this assumption.
Results are given for the four repeatability series. Agreement is quite good, althougn not quite

as accurate as the desired modeling goal of two percent (Coffee, Wren, and Morrison 1989).

Table 1. Muzzle Velocities Assuming Instantaneous Combustion

Gun Charge, Muzzle Velocily, | Muzzle Velocity, Percent

I Exp (m/s) Model (m/s) difference
30-mm .23 776 757 -25
105-mm 2.0 666 654 -1.8
155-mm 2.2 393 407 3.6
155-mm 5.2 586 595 1.5

Figures 2-5 show the experimental chamber pressures (solid line) for the four repeatability
series, compared ) a simulation using instantaneous combustion (dotted line). It is noted that
there is substantial disagreement in the experimental press'ires recorded at the different
gauge locations. This is assumed to be due to calibration errors and thermal drift. Thus the
experimental pressure curves showii are those that appear to be most consistent with the
overall experimental results (Ctuiiee, Wren, and Morrison 1989, 1990; Wren, Coffee, and
Morrison 1990). Although the maximum pressure is predicted to 8% in the worst case




(30 mm), the simulations using the instantaneous combustion model show poor agreement
with the shape of the experimental pressure profiles. The simulations show the primary
pressure rise occurring early due to the unrealistically high propellant gas generation rate at

low pressure, indicating that liquid accumulation is important in these shots.

One method of inciuding the effect of accumulation is to derive a droplet diameter profile
as a function of pressure for each case (Coffee, Wren, and Morrison 1989, 1990; Wren,
Coffee, and Morrison 1990). In general, the use of a droplet diameter profile results in
accurate simulation of the experimental chamber pressure profile. However, the resulting
droplet diameter profiles for the four cases in Table 1 vary considerably, as shown in Figure 6.
Aithough the droplet diameters decrease with pressure in all cases, the authors were unable
to develop a unifying set of parameters for the four cases which generates the desired dropiet

diameters.

As an alternative to the instantaneous combustion mode! and the individual droplet
diameter profile approaches, a droplet profile derived for one case may be applied to the
simulation of other cases. The use of a droplet profile from another case does improve the
overall interior ballistic simulation in comparison to the instantaneous combustion model. As
an illustration, the droplet profile derived for the 30-mm case is applied to the other three
cases. The simulated muzzle velocities are presented in Table 2. Agreement is, of course,
excellent for the 30-mm case, but agreement is also improved for the other three cases.
Muzzle velocity predictions are within the 2% range.

Table 2. Muzzle Velocities Using the 30-mm Droplet Profile

Gun Charge, Muzzie Velocity, | Muzzle Velocity, Percent
I Exp (m/s) Model (m/s) difference
30-mm .23 776 776 0.0
105-mm 2.0 666 663 -0.5
155-mm 2.2 393 389 -1.0
155-mm 5.2 586 596 1.7
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Figures 2-5 show the comparison of pressure vs. time curves for these simulations
(dashed lines) with experimental data. Agreement in Figure 2 is quite good, as expected.
Disagreement after peak pressure is in part due to thermal drift in the pressure gauge. In the
105-mm case (Figure 3), the position of the rapid pressure rise is approximately correct, but
the slope of the curve is too large in the simulation. Nevertheless, this is a credible
simuiation. In the 155-mm, 2-liter case (Figure 4), the simulation is quite poor. Since this
shot is a very low pressure test, only the initial portion of the 30-mm droplet diameter profiie is
used. For the higher pressure 155-mm case (Figure 5), overall agreement is improved,
although the initial part of the pressure rise (5 to 10 ms) is not simulated well. The maximum

difference in the peak pressures between experiment anc simulation is about 6% (105-mm

case).
3. MODELING ASSUMPTIONS

Our goal is to obtain a more fundamental model of the injection and combustion
processes. The liquid propellant is injected as an annular jet at high velocity into a hot, high
density gas. Both the velocity and the thickness of the jet change rapidly with time. The jet is
assumed to break up into droplets. These drops can break up further or they can coalesce.
The droplets are heated and eventually ignite. The droplets then combust and release the
propellant energy. A number of assumptions are required to make the problem tractable.

We assume that the liquid propellant instantaneously forms droplets as it enters the
combustion chamber. Under gun conditions (very high velocities), the jet is expected to be in
the atomization regime, i.e., droplets begin forming immediately upon entry into the chamber.
While some liquid will remain in the jet core, the amount is assumed to be small (see below).

The droplets are assumed to begin to combust instantaneously, i.e., droplet heating and
ignition is ignored. The droplets are assumed to burn according to an experimental, pressure
dependent, linear regression rate (McBratney 1980, 1981). The gas generation rate then
depends only on the pressure and the total surface area of the droplets. The ignition systems
in the VIC configurations produce a highly turbulent, hot, high pressure environment in the gun
chamber; therefore, this should be a good approximation.




The liquid propellant burning rate has only been measured up to about 100 MPa
(McBratney 1981). The data indicates a break in the slope of the burning rate above 60 MPa,
but the rates measured at the higher pressures are considered less reliable. Therefore, only
the rates measured up to 60 MPa are used to derive the fit to the burning rate data, and this

fit is extrapolated to higher pressures.

Essentially all studies of jet breakup have been carried out under steady state conditions.
We assume ihat steady state modeis still apply under gun conditions. Injection velocities and
chamber conditions change rapidly during a gun firing. However, if the jet breakup is rapid

enough, this will not be an important eftect.

When a jet breaks up, a distribution of droplet sizes will be created. We assume that all
the droplets created are of the same size, representing a mean diameter. This diameter is
chosen to be the Sauter mean diameter, which preserves both volume and surface area of a

droplet distribution.

Jet breakup depends heavily on the relative velocity between the liquid and the gas.
However, in the simulation, the chamber gas is assumed to be stagnant since the actual gas

flow pattern in the chamber is unknown.

Once the droplets are formed, they are assumed not to interact with one another. This is
probably the weakest assumption. The liquid propellant spray in the gun is very dense.
Droplet combustion is known to depend upon neighborhood conditions (Faeth 1983). Also,
droplets could coalesce into larger droplets. Since the injection velocity is increasing over the
first part of the firing cycle, later injected liquid could easily catch up to liquid injected earlier in
the ballistic cycle and form a dense liquid "clump.” This effect is ignored only because we

have no way of taking it into account.

4. INJECTION MODELS

Weiss and Worsham (1959) performed a series of experiments in which molten wax was
injected through circular holes into steady high velocity airstreams. The experimental droplet
diameter could be correlated quite well by the relation




d = .5978 V-4/3 v1/12 D1/G CL5/12 p-L1/3 uG1/12 pL1/6 (1/pG + 1/pgo): (1)

where V is the relative velocity between the gas and liquid (cm/s), v is the absolute velocity of
the liquid (cm/s), D is the injection hole diameter (cm), o is the surtace tension of the liquid
(dynes/cm), y, is the liquid dynamic viscosity (poise), pg is the gas dynamic viscosity (poise),
p, is the liquid density (g/cc), pg is the gas density (g/cc), and pgq is the gas density at
atmospheric pressure and room temperature (g/cc). Equation 1 is in a different form than
reported by Weiss and Worsham to better show the functional relationships. In the original
paper the parameters were organized into non-dimensional groups. The diameter reported is
the mass mean diameter of the measured droplets. In these experiments the liquid velocity
was much smaller than the gas velocity, so the contribution of the absolute liquid velocity term
is negligible. Weiss and Wersham concluded that the atomization occurs by direct action of
the airstream on the exposed liquid surface. Therefore, the relative velocity, V, between liquid

and gas is of primary importance.

A later paper by Mayer (1961) presented a theoretical approach to the atomization
problem. Mayer assumed that capillary waves (ripples) are produced by a high velocity gas
flew along the liquid surface. Waves of very small wavelength cannot be developed readily
because of viscous dissipation. Waves of very long wavelength are slow to develop because
of inertial effects. There then exists a spectrum of intermediate wavelengths which can be
excited to appreciable amplitudes. Eventually, the gas stream will produce a ligament of liquid
by stripping of the wavecrest, from which droplets of diameter comparable in size to the
wavelength are formed. Mayer obtained a formula for the resulting mean droplet size

d=21.37V*Rg 1B 28y 1R 28 (2)

This formula does not include the small dependence on injection diameter or the very small
dependence on absolute liquid velocity and gas viscosity. Moreover, the form of the density
dependence is completely different. However, Mayer noted that the Weiss and Worsham data
could be correlated by using the gas density to the -2/3 power, rather than the form actually
chosen by Weiss and Worsham (1958). The Weiss and Worsham liquid density relation was
obtained by dimensional analysis, not from experiment. That is, the 1/6 power on the liquid
density was chosen so the formula for the diameter has the proper units. If the gas density




N

exponent in the Weiss and Worsham formula is changed to -2/3, then the liquid density must
have an exponent of -1/6. So the Weiss and Worsham formula is similar to the Meyer

formula.

A later report by Wolfe and Andersen (1964) presented an alternative derivation of liquid
breakup. While presented in terms of droplet breakup, the same general ideas apply to jet
breakup. As in the description above, aerodynamic forces strip off blocks of liquid. But Wolfe
and Andersen also take into account the curvature of the droplet. They obtain

d = 5.1426 v-4/3 D1/6 Gsz uL1/3 pL-1/6 pG~2/3' (3)

where D is the diameter of the original large drop. Since this is a curvature effect, the outer
diameter of the annular jet should be used, rather than the hydraulic diameter of the jet.

All three formulas are similar. We would like to know if they are likely to be valid under
gun conditions. The experimental velocities, viscosities, and surface tension studied are
similar to those expected in the gun. The diameter of the gun annular jet is substantially
larger than the circular jets (and droplets) used for the above correlations. The initial gas
density in the gun is small, but increases to a couple of orders of magnitude larger than the
cases studied by the above authors. Due to the difference in conditions, it was felt better to
extrapolate a theoretical formuiation rather than the purely experimental correlation of Weiss
and Worsham. The Wolfe and Andersen formula was chosen since it takes into account the
diameter of the jet, which varies substantially as the gun caliber is changed.

5. NUMERICAL IMPLEMENTATION

Equation 3 gives the diameter of the drops injected into the combustion chamber at a
given time, whereas the gun code requires the Sauter mean diameter of all the drops in the
chamber. To implement the new correlation, an ordinary differential equation for the surface
area, S,, of all the liquid in the combustion chamber is introduced. There are two drop
diameters: the injected drop diameter, d;, and the Sauter mean diameter, d,, of the drops
already in the chamber. At any given time step, the rate of change of the surface area
depends on the rate at which surface area is being introduced from the injected droplets

~I




minus the rate at which surface area is decreasing due to combustion. After each time step,
the new Sauter mean diameter in the chamber is obtained from the known surface area, liquid
density, and liquid mass. The relation between the surface area and the mean diameter is

given by

6M
S, = s (4)

Pusds

where M, is the mass of all the liquid in the chamber, and p_, is the density of the liquid in
the chamber. The governing equation for the chamber surface area is

ds, 6m,, 4m, 6m, M,

- . (5)
dt P, P, Pds M,

where m,, is the rate of mass injection from the reservoir (g/s), m, is the rate of combustion of
the liquid in the chamber (g/s), m,, is the rate of injection of mass into the gun tube (g/s), and
M, is the total mass (liquid and gas) in the chamber. The first term in Equation 5 follows
directly from Equation 4. The rate of change of surface area depends on how rapidly droplets
of a specified size are being injected. The last term is exactly analogous, and accounts for
the loss of droplets to the gun tube. Only that fraction of the total mass injected into the tube
that is liquid is relevant. The middle term accounts for the decrease in surface area due to
combustion. The combustion process causes the droplet diameter to decrease linearly
depending on the pressure dependent burn rate. Surface area will also change due to
changes in liquid density, but this effect is very small and is ignored.

The surface area Equation 5 is not strictly correct. The derivation assumes that the drops
in the chamber are all actually of the same size, rather than just having a specified Sauter
mean diameter. However, the surface area is only required to compute the rate at which ite
liquid is combusting. Given the uncertainties in the burning rate and the injected droplet size,
the relation is believed to be sufficiently accurate.




There are analogous equations for the gun tube. When droplets are injected into the gun
tube, the change in pressure causes a slight change in density, and hence in droplet size. So
the size of the droplets, dw injected into the gun tube is given by

dig = d3 (p3/ pLa)’, (6)

where p_, is the average density of the liquid in the gun tube (g/cc). The equation for the

surface area, S, in the tube is
ds, 4m, 6m,, M,

.o, , @)
dt Pds Py M,

where m, is the rate of combustion of the liquid in the tube (g/s), and d, is the average droplet
diameter of the drops in the tube (cm).

The other equations in the code are unchanged (Coffee 1985, 1988).

6. RESULTS - INJECTION MODEL

The Wolfe and Andersen formula was implemented in the gun code. The code predicts
small droplets, and the resulting pressure-time curve is very close to that resulting from the
instantaneous combustion model. Although the simulation is disappointing, the standard
steady state breakup models may not apply under the highly transient, very dense conditions
of the gun. Alternately, the problem may be a delay in the formation of droplets from the jet.
This latter process will be examined in a following section on intact jet core models.

However, it is still possible that the functional relationship is a reasonable approximation to
gun conditions. Thus, a scaling factor is introduced and benchmarked against the 30 mm
case. If the droplet diameter is multiplied by 30, a reasonable approximation to the chamber
pressure is obtained (Figure 7). The agreement is not impressive, but the simulation does
refiect the correct shape and magnitude of the experimental curve.




The model is then applied to the other three cases with the same scaling factor. The
agreement in all three cases is very good with no additional fine tuning of the injection mode!
(Figures 8-10). The agreement in muzzle velocity is also quite good (Table 3). The largest
disagreement in the maximum chamber pressure is only 2.4% (30-mm case).

Table 3. Muzzle Velocities Using the New Droplet Profile

Gun Charge, Muzzle Velocity, | Muzzle Velocity, Percent
I Exp (m/s) Model (m/s) difference
30-mm .23 776 767 -1.2
105-mm 2.0 666 658 -1.2
155-mm 22 393 399 1.5
155-mm 5.2 586 593 1.2

The results are encouraging. All four cases are well represented by the same droplet

model with the same value for the single adjustable parameter.

In general, the injected droplet diameter is nearly the same as the average droplet
diameter in the chamber (Figure 11). During the early injection process, the injected droplet
diameter decreases more rapidly than the diameter of the droplets in the chamber, which is
decreasing due to combustion. As the injected droplet diameter levels off, this relationship is

reversed.

In Figure 12, the new chamber droplet diameter profiles for the four cases in Table 3 vs.
the chamber pressure are compared. At early times the droplets are large (upper left corner
of graph). As the pressure increases the droplets decrease in size (lower right corner).
Finally, as the pressure drops off, the droplets increase slightly in size (lower left corner).
Although there are ditferences among the curves in Figure 12, the profiles of injected droplet
diameters show more similarity than the previously derived profiles (Figure 6) of the mean
diameter of droplets in the chamber. The similarity among the curves in Figure 12 is related
to the fact that all the guns considered here have almost the same hydraulic difference
between the liquid reservoir and the combustion chamber. Hence, the guns have similar
injection velocities as a function of chamber pressure. The liquid and gas density, viscosity,

10




and surface tension are nearly the same in all four cases. Thus, since the injected droplet
diameter predicted by Equation 3 depends most heavily on the injection velocity, the droplet

profiles in Figure 12 are very similar.

The case which appears most different in Figure 12 is the 155-mm gun, 2-liter charge, in
which the peak pressure occurs at about 60 MPa. However, the behavior of the injected
droplet diameter curve is still similar to the other three cases. Maximum pressure is simply
much lower than for the 30-mm, 105-mm, or 155-mm, 5-liter firings. In addition, for this case
injection continues as the pressure falls to lower values. The fact that the profiles in Figure 6
and the profiles in Figure 12 both result in accurate simulations indicates that the combustion

chamber pressure is not highly sensitive to small changes in the droplet profile.

7. OTHER SIMULATIONS

The new model works quite well for the four repeatability series. For completeness, the
model is alsc applied to the other VIC firings that have been studied.

Two early firings of the 30-mm VIC fixture have been analyzed (Coffee, Wren, and
Morrison 1989). A comparison of experimental and predicted chamber pressure for Round 15
is shown in Figure 13. The droplet injection model does result in accurate prediction of the
muzzle velocity (Table 4). However, it does not provide as good a simulation of the
experimental chamber pressure. In the simulation, the chamber pressure increase occurs too
late. If the simulation curve is shifted slightly in time, the agreement between simulation and
experiment is quite good. A common zero time between the experimental and predicted
pressure curves can usually be obtained by comparing the piston travel curves. However, for
these early 30-mm shots, the piston travels were not recorded successfully, and a common
zero time cannot be established. Thus, the accuracy of the injection model cannot reliably be
assessed. The same general behavior is exhibited in the simulation of the other 30-mm shot
(Figure 14).

Figure 15 shows the experimental and simulated chamber pressures for an early 105-mm
shot. In this case, the simulated pressure rises substantially earlier than the actual pressure.
Since the piston travel measurements are accurate for this case, this is a genuine effect.
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Table 4. Muzzle Velocities Using the New Droplet Profile - Other Simulations

Gun Round Muzzle Velocity, | Muzzle Velocity, Percent

Exp (m/s) Model (m/s) difference

30-mm 15, 22 622, 547 613, 537 -1.4,-1.8
105-mm 15,7 540, 391 542, 394 4, .8

155-mm 17, 58, 65 424, 596, 683 425, 595, 683 2,-2,.0

Figure 16 shows the chamber pressures for another 105-mm shot. In this case, the pressure
rise occurs at the proper time, but the predicted maximum chamber pressure is high. The
model does not match the pressure curves very well for these cases. However, the predicted

muzzle velocities are extremely accurate (Table 4).

Figure 17 shows the results for an early 2-liter shot for the 155-mm gun. The agreement
is not quite as good as for the repeatability series. Figure 18 shows the results for a 5-liter
shot fired after the repeatability series using the new hybrid igniter. Agreement is reasonable.
Figure 19 shows the results for an early 7-liter firing. The simulated and experimental
pressure curves agree quite well. Muzzle velocities are predicted very accurately for all three
cases (Table 4). The muzzle velocities for the last two cases are given at 200 inches of

projectile travel rather than at muzzle exit.

An earlier experimental 30-mm gun fixture at the BRL, referred to as a Concept V!
configuration, has been examined in some detail (Coffee 1988). This concept features a
stationary center bolt, one moving outer piston, and no damper. Figure 20 shows the resuits
of applying the new droplet injection model. The initial agreement in pressure is quite good.
However, the simulation shows a rapid pressure rise while the experimental chamber pressure
levels off. The predicted muzzle velocity (1,183 m/s) is in very poor agreement with the
experimental muzzle velocity (1,020 m/s).

The above simulations have shown that our droplet model is not a universal solution.
Evidently, for the 30-mm Concept VI gun fixture, the liquid does not combust as rapidly as the
model predicts. Some of the mechanisms ignored in the development of the droplet mode!
are undoubtably important. However, the model does give good agreement with all the
Concept VIC experimental results, and appears to provide some predictive capability for this
gun design.
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8. INTACT JET CORE

The various droplet models studied predict very small droplets under gun conditions, and
the droplet diameters must be multiplied by a constant to obtain agreement with experiment.
This raises the question of whether immediate droplet formation is the most appropriate
physical model in the gun environment. It is expected that some liquid will be in the intact
core of the injected liquid jet. In this section, we assess whether the experimental results can
be better explained by assuming that most of the liquid accumulation is in the form of an intact

core of the jet.

Mayer (1961) also developed a formula for the breakup time of the jet. His result can be

written in the form
t, = 0.2356 D, V* o, P p, 2P p 2B, (8)
where D, is the hydraulic diameter of the annular injector. The length of the intact core can
be approximated by multiplying the breakup time t, times the injection velocity V (ignoring
drag). Assuming the intact core is cone shaped, the volume is approximately
Vol =05Vt A, (9)
where A, is the vent area of the injector.
Wolte and Andersen (1964) developed a similar formula,
t, =D, /[ (A2 + BP)2.A], (10)
where
A=16u /D, p,

P=05pg V?-20, /D,
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The authors note that if the viscous and surface tension forces are negligible, this reduces to
t, = Dy V7' p "% pg " (11)

Chatwani and Bracco (1985) report a breakup length formula based on the theory of Taylor.
The breakup length is

X, = (1.75 /1) Dy p. "% ps 2 (12)

where f_ is a numerically computed quantity less than one and the constant 1.75 was chosen
based on comparison with experiment. This is, in fact, identical with the simplified Wolfe and

Ancersen formula, except for the 1.75/ _ term.

All three of the formulas were implemented in a small post-processor code. That is, first
the standard gun code is run. The parameter values required by the intact core models, such
as injection velocity, vent area, etc., are read in from the output of the gun code simulation.
These are considered to be reasonably accurate because of the agreement of the gun code
results with experiment. Then the post-processor code, using the values from the gun code in
the above formulas, computes the mass in the intact core. Figure 21 shows the results for a
30-mm firing. The solid line is the liquid accumuiation from a simulation of the 30-mm
Concept VIC gun (dotted line in Figure 6). The dotted line is the accumulation resulting from
the application of the Taylor formula (Equation 12). The dashed line gives the Wolfe and
Andersen result, Equation 10, multiplied by 10, and the dotted-dashed line the Mayer result,
Equation 8, multiplied by a 100. The resuits were multiplied by a constant to obtain the
proper order of magnitude for the accumulation.

The computation of the intact jet length is only approximate. A comparison of the
predicted accumulation in Figure 21 emphasizes the scatter in the three formulas. According
to the Mayer formula, Equation 8, the liquid core is negligible. According to the Wolfe and
Andersen formula, Equation 10, the liquid core is at times a noticeable amount of the liquid
accumulation. According to the Taylor formula, Equation 12, the liquid core does in fact
contain the same order of magnitude of liquid as required by the simulation.
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It is more revealing to look at the shape of the curves. In the simulation, the liquid
accumulation begins to fall rapidly around 4 ms. However, all the models show the intact core
length staying high, and only dropping off at a later time. Unlike the injected droplet diameter
models based on instantaneous formation of droplets, the combustion models based on a

large liquid core do not match the experimental data, even with scaling.

Figure 22 shows the results of the application ot the same intact core formulas
(Equations 8, 10, and 12) for a 155-mm firing (5-liter charge - see Figure 10). The difference
in shape is even more dramatic. Also, totally different scaling factors than those used in the
30-mm simulation were required to match roughly the magnitude of the liquid accumulation.
Thus, an assumption that most of the liquid accumulation is in the intact liquid core does not
match the experimental data, using any of these three formulas. These formulas are based
on questionable assumptions (Chatwani and Bracco 1985), and experimental studies of the
intact cores of jets have only been performed at low pressu-es. Thus, the above study does
not eliminate the possibility that there is a substantial amount of liquid in the intact core of the
jet. However, at present, we are not able to model this phenomena and it is not included in

our simulations.

There remains the question of why the injected droplet diameter formula in Equation 3 is
applicable, with scaling, to the gun case. The droplet diameter formulas in Equations 1-3 are
for droplets initially stripped off the surface of the jet and predict very small droplets. In our
application we have biased the droplet diameter by ignoring the intact jet core. In addition, the
sheet thickness is larger than that considered in the experiments, the gas is more dense, and
the jet is axially confined. Yet, apparently, the tunctional relationship between dominant
parameters determining injected droplet diameter in Equation 3 is approximately descriptive of
the VIC cases. The tact thai the 3C-mm, 105-mm, and 155-mm cases are related in design
and have similar injection velocity histories together with the strong dependence of droplet
diameter in Equation 3 on injection velocity may explain the similarity in injected droplet
diameter profiles.
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9. SENSITIVE TIME LAG MODEL

The current droplet model is not compietely satisfactory, since the theoretical correlation
must be scaled to obtain good agreement with the experimental data. An alternate approach

is developed, based on a simpler combustion model.

Liquid propellant rockets have similarities to liquid propellant guns. Crocco has developed
a time lag model for combustion in a rocket (Crocco 1965; Harrje 1972). As discussed above,
there are many phenomena occurring in the injection and combustion process. In Crocco’s
theory, all of these phenomena are lumped into a single time lag. That is, the liquid propellant

is assumed to be injected and, after some specific time lag, 1, to instantaneously release all of
its energy and form final products.

The simplest implementation is to assume that the time lag, 1, is a constant. In this case
the governing equation is

mft+1)= mj(t), (13)
where m is the injection rate (g/s) and m, is the rate at which the propellant turns to gas and
releases its energy (g/s). This is a simple extension of the instantaneous combustion model.
Instead of releasing all of its energy upon injection, the liquid propellant releases all of its

energy a specific time after injection.

Most lumped parameter codes with a delayed energy release keep track of the amount of
propellant. That is, at the end of a time step, the injection rate is multiplied hv the time step
size to get the number of grams injected over the time step. wome number of time steps
later, this energy is released. This discret'zation is not used in the present implementation.
Irstead, the value of the injection rate itself is stored. The energy release rate at any given
time, t, is found by interpolating the injection rate vector to find the injection rate at the time,

t-t.

A slightly more complex energy release model is obtained by assuming that the time lag,
T, vanes with time according to some known reiation. Crocco derived a governing equation
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my(t+ 1) [1 + dvat] = myt). (14)

The derivative of the time lag is evaluated at the time t. If the time lag is constant, this
reduces to Equation 13. If the time lag is increasing, the energy release is spread out over a
larger time interval than the injection, i.e., the energy release rate is smaller than the injection
rate. If the time lag is decreasing, the energy release occurs over a smaller time period than
the injection process, and the energy release rate is larger than the injection rate. The

derivative of the time lag is found numerically.

In its final form, the time lag is assumed to be sensitive to the conditions in ti.. *hamber.
That is, the time lag depends on the environment of the injected liquid between the time of
injection and the time of energy release. Crocco assumed that the time lag is sensitive only
to the chamber pressure. All other phenomena that affect the jet breakup and combustion are
implicitly assumed to correlate with chamber pressure. Suppose that some liquid is injected at
time t,. The liquid will release its energy at a time t,, where the integral of the pressure from
t, to t, equals a specified delay constant. As the pressure increases, the time lag becomes
smaller, which is qualitatively correct. Crocco also allowed the pressure to have an exponent

n, which, for iack of information, is here simply set equal to one.

in liquid rockets under normal operating conditions, the chamber pressure is constant.
Crocco developed the sensitive time lag theory to study the onset of instability, where
chamber pressure variations are small. In a gun, the ballistic process is highly transient and
changes in pressure over the ballistic cycle are large. Nevertheless, the sensitive time lag
theory was integrated into the liquid gun code.

A value for the delay constant is input (units of MPa-ms). At any time t,, the value of the
injection rate is stored. A value pt, tracking the liquid exposure to chamber conditions is set
equal to zero. At the end of each subsequent time step, the average pressure times the time
increment is added to pt,. When pt, becomes greater than the delay constant, the time lag
1(t,) is found by interpolation. So the time lag value at time t, is not usually known untit many

time steps later.
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Now suppose that the integration has reached a later time step t,. The earlier time t, is
required such that t, + t(t,) = t,. In general, t, will be between two previous integration times,
tandt,, ie.,t +1(t) will be less than t, and t,, + t(t,,) will be greater than t,. The time, t,,
and the corresponding injection rate, mj(t,), are found by interpolation. The derivative of the
time delay is approximated by [t(t,,)-t(t)V(t,,-t). Equatior. 14 is then used to calculate the

energy release rate.

One additional complication is that the vaiue, t(t,,,), may not yet be known. In this case,
1(t,,) is approximated by extrapolation of the computed time lags. Error due to this

extrapolation is minor.
10. RESULTS - TIME LAG MODEL

As before, the model is first applied to the 30-mm case. A value of 30 MPa-ms for the
delay constant gives the best results (Figure 23, dashed line). The sensitive time lag
simulation is very similar to the simulation using the droplet combustion model (dotted line).
The interior ballistics model is applied to the other three gun cases, using 30 MPa-ms for the
delay constant. The overall agreement between simulated and experimental pressure versus
time profiles is equivalent to that obtained using the droplet combustion model
(Figures 24-26). The agreement in muzzle velocity is also good (Table 5). The largest
disagreement in the maximum chamber pressures is about 4% (30-mm case).

Table 5. Muzzle Velocities Using the Sensitive Time Lag Model

Gun Charge, Muzzle Velocity, | Muzzle Velocity, Percent
I Exp (m/s) Model (m/s) difference
30-mm .23 776 764 -1.5
105-mm 20 666 655 -1.7
155-mm 2.2 393 399 1.5
155-mm 52 586 592 1.0

The results are very good considering the simplicity of the model, i.e., droplet size and
propellant combustion rates no longer enter into the combustion model. The results are

similar for the other seven cases discussed above (not shown).
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The agreement between the predicted pressure profiles from the injection model and the
sensitive time lag model is very good. This is partly due to the nature of the gun
configurations. The droplet size in the droplet injection mode! primarily depends on the
velocity of the injected liquid. This velocity in turn depends on the pressure difference
between the reservoir and the combustion chamber. The reservoir pressure will always be
close to the chamber pressure times the hydraulic difference. So indirectly, the droplet size is
most sensitive to the chamber pressure, which is also the parameter that affects the sensitive

time lag model.

11. SUMMARY

A new droplet model has been introduced into the regenerative liquid propellant gun code.
Unlike the previous droplet profile model, there is a single adjustable parameter. All of the
Concept VIC data is represented quite well using a single value of the adjustable parameter,
which was fixed in the simulation of the 30-mm test data.

Models of an intact jet core have also been studied. These models do not appear to be
applicable to the gun cases considered. In general, the models predict much less
accumulation, with accumulation occurring later in the ballistic cycle, than the experimental
data.

An even simpler combustion model is introduced, in which the energy in the propellant is
released after the cumulative pressure times time reaches a predetermined value. The resuits
are remarkably similar to the new dropiet model.

The processes in the combustion chamber are very complicated. Neither of the above
models embodies the details of the injection, breakup, and combustion processes. However,
for the Concept VIC guns studied, the simple models are surprisingly accurate. It is not
apparent how well these models will extrapolate to different gun configurations and charge

sizes.
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Figure 2. Combustion Chamber Pressure, 30-mm Gun, Experiment (line), Instantaneous
Combustion Model (dot), 30-mm Droplet Profile (dash).
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Figure 3. Combustion Chamber Pressure, 105-mm Gun, Experiment (line), Instantaneous
Combustion Model (dot), 30-mm Droplet Profile (dash).
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Figure 14. Combustion Chamber Pressure, 30-mm Gun_- Round 22. Experiment (line),
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W

PL

GLOSSARY

vent area of the injector, cm?.

mean diameter of droplets in the chamber, cm.

mean diameter of droplets in the tube, cm.

mean diameter of the drops injected into the chamber, cm.
mean diameter of the drops injected into the gun tube, cm.
diameter of a circular or annular injector, cm.

hydraulic diameter of an annular injector, cm.

the rate of mass injection from the reservoir, g/s.

the rate of mass injection into the gun tube, g/s.

the rate of combustion of the liquid in the chamber, g/s.
the rate of combustion of the liquid in the tube, g/s.

the total mass in the chamber, g.

the mass of all the liquid in the chamber, g.

injection rate for a generic injector, g/s.

energy release rate for a propellant, g/s.

surface area of the drops in the chamber, cm?.

surface area of the drops in the tube, cm?.

breakup time of a jet, s.

relative velocity between gas and liquid, cm/s.

breakup length of a jet, cm.

liquid dynamic viscosity, poise = g/cm-s.

gas dynamic viscosity, poise = g/cm-s.

liquid density, g/cm®.
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PLa density of the liquid in the chamber, g/cm?®.

PLa average density of the liquid in the gun tube, g/cm®.

Pa gas density, g/cm?.

Pco gas density at atmospheric pressure and room temperature, g/cma.
o, surface tension of the liquid, dynes/cm = g/s?.

T time delay between injection and energy release, s.
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