EFFECT OF FRICTION ON MOTION OF A PISTON
DRIVEN BY COMBUSTION PRODUCTS

V. A. Poselevich, N. N. Pilyugin, UDC 531.44 :531.57
and S. Yu. Chernyavskii

In recent years the two-stage light gas ballistic apparatus with deformable plastic pistons
has become widely used in experimental aerodynamics. The existing methods of calculating
such devices either completely neglect friction of the piston on the channel wall [1-3] or use
a schematization of the frictional forces [4-6], which does not have a satisfactory physical
basis. In a number of studies [7, 8] the friction force was considered constant, and its
value was specified not from physical considerations, but to produce the best agreement be-
tween calculated and experimental values of object velocity or driving gas pressure. Since
friction is such a significant factor, its proper consideration in calculating piston motion
parameters requires special study. In this connection, it is useful to consider the operation
of only the first stage of the ballistic apparatus, which sets the piston in motion. Belowwe
will consider the problem of the internal ballistics of a one-stage powder-driven apparatus
in the column channel of which a piston made of polymer material moves, experiencing fric-
tion. The friction model is constructed on the basis of a series of experiments on the slow
forcing of polymer specimens compressed in the longitudinal direction through a steel chan-
nel. An experimental study was made of the relationship between the gunpowder gas pres-
sure and time within a constant volume chamber, allowing establishment of the true powder-
burning law, and its deviation from the geometric law of [9]. Calculated and experimental
values of maximum gas pressure and muzzle velocity of a polyethylene piston are com-~
pared. .

1. Since no information is available on the character of the friction between solid polymers and a metal-
lic surface at contact pressures of the order of 10 N/m?2, a series of experiments was performed by forcing
longitudinally compressed polymer specimens through a cylindrical steel channel. Friction forces were mea-
sured at very low specimen velocities (10~*- 10~ m/sec). The channel surface was finished to a point where
the height of nonuniformities did not exceed 1.5- 10~ m. Uncertainty in measurement of the specimen axial
compression force F, and the friction force F did not exceed 25 and 10 N, respectively. The specimens were
prepared from high pressure polyethylene and caprolon. Experiments were performed with specimens of
various lengths I from 0.5-1072+ 1075 to 4.0 10"2+ 10~" m in channels with diameters d from 0.8- 10~2%107"
to 3.4-1072+ 107" m.
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TABLE 1

Piston friction on Combustion R 5

No, | column channel law . N T ool 1 o
" | wall : “R egl 2%
- ~ P
s Bl a2z

{1 | Considered Actual : 0,98 {0,841 1,27 |
1,22 10,913 2,13
2. | Absent Actual 0,98 11,48 | 0,66
, 1,22 (1,38 | 1,05
3 | Considered Geometjc, [=0,215¢ 10° | 0,98 | 0,96¢] 1,55
Nesec/m 1,22 11,07 | 2,64
4 Experiment 0,98 | 0,97 | 1,52
1,22 1,42 | 2,07

Figure 1 shows typical experimental curves of F = F(F,) at 1/d=1.78 (curve 1, polyethylene; curve 2,
caprolon). Two characteristic regions can be seen in the F(Fy) curves. In the first of these F increases in
proportion to F,, while in the second F remains constant. As F, was decreased, the F(Fy) curves had the same
form as found with increasing F;. Additional measurements showed that the yield point for expansion also
comprised 1.1- 107 N- m? for polyethylene and 9.2 107 N- m? for caprolon.

2. In calculating the motion, wave processes in the piston body may be ignored. Due to the low compres-
sibility of polymer materials [101, we will assume the piston to be incompressible. This means that all of its
elements move with identical velocity. Assuming that normal stresses in the piston cross sections are dis-
tributed uniformly, we find the equation of its motion in the form
{2.1)

do 4T v

=t T + pa =0,
where p is the density of the piston material; v and «q, its velocity and accelération; o, normal axial stress;
X, axial coordinate; d, piston diameter. The boundary conditions for Eq. (2.1) have the form

o(zy, 1) = pi(t), 0(z,, 1) = po(t) 2.2)

{x and xy=x,+ [ , coordinates of the piston face sections; p,; and p,, pressures at the faces; { , piston length).
For each moment of time Eq. (2.1) with consideration of Eg. (2.2) determines the distribution of ¢ over piston -
length, From the additional assumption of elastic deformability of the piston material together with its incom-
pressibility, it follows that the piston pressure on the channel wall in each section coincides with the corre-

sponding axial normal stress o.

The results of friction force measurements permit the assumption that for o < pg the dry (Coulomb) fric-

tion law
Tt = ko (2.3)

is valid, where k is the friction coefficient, while for o =p. the friction stress remains constant
T = T, = ]‘Pc (2.4) .
For pj<pe (i=1, 2) Eq. (2.3) is fulfilled over the entire lateral surface of the piston, and the solutions of

Eq. (2.1) has the form
exp (— bx) b 4hv ) (2.5)

— _ b —
0= B +(P1— Ds) exXp (— bay) — exp (— bzy) d’

while the piston acceleration is given by

o= b Priexp(=bl)— p 2.8)
Y i —exp(—bl) -
Integrating the stress 7 over the lateral piston surface, for the net friction force F we find
_ mérro prexp(—bl) —p, T v 2.7
i s e T
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_ In the case where bl«1,

F=mm&iﬂ§r
T

For pj=pe (i =1, 2) the firiction stress is constant and equal to 7, over the entire lateral surface of the
piston. In this case.

4t, » -\
0= p1— (7 Wi pa)(x — Z1), (2.8)
_m—p v
pl pd o]

and the friction force is given by the formula

F = ndir,. _ 2.9)

If p; =pg, and 'p2< Pe, on the portion of the lateral piston surface where x; < x <x¢ Eq. (2.4) is satisfied,
while in the remaining area (x¢ < x=xy), Eq. (2.3) is satisfied. Then from Egs. (2.5), (2.8) we have a trans-
cendental equation for a

+&
Ty n—re
— + bl = (2.10)

In
pa
P+ pc+ b

and to determine the coordinate of the point where the friction laws change, we have the formula
—_ 4"’—c v —t
Ze =21+ (p1— P.) (Tm + Pa)

For p; < p, and py>pc, we obtain the analogous relationships

P2117,:

-+ bl=0.
Pt pc+ b

We note that the formulas for acceleration obtained above lose their sense for v=0 and |p, — | <F
and must be replaced by the condition a =0.

In processing the experimental data presented in Sec. 1, Egs. (2.7), (2.9) were used with consideration of
the condition @ =0-and the obvious relationships

_4(F 4Ty _ 4R,
1S T P

Then the first section of the F = F(F() curve is described by the equation
F=F(upﬁk—q (2.11)

In the second section, where the friction force is constant,

F = adi,. 2.12)
By processing the experimental data with Eqgs. (2.11), (2.12) the following values were obtained for the

constants defining the friction: polyethylene, k=0.054, pe =0.19-10° N/m?, 7, =1.36- 10° H/m? caprolon,
k=0.025, pp =1.17 x10% N/m?, 7.=3.1-108 N/m?% For each specimen the uncertainty in determining the coef-
ficient of friction k and the value of p, did not exceed 10%, while the uncertainty in 7 was less than 2.5%.
Scattering in k, p,,and 7, values for various polyethylene specimens did not exceed 10% on the average, at a
confidence level of 0.9. For the caprolon specimens the k value scattering was also 10%, while peand T¢
scattering reached 15%.

The results obtained confirmed the validity of Grigoryan's hypothesis [11] that friction stress at the con-
tact point of solid bodies (rocks, soils, snow avalanches, glaciers, etc.) is limited by the shear strength of the
weaker material. As follows from Fig. 1, for pressures exceeding the yield point the friction stress at the
point of contact with the channel wall remains constant. The significantly different character of the friction
pairs of materials studied in [11] and those described above permits us to consider the new friction law valid
for all cases of slippage of one (weaker) material over the surface of another (stronger) material.
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3. In order to determine the true powder combustion law, an experimental study was made of the time
dependence of pressure in a constant volume chamber with piezoelectric and crusher gauge pressure sensors
installed. '

The powder used in the experlments was in the form of cylindrical grains with seven channels and a
double arch thickness of 0.4.10"3 m. A typical pressure oscillogram is shown in Fig. 2 (p-axis, scale 0.79- 10®
N/m?/division; t axis, 2.26 msec /division). Measurement uncertainty was not greater than 3% at an 0.9 con-
fidence level. Divergence between indications of the piezoelectric and crusher sensors at maximum pressure
did not exceed 4%.

In accordance with [9], the pressure oscillogram was used to obtain information on the actual process
of gas formation during powder combustion in a closed volume. Usingthe maximum pressure values p1 and
o > for two different powder charge weights w and w ,, the powder-gas covolume ¢ =1.1-10"% m%N and the pow-
der force £=1.3°10° m were determmed The values w;=0.254 N and w, =0.44 N were chosen so that the
values py ¥-1.04-10° N/m? and ps = 1.91-10* N/m? corresponded to the pressure range in the ballistic apparatus
powder chamber. In determining the values of p*, the decrease in pressure produced by heat transfer to the
chamber walls was considered. The values of « and f thus determined were then used to determine the de-

1 d¥

pendence of relative weight fraction of combusted powder ¥ on time t and the function I' = - o which de-

scribes the gas formation process. Figure 3 shows values of the function T, obtained for two different rarefac-
tion densities w/W,=0.72-10% and 1.24 - 103 N/m? (points 1 and 2, respectively), where W, is the chamber
volume. Although the powder grain form corresponds to a progressive combustion law, it is evident that the
real combustion process occurs digressively. The function I" can be approximated by

T=4,(1 -1, - (8.

where Ag=0.41-10"° m2/N- sec (curve 3), A3=0.35-10"" m2/N-sec (curve 4), and A,;=0.4. Comparing Eq. (3.1)
with the formula for a geometric powder-combustion law with a linear dependence of combustion rate on pres-
sure I'= nof/I (where v is a constant dependent on grain form, oy is the relative area of the burning powder
surface, and I is the total momentum of the powder gas pressure over the entire combustion time interval) we
obtain og=(1- \II)A4 Ag=n/I. From this it follows that for the real combustion process employed in the ex-
periments with seven-channel powder, we can introduce an effective momentum value, which at ®=0.72 com-
prises I=(0.175-0.205) x 10° H - sec/m?, At the same time, the value of the total momentum obtained by in-
tegrating pressure over time comprises 0.53 - 10° N- sec/m? with an uncertainty not exceeding 8% at a con-~
fidence level of 0.9. This indicates the significant deviation of the real law of powder combustion in a closed
volume from the geometric law.

4. In calculating the first stage of the ballistic apparatus, a diagram of which is presented in {1, 2], a
gas formation law in the form of Eq. (3.1) was used. In addition it was assumed that w/mg <1 (where m is the
piston mass and g is the acceleration of free fall). This then permits use of the thermodynamic approximation
f12].

The gasdynamic processes in the powder gases are described in dimensionless variables by the following
system of equations:

(. av
‘hld—t‘[l'f (hg — ha) by~ 1p]-—ypv
%=p(1—‘I’)A‘,%’;—:’ 1+a;—h¥V—h(1—7) ¥ <,
'.__\’P"__ Y=
T2 — by’ :

The piston motion for the case p,< pg and p,=0 is described by Eq. (2.6), which in dimensionless variables has
the form

v = day/dt, dvidt = hypklexp (4kl/d) — 11, ' (4.2)

where, according to [5], p; =p(1 +k,w/mg)~".

For p;=Te/k=pg, if we solve Eq. (2.10) for p, and differentiate the expression obtained with respect to
time, with consideration of Eq. (4.1) we obtain

} (_ll ' —1
dz, v da 10 gy (1T ky0/mg)

V=0 =@ dt [T hgr (b, —In(l T+ 1/ahg]" (4.3)
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The initial conditions for the system of equations (4.1), (4.2) have the form

- — - - o U—h)(p=1) : : 4.4)
=0 m=0v=0 p=r V= i oy

For system (4.1), (4.3) for initial conditions we use the values of the dimensionless parameters obtained by
solution of Egs. (4.1), (4.2) for p;=pc.

In Eqgs. (4.1)-(4.4) the following notation is used for the dimensionless quantities: Pgp, pressure; tot,
time, xL,, coordinate of back face of piston; vL,/t,, piston velocity; aLi/to, piston acceleration; ty=(p,Aq~;
Ly, length of powder chamber; L,, length of apparatus column; p,, initial pressure in chamber; Pgbf, drive pres-
sure on piston; py7, maximum friction stress. Moreover, ih these equations we have the dimensionless
parameters :

hy = folpWy, hy = ao/Wy, by = &/0W,, Ly/L,,
/’L4 — &1+ kjo/mg) hs = bl he . pdL, By — bd

, =

7
Polydp A} ’ - &lpet, i,

the adiabatic index of the powder gases vy and the coefficient k;=0.5.

Numerical calculations performed on a computer for an experimental apparatus with a polyethylene
piston (L;=0.432 m; Ly=5.45 m, d=0.034 m; 7 =0.228 m, m=0.204 kg; py=10* N/m? pyps=5-10° N/m3. The
powder charge had the followmg values of constants: w;=0.98 N; wy=1.22 N; § =0,157 - 10° N/m3, vy=1.2;a=
1.1-107* m3/N; £=1.3-10° m; A3=0.41-10"" m¥N-sec; A,=0.4.

_ Table 1 presents the results of calculations of maximum powder gas pressure p* and piston muzzle
veloeity v* for various assumptions as to piston friction and powder combustion. Also shown are values of p*
measured with the aid of the apparatus described in Section 3, and v* values measured by the photoelectric
system of [13] with uncertainty not greater than 0.15%.

The caleulated p * values obtained with the piston friction model developed above and the actual powder—
combustion law differ from experiment by 3 and 19%. Since the pressure value is extremely sensitive to the
form of the powder combustion and piston friction laws, such agreement between calculated and experimental
p* values should be considered satisfactory. At the same time, the experimental v* values are 15 and 22%
above the calculated ones. This is evidently related to the fact that the maximum value of friction stress de-
creases with increase in velocity. This affects the value of p* more weakly, since the maximum pressure in
the gas is attained during the initial stage of piston motion (at xjL; =0.24 m and tgt =2.7- 10" sec)*, while the
velocity is still Jow. However, the presently available information on high velocity friction of polymers against
steel [14] is insufficient for refinement of the ballistic apparatus calculations. This question will require
special separate study.

With the actual powder-combustion law and the absence of friction, the calculated v* value is 23% higher
than the experimental, while pressure is 2.0-2.3 times lower than that determined in experiment. These results
show clearly that piston friction has a significant effect on the internal ballistics and must be considered in

calculations,

To estimate the applicability of the geometric combustion law for a variable volume, a.series of calcula-
tions were performed with consideration of friction at various values of I. The value I=0.215- 10 N* sec/m?
(Table 1, row 3) was found to give the best agreement between experimental p* and v* values. This value dif-
fers greatly from the total momentum I=0.5310% N-sec/m?, i.e., the geometric combustion law is not satisfied
for the type of powder used in the experiments.

The authors express their gratitude to S. S. Girigoryan for his interest in the study and valuable advice,
and to G. N. Suntsov for aid in performing the experimental studies.
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STRUCTURE OF THE POTENTIAL BARRIER
AT A METAL BOUNDARY

A. A. Porotnikov and B. B. Podnevich UDC 537.581

In [1] the peculiarities of autoelectronic emission in an arc discharge plasma (F—P emission)
connected with nonlinearity in the potential change in the precathode region were considered; it
was shown that in the case where the negative electron charge density in the precathode layer
can be neglected, the current density of F— P emission can differ by more than an order of mag-
nitude from autoelectronic emission current density in a vacuum, as obtained with the Nord-
heim— Fowler expression. For the case where the precathode potential drop V, is equal to the
cathode work function ¢, the modulus of the logarithm of the potential barrier transparency in-
creases by 20% and the emission current density can decrease by a significant amount. An
analogous change in current density can occur with other ratios between the quantities Ve and
¢. In the present study we will consider these questions in greater detail for cases in which
the negative space charge density cannot be neglected.

The potential distribution in the precathode region of an arc discharge can be obtained from the solution
of the Poisson equation with the Langmuir —Macowan assumptions '

=V s (SE) o= )4l 1)

where M is the atomic weight of the ion, e is the charge of the electron, ji is the ion current density at the
cathode, j, is the electron current density at the cathode, ¢=(j./j;) V'm/M.

Following [1] we will consider two cases.

1. For V,=¢ the expression for potential barrier transparency Q is written in the form

Qr_p= \ Vg — efha—V (z)dx, @

Xy
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