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£FQRWORD

Although the problem of ahlative and evaporative cooling in the
interior ballistics had been considered before, the mechanism of the
cooling is not clearly understood. In or&er to optimlze the cooling
effectiveness a thorough theoretical and experimental study must be made.

This report summarizes the effort In the period from January 1970
tc April 1971 to study the cooling mechaﬂism in the interior balligtics.
The basic aim is to explore a betﬁer prediction of film coeling convective
coefficient for a simplified model which however retains the basic charac-

teristics of the interior ballistics problem.
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The experimental study was carried out at Rock Island Arsenal by %é

; personﬁel from Science and Technology Laboratory of the Rock Island Arsenal. é

-i b ~; This part includes design and modification of cooling projectile, conver- 4§
G T ; sion and interpretation of experimental data. The theoretical study deals b%

% i with the solution of gas dynamictand heat transfer in a unsteady. incompres~ f%
? '¥ sible, two-phase flow with non-isothermal wall. Heat transfer convective ~§

3 oy 3

gﬁ - coefficients are predicted or correlated with the experimental results. »%
?faE ;; The work reported herein was done under contract number DAAF-01-C-0380 3

3 T with Rock Island Arsenal, U.S. Army Weapons Command. %
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’ - Dimensional Nomenclature
= A Total cross-sectienal area of the small holes cn the projectile y
o c, Constant pressure specific heat of the propellant gas ; %
" cp.t Constant pressure specific heat of the liquid ’ Zg
.. cv Constant wolume specific heat of the liquid : §
Do Internal diaweter of the barrel »;%
o k Thermal -conductivity of the gas ;}E
kg Thermal conductivity of the liquid ) :
| L Total length of the barrel 3
- My Total amount of the liquid
P Pressure of the gas
& ? Pz' Pressure of tbe liquid
n Pb Pressure at the breech of the bartel\
{ q Heat flux
,' , Qh Heat geaneration
" a ) R Coordinate in radial direction
o Ro Internal radius of the barrel
1 R Uniyersal gas constant
" ) T Cas temperature
‘F_‘ Tc Temperature at core
, T, Liquid temperature
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«.rrespondent time wwhere the prjectile is: located
Reference time

Gar velocity in radial direr+ion

Exit veloclty of the projectile

Liquid velocity in R-direction

Reference vleocity ( = Ue)

Velocity in : -directioen

Gas velocity in Z-direction

Liquid velocity in z-direction

Projectile velocity

= ]§E:(R°-R); distance from the wall

Position of gas-liquid interface
= -Y, poiﬂting to the solid wall
corrdiante along the barrel
Position of the projectile

Gas density

Liquid density

Reference desnity

Cas yiscosity

Liguid viscosity

Coordinate around the center of the barrel

vi

3 T A A el i g iy oy T s Tt oo > a2 st -ISmarnt PR AR SR POl i e T
1;5%'13, .f..f-‘yr‘,w‘f“«vzﬁi A i ,_ﬁv\ppgi;f*srvxaxA,& £y “{* e ‘?;,zr .

P 2]
[ S

. ‘wﬂ.\:wu 4 e

v

S

PPN I RN

PRI TL TP L

PSPV [P YIRS S

—
JRETIFIR. 1 VU o A TSSO

b

O R S

24

Bkt ML GBI ke e mar b e s BB e o

\

AR el

JOSRI




B R T R A e S R AR S Moy e
=31 e N N :

anmy  fam)

A

g it

a

¢

C
c

Si

= 4

g
ahe
E—4
td
(]

v
=

) ‘m
i; 2
— n
3
¥ Nu
-
y P
il
Py
7~
i,
"
- Py
e Pr .
i %B. L
ne
qcore

Non Digensional Nomenclatuye.

n-L .
" T3 » & constant

Total cross~sectional area of the small holes in the projectile

= (0.5928, a constant

= §,726, a cozetan:

internal diamete.: of the barrel
Eckext :uzber of the gas

Eckert nuude . of the liquid

Functions of n B

Functions of n
Functions of n
=54

A function of (t,y)

Heat transfer coefficient

Thickness of the liquid at z = z?

= 1,82, a constant

Total amount of the liquid
= <3.65 , a constaat
Nhéséit number

Pressure of the gas
Pressure at the hreech
Pressure of the liguid
Ega&dtl number

Heat generation in the boundary layer

Heat genmeration in the core solution
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) l‘ r Coordirate in radial direction .

. | Y, Int:ex;ngl radiug of the harrel
» ’ I Re Reynolds number .
\ t Time ’
]i u Gas velocity in {~direction

Liquid velocity in p-direction
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u = -~ /Re 3%
5 e N - ‘ fé
;[ W Gas velcotiy in z-direction %
: - L1 Liquid velocity in z-direction , \’%:
: . 8
: o wP Velocity of the projectile : §
= y = /Re G-y 1%
-~ vy Thickness of the liquid film §
- z coordinate along the barrel §
s i zp Position of tlie projectile 3
ﬂ T e p Gas density é
L - 3
Similarity transformation invariant vaxiables d
ax n . g
. o g
;V - Cc é
E .- Y =2 3
c .=
E. . 8 Gas tempergture ; §
E i
ot - 0, Gas temperature in the core ; é
SRS 8, Liquid temperature £%
:s N Tow Wall temperature with cooling é §
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E a Thermal diffusivity | 4
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I, INTRODUCTION

It is well known that the present firing arms are iimited for their
continuous firing capability due to the thermal expansion or cook-off from
the excessive heating in firing. For example, Cohn [l)*and Corner (2)
show that a heat input of 1,000 Btuiftzsec. is possible. Many approaches have
been attempted to remove this large amount of heat transfer such as the change
of configuration, different propellant, change in firing frequency, and
liquid cooling: Without changing the existing deslign, one of the most
promising methods of cooling is to coat an ablative and evaporative material
on the interior wall by the projectile as it passes through. The thermal
resistance of the so generated vapor may seal off the heat transfer from tle
combusted gas to the wall . It was shown by Cohn (1] and Adams and et al {3)
that even smearing with. silicone oil or coating with teflon or beeswax on a
projectile does  have some cooling effect. However the exact mechanism
of the insulation is not clearly understood. The present theoretical and
experimental research is motivated to study the cooling mechanism and go
optimize the effectiveaess of such cooling devices.

The experimental study used an XM140 Aircraft Automatic Gun as the model
to analyze the cooling e”fectiveness of the cooling projectile which contains
water as coolant and to obtain the doundary conditions that are needed in the
theoretical analysis. The theoratical study analyzesthe gas dynamics of the
propellant gas to the barrel occurring behind the projectile.

Convectiye heat transfer coefficient which is important in heat
transfer calculation was derived for unsteady compressible flow with and

without liquid cooling in a bharrel.

* The number in the bracket denotes the reference number listed in REFERENCES
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' | ¥
; i Before details of experimentation and theoretical analysis are reported, ?é
; ]; dmportant conclusions are first presented in this section for readers who Z;
. are interested in the present results and the application of the solutlens ,%
5 g!g obtalned. It is concluded that: ’ g
: - l.' Solid material coated on the prpj‘ect:ile is not aa effective coolant "’%
4 - because of the low meltfng rate in a time interval of two to three §
f B milliseconds. Therefore, liquid is adapted as the coolant. j%
as 3
- - 2. Water as a coolant is proved to be excellent, since it is inert, | ?2
e ‘nontoxic in both liquid and vapor phase, moxe transparent than silicone %
‘ 7 e oil in vapor phase. Antifreezer muy be added to water to lower the %
_ - freezing point in use. ! %
: 3. Proper geometry of the modified projectile that contains coolant is essential z éﬁ
B for an effective and uniform cooling. Of the eight modified configurations ‘ fgé
. (see Fig II-1) tested, the No. 2 type gave 2 distinctively effective and ‘ %:j
- uniform cooling. These modifications are based on the analysis given in ‘:%
- Appendix IIA. We conclude that injection of coolant through side copper ,=§;
:% :' band and the front portion of a projectile gives a better, even distribu- : ’
- tion of cocolant than other combinations. ;\%

4. Experimenting with water as the coolant in the No. 2 type modified projectile

- the peak texperature on the interior wall is reduced by as much as 407 in com

parison with the standard round based vn the single shot experiment as i
A
%

1

shown in Fig II-2, Cooling is particularly effective near the muzzle end.

ot AN e B R st s

S. The analysis of tte gas dynamics of the propellant gas behind the projectile

b
B

and the heat transfer tarough the propellant and the coolant to the wall

st

may be divided into three regions - core flow, gas boundary layer flow

P

AR O
( 9 Dﬁ')ﬂ?m ‘.}
,

and iiquid layer flow.
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6. Gas and liquid boundary layers are found to be small compared with the diameter

-

of the baryel. The thicknesg of the layer is ahout one hundredth of the

diameter.

Pt

7.- The gas core solution is solved provided that

-
& the pressure response at the breech and the projectile position as a
X
- function of time are known, The result gives the following dependent
sl yariables in dimenstonless form (deviation given in Chapter V).
= Pressure:
@ POYE)=b ity ~0.5228 Y (3 - 3o 3 .
. b p - (=~ }u;)) (2-1)
. Density:
- ' Rty > v /3510 (2-2)
i o Temperature :.
du 4 ~ 7o, L 8 >
3 Brrty= | A3 /o s726] ~ |3 033 )/ ¢ B’Tm)] (2-3)
r-‘:' N i‘.
' i Gas velocity:
) wWiyt) = 3?} /grlt) (2-k)
- Heat generation;
iﬂ 2 - ((L [ J " .}5 . 2- 3 ( 5)
— «wie b-s?/iP )+ Pb /—t] “L}P P S'P(/‘?J/ 3? (t_,-‘l 2-
& . . )
- 0,526 (3~ 32(c2)” 3o RN
I :.'3’3' L3 /4 "“}"}(’/?rp]

The analysis shows that the pressure distribution can be predicted to 2
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15% accuracy at any location behind the projectile. Fig II-3 shows the

compa;riaon between theory and experiment. The aboye solutions are also
programmed in Appendix IIB for general input of projectile posi:ion versus
time and breech pressure functions. The above analysis should

be used Q.15 milliseconds after the firing, since the solution is

inaccurate during the strong propellaut reacztion.

The gas boundary layer flow without liquid cooling is first solved to
understand the heat transfer mechanism. The solutinn is obtained through.
similarity transfo:m.- Tne analysis dealswith an unsteady compressibla
laminar flow with heat generation and non-isothcrmal wall. For the

wall temperature of the type (see Chapter V, Eq (5-13))

O, = -ﬂ;‘)" L t,b - £.54.¢ (}r“". };lo))‘j (2-6)

the local Nusselt nupber which is function of time and position is

hiy )L i ~L 10) v.3285 Aar
N, R Re (\ +:2m)t E\;.b&,_c‘;ctt (}_3;{0))]

(2-7)
For the XMI40 Modei or the like fl(o) = 3.2,f/(0) = -0.1Z. It should

be noted that Newkon's cooling law is defined here as -

. < Btu R
i~k G (28
.-
. u 1
vhere Tx = ix_

aad that the time and location in Eqs (2-6) and {2-7) must be behind the

projectile or z < zp(t). For other type of laterior ballistics *f{(c)/f;(o)

I AUt K e s e ety et R 000 b WA SRR TS
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in.the equation (2-7) may be taken as a cansFaﬁt Fo he determined from
experigental dats. The limitation of the formula (2-7) is that the non-
isothermal wall tepperature must be given by Ed. (2-6) which may only
approximately reprasent the actual.response in experiment; Nevertheless
it is recommended over the use of steady incompressible laminar formula.
Examples of using Eq. {2-7) can be found in Chapter VI.

9; The heat transfer from the propellant to the wall through a liquid layer
18 solved approximately in Chapter VIL. The Nusselt number which is also

function of tiuwe and distance along the axial direction is given as

LS ~
N ,‘\l},t)\-: IRt _ ___‘»‘QQ“;&’ . 2
: Reploa, - 2 By

kR R Xt = (2-j9)

where y; is the liquid film thickness. A metfiod of calculating y; is given
in Chapter VII section 1. Because there is not enough information about the
existence of a liquid film behind the projectile and about the percentage
of liquid in the modified projectile that may get behind the projectile the
solution thus obtained from Eq. (2-9) can only be taken as preliminary
one. Further study is needed to verify many assumptions which aze not
theoretical, b;c arc experimental and yet to be established. An
alternative heat transfer formula is also derived in Chapter VII section 3
based on the response of the solid waii of the barrel .

10. In general with cocling liquid there is abont 30% of reduction in heat
flux from the propeliant gas to the wall for the modified projectile of
No. 2 (see Fig II-1)., The mechanismof cooling effect mainly comes from
the absorption of heat by the liquid and therefore the reduction of temperature

gradient near the wall.
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111, EXPERIMENTAL STUDIES

IIT-1 Projectile Modification

In the design of the modified projectiles for experiment, consid-

erations were made to provide an even distribution of coolant on the interior wall

and a good lubrication effect for the motion of projectile. Then several
single shot experiments were conducted to determine the best coolant exit
locations and hole diameters among the proposed modified models. The
hole diameters are calculated from a theoretical analysis under the cri-
terion that tne coolanc is completely squeezed out by the time when the
projectile leaves the muzzle end. In the analysis the effective pressure
to squeeze the coolant out of the projectile is assumed to be one half of
the bore pressure at that given instant.(See Appendix II A)

A capsule containing water is inserted into the hollow space of the
pr~3-ctile as shown in Fig. II-1 for an initial test. One hole at the
bottom and four to eight holes evenly spaced arcund the prcjectile are
drilied. As the projectile is fired the pressure on the base of the
projectile will equeeze the water out of the projectile through the holes
around the projectile. The watex then is coated to the inner wali of the

barrel. The precise dimensicns for machining are shown in Fig. II-1.

Approximately 17 grams of water weresealec in the prujectile by a polyeth-
ylene capsule, a rubber bag, and a polyethylene tape respectively. The
experimental results showthat the modified projectiles NO. 2, gave the
best result with uniform cooling and lower wail temperature (40% reduction
in the maxdmum wall temperature from that of the standard round. See
Comparison of Figs. II-2) It was establishnd that the front holes and
peripﬁeral hi' s located betwzen the copper band gave the best result.

Therefore Ro. 2 is adapted fer experiments of coatinuous firing. The
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data chtained for single shot ex?eriment are the measurements of the

Cew oy -
|~
Lrss

interior and exterior wall temperature, and the pressure response in five

By

locations of thegun barrel . All experiments were performed at the Roak

Island Arsenal by personnel of the Science and Technology Laboratory. The %

4

data are included in Appe.adixes III A,B, and C. !

srtrin e AVt S 1ot R v BN S MR ea s e N R

1II-2 Instrumentation

The Instrumentation of the experiment was also set up by

]
i
e s - A

s personnel of Science and Technology Laboratory at Rock Island Arsenal.

-~ Tbs model used for the experiment was XML40 barrel. Five pressure probes,

four interior wall temperature probés and six external thermccouples were

B A i 3 DA -5t N A AR

k. used to record data. Kistler pizo-electric high pressure transducers were used for

L=

AP

i
i

4

pressure measurements. The platinum -pilatinum 10% rhodium Mo-Re surface

e temperature probes were used to measure internal wall temperature. Both

al

- v
iexs o S
/

probes have & response time of microseconds whicir is suificientiy accurate

L

v

3
i

for a test interval of 2 to 3 milliseconds. The external temperatures were

B, 000 s Fon AL e s o

P

measured ty chromeleAlumel thermoc)juples welded on the outer barre] surface. The

u

PARRUTE SR e

-

o it

arrangement of probe locations is shown in Fig. III-1.

ry

O v

ae I11I-3 Results and Discussion

- J1I-31 Recomnended Hodél

oy

Eight proposed modifications of the projectile shown im Fig. II-1

1

. i %] . ! .
AL 10 2 o8 LAk oh b3 DN S 40720 K i 0D Fin S 3 o T AR S F 080 RO 00

(&

were tested on a single shot basisin the first two experiments and compared

iy
i

"}

Yo,
“ .
N RIS SN o ae WM 0 1/ 4 ary AN o, S i

- with the standard round. Each modified projectile contains G.039 1lbm

st

(17.6 grams) of water. All eight modified projectiles exhibited -

e it
1

substantial cooling effect in the first experiment. I particular, the

g

peak internal surface temperature can be raduced as much as 40Z from the

standard projectile. This can be seen from figures in Appendix III. where

Tt

internal surface temperature$are designated by Sl, 52, and 83. Among the
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é? % . eight experiments of modified projectiles the first threc rounds #1, #2, . ;
Q. ? e and #3 (specified in Pig, II-1) are judged torbrqvide satisfactorj resulés. ! é
i% : i. For test projectiles #4 through #8 data obtained in a short time after the %
= firing are satisfactory. However, because of the séparation of the aluminum \%
.- cap from the projectile at approximately 1 millisecond after firing, data s;
9 thus obtained are insufficient to indicate the effectiveness of the nodifi- ;
> caticn NeveFtheless, these data provide a relative. comparison among the éé
projectiles #4 through #8. Based on the results of prejectiles #1, #2, and ’ ff
#3 projectile  #2 gives the best cooling effect through out the barrel. é
This modification shows that a better, uniform coating of liquid on the :é
g : surface of the barrel can be achieved by squeezing liquid out from the front «2
i: E ' portion and between the copper rings of the. projectile as shown in the ‘g
- : ‘ Fig II-1 by P and F. Since the cap of projectile separated from the pro- ééé
| jectile for #5 (which has the same configuration as #2 except a larser t%
diameter at the bottom of the projectiie denoted D in Fig. II-1) this series i?
%i of the test did not allow us to compare the effectiveness of projectiles 33
j%’ ‘ 32 and #5. Therefore, the type #2 is recommended :é
;' III-32 Temperature Response i
gl From Fig. I1I~-2 we see that with liquid cooling the peak internal wall \%
fif temperatures are greatly reduced. This may attribute to the liquid sealing ;
‘é% ? effect that prevents the hot. propullant gas from contacting the wall. |
;iv a It should be noted that with a pressure higher than the critical pressure of
é§ .. water in the barrel the evaporation effect of liquid is almost negligible.
;: - Oaly when the projectile has-left the muzzle can evaporation be a cooling
’%i e - ffect, Note also that at a given instant, say 2.3 millisecond, Fiz. II-2
}; ) gives a high £emperature for a larger distance from the breech. This can
_;E j: be explained from the fact that a larger projectile velocity near the
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uuzzle end contributes to a larger friction heating and hence a larger

q; temperature response.
27

Referring to Appendix IIIA, on external wall temperature we observed )

i; that - ~mperature response =zt K5 appears to be the hizhest one. This is

e because the barrel thickness at KS position is the thinest over the eutire

length of the barrel. We note also that temperature response at Kl is

high although the thickness of Kl is thick. However this may be explained

by the fact the core temperature inside the Kl position is hottest of the

core temperatures,

11I-33 Pressure HeSponse:

In the case of liquid cooling the peak pressure of Pl’ at the
breech, was cut down about 5 kpsi, compared with a standard round, while
the response at other positions remain the samé. This can be seen from
the pressure- curves of PROOF ROUND NO. 3 and PROJECTILE NO. 2 tested on
June 3, 1970, Appendix IIT A. This is due to a pressure release to fill

up the hollist space inside the modified projectile at the early stage.

However, this does not seem to slow down the exit velocity. It can be

< .
ENS S

4

aesn from the following fact: i%
For standard projectile (without cooling PROOF ROUND NO.3) the pro- §

=

jectile velocity at the exit, wp, is :based on  the core solution A
- ?}i

Wp = 2130.8 ft/sec 3

) 3

and for modified projectile (wodified Projectile No. 2) its velocity 4

in ft/millisec. is, based on -experimeatal data,

. az - .9 3 ‘
wp = -—d%- = 1,87696 < - 0.55565t ~ + 0.05672¢ -

at the exi£ of the barrel t = 2.38 millisec.

f, At s Eeviior

o ”’".,
SIS

H% = 2079 ft/sec.

v
3

The above evidence indicates that the exit velocity of the modified pro-

jectile can reach the vélocity attained by the standard projectile even though

=
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thgre is a d:qp in pgak.pxgasurg. ?his indica?ea that the liquid squeezed
£xrom the lateéral and front siﬂés-of the projectile on the wall of the
harrel does serve as a lubricant and reduces the friction force between
the wall and the proiéctile. Th%s reduction in drag force provides a
higher acceleration near the muzzle end for the modified projectile.
I1I-34 Continuous Firing

Twenty rounds of the modified proiectile number Z were tested in an
experiment of continuous firing. However only ten rounds were fired when
a malfunction of test gun occurred. The result of the experiment was
given in Fig. 1II-2 III-3, III-4, and I1I-5. Where Fig. III-2 gives the lo-
cation of temperature probes and Fig. 1II-3 glves the internal wall temp-
erature measurement at 2.37" from the muzzle end without cooling. Figs.
111-4 and III-5 are external wall temperature measurements with and with-

out cooling respectively. It should be noted that there were twenty rounds

e

of standard projectile fired during the experiment which does not allow & direct com-

parison with the data of modified projectiles where only ten rounds we}e fired.
Nevcrtheiess, we observed that with and without cooling the external
temperature increases linearly with time after the first five rounds.

Although based on the single shot experiment the heat transfer behind the
projectile can be reduced by liquid cooling, the combined totai cooling

effect under continuous firing needs further iavestigation before con-

clusions can be reached,
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E 1V FORYULATION OF THEORETTCAL ANALYSIS ]
{i < B IV-1 General Consideration %
% i Jé Consider that projectiles are continuously fired with a certain §
é : . frequency. The analysis of the gas dynamics behind the projectile is then g‘é
3 1 ]5 basically a viscous; compressibie pe;iodic flow with heat transfer. Although % é
% 2 ] the analysis of gas flow without l1iquid coocling is not contained in the 4%
;\ . " original proposal it is included here because with some modification the | %
; ; 1; solution can be extended to the flow with liquid.cooling. ‘é
§, T The mathematical analysis consists of two essential parts. They are | é
{ ; w the gas core flow where the viscosity and conductivity are not important é %
% ) - and the Uoundary layer flow where the viscosity and conductivity plays §:§
g - .3
%; . the major role. This division is based on the order of magnitude analysis ‘Vg
; } ;ﬂ of an unsteady viscous flow in the following. From the characteristic of g‘g
% f- the viscous diffusion of an unsteady flow it is known (for example see E'%
g* . Chapter V of Reference (4)) that thickness of the velocity boundary layer, é %
.§Qi :; 1%%, at a given time under an accelerated flow is o . Where 2 is ; %
- L

.ff’ - the characteristic length, t, the characteristic time, and , v, the kine- -

= matic viscosity ¢f the propellant gas. Also it is knowa (for example see

Chapter XII, p. 270 Effect of Prandtl Numoer of Ref.(4)) that the temper-

ature boundary layer is of same order as the velocity layer if the Prandtl ‘

—

e

Lo N
U2 S e Vv b e St S S

number of the fluid is of the order of magnitude one. Consider that for

¥
U
&

g vkt
| ot 4 A SR M 7
AlaEaar -

-

-

=

T

the present problem £ is the radius of the barrel, 0.6 inches and t, the duration

.
[N S P U

g

of the projectile in the barrel, 2 milliseconds. Then the maximum boundary
layer thickness is only one hundredth of the radius. Therefore 99% of the gas i
flow near the center of the barrel is not affected by the viscosity and the ‘
condictivity of the £luid. Hence a core analysis may be performed independently i

Vo, iy -,

\ of barrel wall conditions. When the core solution is obtained the boundary
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layex solution can be salved.

s - . ‘ 20

Also when the cooling liquid film is in-

cluded, the analysis in the boundary layer becomes a rather complicated

two-phase flow.

Fig. IV-1 illustrates the division of the analysis in

the following sections.

IV-2 Assumptions

According to the general physical understanding, the following assump-

tions are made.

Q)

(2)
3)

)
(5)
(6)
(7

The flow is not too far away from the laminar flow and .

the Navier—Stokéé Equations can be uséd'for the presént

analysis.

The gravitational force is negligible.

The flow is axially symmetric (i.e., 32}-= 0) and there is no circumferential
velocity component (i.e., V = 0).

The liquid layer is incompressible, and the gas is coxpressitle.

The flow is periodi¢ in time.

The wall is smooth but non-isothermal.

Transport properties are constant.

IV-3 Governing Equations

It will be convenient to take the cylindrical coordinate system with

axis being the center line of the barrel. Let (U,V,W,) be the velocicy

components in the direction of (R,$,Z) respectively. ThenU,W,T,P are

functions of (t , R, 2) (see Fig. IV-1), Fer the gas straam{without

subscrip:):

(4)

Continuity eguation

'3 12 (3 S =
§€+RaR(QRU)+a—8'\gw)=o (1)

e o o e ST

s ¥
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. (b) Flow with cooling
. Fig. IV-1. Schematic Drawing of F low Fields
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I (B) Momentum equations

-

e i ; Redirecticn,

ya—
A
2
e o AN s vt

’i
- L I =02 U U of d ‘
2 { Pl +uss + W)= -+ ul Fo L 23, _1-_".] ; !
S [ 43 oR 2 ) or M 3 R £) R (b-2) k
E > . |
= § where p is the viscosity of the gas, and - i
E b~ . §
: % - t=ui+w 5‘ where £ and 4 are unit vecters -
! !
: |
¢ |

.
.-
3
0
N

Py e e e 5
FINSRNTR. WIS S o N NPt PRy D TSRDIUPIGTIL N WOr NPT SECVR 9% & A, N

- % B Z-direction, ?
£ il e { W ") 4 2 V3 = :
] : ~ ot 2R ‘FLZ_‘) 3z TAMlvW +-§§—é(v.§)l (k-3) : ,i
‘ (C) Energy equation 1 ’5
<y ST 2

- T X 2
AL - X0 &7 ) '
R<e o Ubk +M-—DZ)-RB—€R— + T +0F 00 X
3+

2z T M2+ Q) (L-L)

bR Ml

where

:zzL(, )+(—)_&{A'N'>l (DLI bW)

hY N4
(& ew W3 5

k is the thermal conductivity of the gas, Qh is the heat generation

v 1, N A, ¢
Mornsvatn crese o, A A o etk A Niiiliv wu Rros avne

due to conbustion.
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(D) Equation of state

PR TC, (1-6)

where CC is a correction factor depending on the range of pressure

R TR P SNTT T 1 IS ART T SO RN .t O 1

FHYR St i 22, K5 v U 1L 2 K e

under counsideration. For a pressure below 37 kpsi Cc is 0.726 approxi-
mately.
For the liquid layer (with subscript 2):

(a) Continuit§ equaticn

"
¥

“%(RU;)«r g—in = 0 (L-7)

(B) Momentum equations

et ittt

e '
(LTI RIRE PR EIIIL AT IT SRRTPN N TIRE GRS, -

K~direction,

R N b N o
iR Wig3) = - o =& gg’é)"‘%‘? - 2] (1-8)

-

T8 where. 52 and M, are density and viscosity of the liquid layer respectively.

ha

Z~-direction,

Sy

W3

[ ]
[ 4
(o4
«\g:
+
b'
e
|z
(-I
(4
&
N
[»74
=
M
[ o %1
3
b'
jh;

!
n
P
o
YY)

(N2 Wy (4-9)
RUOR Y O—“I

-
€t

&
o,
e X1
H
B 5

-~ (C) _Energy equation

;T.O -+ U_' DTA

- T Ui

Tz and k, are temperature and thermal conductivity respectively.

Y
3,
K
-
!
>,
5
5
54
¥
)
5

..._bT: t o &T ]

W'.'.\Z') kl L-RDF‘( "Vé) K, (h-]())

Here we have nine unknowns (i.e., liquid Uz, W PZ’Ti’ and gas U,W,P,

“
AVREY “~ » by
AR e s bt AN a0 BT et S a2 g X et 7 RS aF e

]9 T,p) with nine equations.
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1y-~4 Boundary and matching conditions

) Boundary Conditons

At vall (R = R))
Wtk Ry, 2)=0
Ty : Ta L)

At breech 2= 3,le)
P=1t, %, R, 2,1)
W-W1tL.R, 2.(9)
T= ¢
T T, R.2w)
At the projectile at any instance Z = Zp(t)
P-& & R, 2,®)
WEW, Uk, &, Zetod
=9
T

Tle ;R ?_‘,l*ﬂ)

(2) Matching conditions (the subscript i denoting the gas-liquid

interface)
(A) V¥inematic condition

The continuity of velocity components

Y s O, Wy, =W

» » “a

(B) Dynamic condition

The cont:nuity of normal stress

P« 2 (5R), < povandlR
The continuity of tangential stress
ap == )
L ’“kb\a ’8“)

y , -
4

w 5§q
=

i
s ! y . . ol > " - . t ,
B e s SO DT D 2 A L o S DKty M i Mwmmwﬁﬁ?mlmmkﬂfﬂbﬂ P TR T PR NI

e

24

( ’l-', 11)

(L4-12)

(L-13)

(L-1k)

Sy, »ﬂmm;’ LAt s

(b-1%)

(4-16)
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{C) Thermodynamic conditions

The conservation of enerxgy

DAY P}
sh+ke(5m), = w(55). (1-18)
The continuity of tempersture
«Ti* =T, (L-19)

where &h ig the heat of evaporation. However Ah is negligible
for the operating pressure near or above the critical pressure

of the fluii., For water the critical pressure is 3.21 kpsi.

IV-5 Nondimensionalization

We make the above variables dimensionless by letting

SIS . /] p, = L Y _ QL
U U Rregr 9T e,
u 2
WU == N""-—-‘ﬁ;‘ a r_- . T - §L
‘_t = '_‘:‘ -t- - .%; e =

- ¥
where U_, Pys L, t_, T_, are dimensional characteristic quantities

defined as follows with typical values in the parentheses.

i

Ak

-=characteristic length of the barrel (3.478 ft)

=projzctile velccity at exit. (2130.8 ft/sec)

=characteristic time I-"---(1.63:22 millisec.)

u
r

= density of the propellant gas right behind the projectile at
the exit (5.504 1b_/ft3)
m U 2

r
R
= diameter of the barrel (1.2 inch)

(2173.9 °R)

= characteristic temperaturc

= characteristic pressure prUrZ (5.388 kpsi)

= mclecular weight of the propellant gas (23.805)

v )
= Gas constant (—22=33 < g4.9142 —EEIBE )
° m R

= latent heat

S AL e R e T

RPN e e
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with known trigsport: properties

4

- *m
_ u = 2.8x10™° Fsec (see TABLE TVA)
;; f b 1 = 1,243 3 __l_b_lﬁ
& - - = 0.071x10 ftséc

sﬁ%mmna‘fﬁufm);mmmm Vs A R v b

5 - %
X * K 0. 04 Btu/hr.ft °R (1500 °F) “(gas)
" e 2
N K
: - K, = 0.35 Btu/hr.£t°R  (500°F) 3
3 e cp = 0.435 Btu/lb?R (gas) f
o . ) o 2
= c, = 0.35 Btu/1b R (gas) 5
22 i
e . Define the dimensionless parameter: i
i -~ UL %\
E Reynolds number Re SR A S
?:', - H x
£ c n c ¥ ¥
o Prandtl number P_ = —f , P = —BE L :,
E b o K Tt K!.

3 s u2 u.?

' . Eckert number E = ch - 3::-1—» , E, = —-5-17-—- -

‘o P ' e

. We have then the governing equations, in-dimensionless form as

i3
iE. . (1) For the gas stream }
. (A) Continuity equation

. e 20 L4 2

- 2t rb\r“’ rw) + },‘;\QW) =c (k-21)

e . (B) Momentum equations

2 T R V¢
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TABLE IVA Viscosity of equilibrinm air

( from ARS Journal, Aug. 1961, p.1152°)

# (millipoise}—~—~—————

T(K) 01atm 1latm 10atin 100 atm 1000 atm
3000 0.87 0.5 - 0.85 0.8 0:85
4 1.13 1.12 N 1.08 1.07
5000 }.37 1.36 - . 1.32 1.29
G000 1.67 1.61 . 1.5¢  1.51
7000 1.97 1.91 1.78  1.74
8000 2.20 2.17 2.0 197
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©) Enexgy equation

29 ae 20
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P74 B Gl wd) (u2)

_1__
BRe 4
AR

(D) Equation of state
p= ?GCC

(2) Yor the liquid layer

(L-25)

-
2
1
k]
i
4
k4
3
S
@

(a) Continuity equation
2 (rug) =+ 2 *’; =0 (4-26)

Y‘ 6y -
(B) Momantum equations

[EERTRTIIRT L) IR | Y T S

: - R-direction
S ) " t\}\u_a_w Wey_ ol U My o i
43 . -2 4= w2t
L ) ( ?3> By ReA LV M r*] (L-27) :
E 2-direction &
- i 5
S (’! a\W DWW (.‘Jv e ¢
- - L‘ ‘ N = \ - —a"‘Q ¥ e e | 3.' ). . A R
- PR X3 EXY oy T Re A L ¥ ‘] (L-26) 3
3 .. {C) Energy Equation é’

. | B 0By L8y L Oy My 2 (-2
- 3 (e + gy + % BRetea L] (b-29)

e (3) Boundary and matching conditions :
e At wall (r = 1) >

e (L-30)

= et il

@& = gﬂw(‘t' )

- At breech (z = C)

L " N
et YT AT Sttt L

RS

N

™

R

2 et tB8N Ehns s il sy s e <

P = p(t,hﬁ)

(&-31)

R S a
*

. w =0 ;
i
- u=0 3

o

&

8 = 8(t,r,")
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]: At projectile (z = zp)
p- Pp(t,r, zp)
3 we wp(t,r,zp)

. \gi
; . N
[P JEDR.TF eIy AR LI o Ao Cnev et w sk Lo ¢ S Nl

= o = 0
- P
i xe .
2 At incerface :
3 . i ) @
E b e Uy U, Wog ™Yy ) (4-33)
ke Ay 2 Aug 2 a2\ :
4 Ay 2 AU . 1) :
(h ﬁRe br‘)4 (P+Re 5(),.' ’
o (L-3h) %
- A‘e_(é_‘__.&‘*x) = (W Py ;
N MATY Ty &r o vy ). §

: ke Lg_e_j_) ._(2_67). (1-35)

.
.
v
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. Obviously the above problem is difficult to solve. However
’ with the division of flow rregion given in IV-1 we may proceed ;
‘ ;
to solve the problem in the following sections.
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V ARALYSIS OF CORE SOLUTION .

V~1 Core Problem

From the general consideration in Section IV-1 we found that the boundacry

layer thickness ic very small compared with the diameter of the barrel. The

T propellant gas flow near the center of the barrel cun be solved by neglecting
E’ ‘ ; the boundary layer. Accordingly, the analysis becomes that of one~dimensional
5= e :
= | 3
A unsteady compressible flow with the governing equations as follows: 3
& - - ! i
AR BN i
"{ - i §
= * 4 ~ ¥
1' ' p) . f . :11:
! _?_c_.t._‘g_.(ew):o (5-1) 3
. . ¥
iy 2 (5-2)
o T }‘ y
-.;— - N ‘- - ‘ < (. 5-3) :
( ) ‘—-( "8_ ) +{cwe_ E
' j
P?-(’Gge:o.qz()eg (5-L) _é
R
‘ ek
, where p,w,p and 6 ave unkncwn core density, velocity, pressure,and
temperature, qtore is the heat generation of the propellant gas. ;
The above governing equations are solved with the following :
boundary and initial conditions §
atz=2z1[0)  w=0 p = p, (t) (breech pressure) ’3
" P b g
: (5-5) e
: ;
at z = z_(t) LA zp___
E P P e
. where zr(t) is the projectile position at the given instant. For the
i - ﬁf
* present case zp(o} = 0.0464%2. 3
i i

i
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At zp = 0,268 (where data is available) p = 2.21 (5-6)
where p 1is determined in Appendix VA- T
-,1. §rm T

- xS
D

att=0 w=20

(5-7)
The projectile position as function of time is cbtained from the
experiment through the method of least squares as (standard rouad)
z, = 0.04642 + 0.92578 £ - 0.11475 &> - 0.00919¢" (5-8)
Thus we have the projectile velocity
W, = -:—;2 = 1.85156 - 0.34425¢> - 0.03676t> (5-9)

Equations (5-8) (5-9) are plotted in Fig. V-1 and Fig V-2,
V-2 Method of Solution

We assume that the density is a finction of time only. This assumption

leads to a sufficient condition of Lagrange's assumption which has been shown

by Heiney (5) to be an adequate one for the interior ballistic problem. Under

this assumption the pressure and temperature are still functions of the
position, z, and time, t. From Eq. (5-1) we have

% =-%%%,p=c(t)

Integrating with respect to z

do .
at 2 + fn(t)

1
wE - =

Noting that at z = 0, w = ¢, -0 that fn(t) = 0, and that at z = zp, w= wb, we

have
w
w = ;2 z (5-10)
P
dz
de  _ _1 do (5-10a)
z p dt

P
Integrating Eq (5-10a) with respect to t

p(t) = z_c_'_

P

where C' is integration coastant and is determined as C' = 0.5928 by using

the condition in Eq (5-6).
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Then é

0.5928 %

p(t) = —Z(t) (5-11) f ;

P

To find the pressure distribution we substitute Eqs. (5-10a)and(5-11) into §

4

(5-2) and integrate to obtain 2 é

’ C'z (27-z_“(0)) 1

P(z,t) = P, (t) - 2 P (5-12)

b 2 i

z 2 . 3

P C

after satisfying the boundary condition (5-5) . The temperatu¥e profile %

follows readily by substituting (5-10a) {5-11), and (5-12) into Eq. (5-4). é

‘ E

E 3 That is ':

’ ’t o ee (' 2 2‘ ) . :E.
3 : 0.5928 2 2 lon2g

a3
(3
TP T

From energy equation (5-3) we obtained the heat generation of the propellant

2

_ -8
i = c' (&2 () . E 3 % ;

2 Y + z 4 "

wre 2 zp p €

3

s~ a ?‘,{

2 . [ [y (X ‘%
S B, = P  ° 3
e E +[ b_p + . b ] -2 d zz(o) ¢ (5-14) p
Bk 4. z Y 3 p ~
E B P z Y K
AN . Z
R where the dot denotes the differentiation with respect to time (i.e., ;

§

? ~%€}}= { )). Therefore we have solved the core solution of the intericr :

. baliistic problem in terms of the projectile motion, zp(tl, breech pressure,
i wd pb(t), for IMR propellant. The sclution is computerized in Appendix EB. The

o U gt o d P
sfs b

XA KN o
oy Lo R
Y G AR

propeliant gas velocity, w, behind the projectile, the temperature, T = QTr, the

density, p, pressure , p, and heat generation q are all plotted in figures
[0

V-2 V-3, V-4, XI-3, and V-5.

[}
I
- = PP o e '
R e o SRR L LR N AT PR i B e -

V-3 Result and Discuscion

Although many works on core solution of the. interior ballistices are

R

available such as Spurk (6), Heiney (5] Love and Pidduck (7}, Vottis (8j,

i

it

and Carriere [9] the present solution has an advantage that the burning rate of
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the propellant and the friction between the projectile and the barrel are

- not assumed, instead, they are all absorbed ir "he specified boundary

.
k-

3 J‘ conditions of projectile motion and the breech pressure. Both bowndary

? i conditions come directly from experimental measurements. Heuce the error

; & due to assumptions of burning rate and friction effectsare eliminated. Also
? i - the present solution has an advantage of simplicity in analytical form over
A an

the solution obtained from theory of characteristics.

In the theory of characteristics the solution must be obtained from

EL I T B

series of numerical evaluation of characteristics. Furthermore when

"t (v el et

3
i i heat generation is included in the gas flow the characteristic «,lutisa can
i
% - become very complicated. Therefore tue present solution altloupii ..«ss ver—

satile.is more desirable for prediction of convective heat ti:.sfer through

1 -~

A e A

the gas boundary layer.

JIn Fig. V~2 we plot both projectile velocity and fluid velocity
behind the projectile. The dashed line is the experimental data obtained
in Fig. V-1 while the solid lines show the theoretical gas velocity. -It
is interesting- to note that the gas velocity near the breech end first
increasesand then decreasesbut at a larger distance the gas velocity decreases
monotonically with timo.

Fig. V-3 shows the predicted core temperature and measured wall temperature
with and without cooling. The differeunce in the core temperature and wali
temperature at a given time drives the heat flux from the core to the
barrel. We note that at any giwven time the core temperature behind the
projectile always decreases from the breech to the muzzle ead. However the
wall temperature at a given time with and without cooliag increases frorn the

breech to the muzzle end. More wili be discussed in Chapter VI when boundary
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layer analysis is given. Fig. V-4 gives the density variation with respect
to time. The dashad at the small time was computed from the core -
solution. However in this period because propellant combustion 18 strong
it is felt that the core solution should not be taken too seriously for
its- validity. Fig. V-5 is the plot of heat generation in the core. It is
obvious that geneération is the largest near the breech end. About 80 per-—
cent of total heat generation is confined in ;he ten percent of the barrel
lengthk near the breesch. .

With the core solution obtained the heat transfer and gas dynamiecs of

boundary layer flowbehind the projectile may be analyzed.
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~ » of gas boundary layer as

) > . - 40
I
I VI BOUNDARY LAYER SCLUTION WITHOUT COOLING
s VI-1l Governing Equation and Similarity Transform
;: As already discussed in Chapter IV there are two flow regions in
o the barrel. One is the core stream in the central portion of the barrel
i and the other is the Soundary layer near the wall. This boundary layer
— flow will be analyzei here. According to the Bomdaﬁ- layer theory
b (see Ref. (4)) the pressure in the boundary layer is still that of core
l— golution. The other dependent variables such as density, temperature,,
’ velocity, and heat generation must now be a function of an .additional
: i 5, variable r which does not appear in the core analysis .' The core solution
—f P 7i;'ow becomes the outer boundary condition of the boundary layer while
5; « ¥ the wall‘condition is the other condition of the flow. Only when this fiow
ﬂ ‘ ' is solved car tne heat transfer between the propellant gas and the barrel
h be predicted. This problem is much more complicated to analyvze in comnarison
“;g with steady boundary layer flow because there are three independent variables
f i r, t,z and both outer and wall condition are non isothermal and unsteady.
b I dealing with this complicated problem, we note that Reynolds number
_' - : in'the flew is Re =’prUrx.-, = 1.45 % 10° (or, in the conventional definitions
.,, ‘ ?‘ Re = EF%-:E?—-— = 2.9 x 107) uvhich is very large. Consequently, the boundary
’4 ) laye}' thickness, in order of —rl: , is very small. Therefore, for the
% | ‘ boundary layer flow we shall gg‘iaine the new var;.ables
; , i y= /Re (r0 ~ t), distence from the internal wall of the barrel, and
‘7 L -u ==/Re u, velocity in y-diraction (6-1)
— ;i tu stretch the small quantities (r,- r) and u so that each term in the i
: " goverrdng equations is these new variables is -of order of unity. Upen \\
h neglecting the terms of small order we reduced the Egs. (4-21) through ‘ :
I - (4-24) in terms of new wvariabies, y and u ;

Ty @ g Sy SR i 4 e ek Ty
e "~
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Continuity Equation

A '
i- -5%- 3y U + - pen 0 - (6-2).

Momentum Equatione

|-
g,
!
P
{
§
!
i
-
¢
i
i

- -—% = 0 (6-3)
In z - directicn

W w ‘ ' s
ay +t¥ 3 3z ) =7 %z + 3 (6-4)

>

£
3 B} In y - direction
- &

3

T

}3’
lw

p(at-l'u

Energy Equation. %
. 36. 20 20 , 9% :
-5 . p(sir +u oy +w — —5 +E( —JL--+ u -11-+ w 2B )

9 z) P 2 9z

o 02
- TE G g, . 6-5)

e Ml\,‘ IS Wb e 7 ;"a‘ g e S
R i T oS AN i b 5 7 o o i Rt R sl

Equation of State

.«
o
[ &
08 Db bt e

p. = 06 0.726 {see Eq. (5-12) for p) (6-6)

= % l( - T -
¥§ }2 Considering the solution form cbtained in the core soliution we sce

r “
o, MM B

s that the independent variable z can be separated out in the boundary

1
A

4 layer flow by setting
T wit,y,2) = He,y)z ¢ =g L) (6-7)
| Furthermcre, the heat generation 95 1. in Eq. (6 5). is assumed to possess

the similar form of 9eore in Eq. (5-3), that is

' v ‘ . ,
i ARG e e N itk S S Bt 2

29 38 ) ) K

9. = PG VR )~ B3t gT) ©-8) '

And it is noted that the Eckert number :

2 i

3 t
E=tx -’L—- 0.195 N
; P 2
i gz in the present case, The term E(a‘j )2 is thus tegligible compared witk % é
. other terms in Eq. (6-5) which areof order of unity. 2
k- ! ! N e"g
¥ si’%

bt
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Substituting Eqs. (6-6), (6-7), and (6-8) in to Eqs. (6-2) to (6-5) we

have the resulting governing equations

e Wt 2

it DO A B MO i N sy s i

3. 3p ) X
3¢ oy up teH=0 (6-9)
H .
s 3H aH 3%
. dH e % ;
e | Pl +uss y * B 2y e e ny + == o (6-10)
- y P
L
3 2 80,2 1 32
. -P_ u - &%z 22 (6-11) ;
- a 2 a 2 b=
y i A S AL

Aot A

I3

These unsteady compressgible boundary layer equations are solved with initial and

T S
@

boundary conditions to be described in VI-2. The method of similarity trans- .

B et

R

formation will be used to solve the abo‘ﬁe_.problems. _The method of similarity

'transforﬁation can be divided into two kiuds, i.e., via separation of variables .

.-

o omene

_and une-parameter group theory. The excellent refereaces for the

latter method can be found in the books by Hansen (10} and Ames (11) and

the paper by Morgan (12).

s

T L TN T I W

z E
L. From the present experimental result we found that —% in equation =3
3 *
qf (6-10) could be approximated by a form of = mt"™ as shown in Fig. vVi-i,

z
' where both m andin are constants. This makel it possible to appiy one~-

parameter group theory of sji:dlarity transform to reduce our partial

ey

differential equations into 3 set of ordinary differential equaticns which

can be solved numerically. In order to satisfy the invariant requirement

| amutitt]
e va—

of the methcd we have to choose the similarity vazlables as follows

s Y A s St At W

71

Fond

A Brashnd e

i=t n=td

k1 - )
o= E AL s= @ (6-12)
M n £ (n)

. [y
Fran’y

[ [ ]

o b

where .

[
.

. .& and n are new variavles in another group
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A== 2L 546 the index of nt®

fl’ f2’ and f3 are arbitrary functions of n.

Substituting Eq. (6-12) into Eqs (6-9), (6-10), and (§-11) we have a set

of oridinary differential equations

(f + —-2-— n) f]'_ + fl_f?'_ + (£ + n+2)f1 =0 (6-13)

(58, + 5 ne)) £+ (5518 g, - £ = ne' (6-1h)
-2 2 !

2, £+ Prgfzfi s Al (6-15)

where the primes denote the differentiation with respect to n. The detailed

derivation is presented in Appendix VIA. From Fig VI-1 we see that
LA |

'"'?gl /zp = ot" can be approximatedby 1.82t
de

These values give A = 1.325. The above differertial equations then can be

-3'65, i.e., m= 1,82, n ==3,65.

rewritten for XM140 model as

(f2 - 1.325 n)fi + flfi + (f3 - 1.65) fl =0 (6-139)
3 - ] - —f =
(Ilfz 1.325 rgfl)f3 + (f3 1) flf3 f3 1.08 (6-14a)
-2 ,2 ' -~ “; ce )
2 fl fl P 8f2f1 f‘-f.- =0 7 {€-15a)

VI-2 Initial and Boundary Conditions
It is seen that five conditions that combined initial and boundary conditions
are needed to solve the probiem.

At the wall, y =0 , or n = 0, the density related function can be approximated
from the experimental data(see Appendit VI B) as

£ ()) = 3,2
and the no-slip and impermeahle condition give
' (6-16)
fz(o) =0 for u=20
~f3(°) =0 forw=20
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From the core stream, y + =, 1 + =, no gradieats in Y direction can exist,
thus

dp_
fi (=) =0C gorg}‘ = 0

6-17)
£ (=) =0 for =0

|
=
4
a:
2

VI-3 Method of Solutions

The IBM 360 CSMP(Continuing System Modeling Progran) computer ]anguage

1

.#ﬁ%ﬂ?ﬂ:ﬁﬂ%mﬂﬁf&ﬂﬁﬁ%&ﬁ%&mﬁﬂﬂl.fm%wm»}gﬁke@m&mmm{}MWM}

vas emploved to provide the numerical solutions. As TUSMP program handles

I e

»
o
[

ko e g i e s

initial value problem, only condition (6-16) at n= 0 can be used.

ol

E»
33
e

€4

Therefore, we must guess the values of f;(0) and £; (o) such that £;(=) = 0

roe
[~
[

and fé(w) = Q at n + o . After several attempts weré made we found that

e W

[Tre—
it =
H

i,

fi(o) = ~0.12 and £3(o) = 2.024 provided us satisfactory results. The

L e i B o) WO

TR
¥

computerized print-plots are presented in table and figures in Appendix VI,

“\"ﬁ*‘
!
Ly A
13
H

Y
b

(e examine the convergence of solutions in the following manner. From

Eq i6-7) we have p = tl-z‘i' fl(n)= t~1‘65

N

0/[‘.’ ‘ﬂ‘v‘"'%..g';" bR
&)

on e d

i

sowome ok

f1(n). Now as n -+ = the density

s

IR ity DA N

\d
in the boundary layer,p, should approach core = -2—— s Where C' = 0,5928 and

*

B e e T

[y

{530 W
Ly
(i bl s AR S i
L7
i
e

T

siak

SO
¥

. P
r.P = 0.589!:1'65 approximated from Fig. IV-l. Thus

e 4

F RN

ORI 1 IR

8
o

"'10 - -Xe . -
o(t,mmt65 ¢ (o) = D028 o165 o165

0.589 °© =t

= A

L 3

S

=

that is, fl(w)= 1 at n + . This conditiin is satisfied by the numerical

g " solution as shown in the first figure in Appcndix VIC,
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i From Eq. (6-13a), as n > =, f£; + 0, 3 =+ 0, then £, = 1.65.
conputerized print-plots it is seen that f2 converges to ~2.426 where

fi + 0 satisfying -.3—;;— = 0, and 53 conyerges to 1.65, ag n goes larger.
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o g le325 (6-18)
o=t % 1@ (6-19)
u = 0325 £, 6-20)
W = Hz = t"lis(n) z 6-21)

With these expressions and the table in Appendix VIC we are able to evaluate

the values of p,"u, and w for any given value of n.

Now we examine the walidity of our prior boundary layer approximation, in
- which we assuml; the boundary layer is thin compared with barrel diameter.
To evalvate the maximum boundary layer thickness that occurs at the maximum
éime t 8 1.‘409‘ ,dimensicnless, (the time the projectile exits) we- observe

from F3 Pplot in Appendix VIC that the velocity approaches the core solution

3:'3 +1.65 at n > 4. That is in y dimensionless coordinate

y = 3% 0w 4091 4= 6.3

The boundary layer thickness is estimated to be

o) = m’; - - B3 = 1.66 x 107%

7 1 .45x10°
R .
‘ ?oﬂ-i—-— l‘zf" = 31.43 x 10
thus
) _ _1.66 x 0t
% 1.43 x 10‘2 86

It is readily seen thar the ratio of boundary layer thickness to th: barrel

radius is 6

which is about one percent of the barrzl radius. Therefore,

we conclude that out prior houndary layer approximstion is valid.
VI-4 Beat Transfer .

Now we should concider heat flux from the gas to the cold wall and the

heat transfer coefficient in the temperature fieid.
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1 From the equation of state and the expressions for p aad p in Zqs(5-12) : ;

iR . S .. . , 2
and (6-19), respectiyely, we ob,sa,in 2. : %

. ' £ E R (o) B

T 1.65 1- -~3.65 P - .2

£ O~ %Iz ¢t G.726. Py ~ 1t o8t 622 3

— Here we should remark that the boundary condition £,(0} = 3.2 in Eq(6-16) 9

i was approximated one. For the detailed evaluatiori ie referred to Appendix VIB. 3

.’;": In this approximation we did not take into account of the short time interval E

in which the temperature changed from room temperature to the approximated mean é?

!; value, 750° F. Therefore, the temperature profile obtained from Eq. (6-22) and " %

- heat transfer formulas must exclude that short: time interval. - 2

.

n Under the above restriction the local heat transfer is given by Fourier's ’%

i law Z

il 3

i ’~'i\—§

q =k 2 aR (6-23) e

g‘t Rm RO %

o~ Recall  that 3

£§ R R Z

- y=JRe Cg--f) =7 R (ry #

o %:

i 3

T S 7%;
; _ Pefining Nu = %I‘T—r = % s Nusselt number,from the modified Newton's cooling §
iy 4 law q = hTr we obtain the dimensionless form of. Eq(6-23) as, ’E

h tu = R 22 (6-24)
g -

The expression for g—; l can be derived from Eq. (6-22). Upon substituting

W . Lo, RO
B alrnith nean Hontase S st il

B 34 we obtain
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where gi (0) = ~Q.12, ,fl(o) = 3.2 are obtained preyiously from similarity

solution. Thus we haye for laminar unsteady compressible flow in a pipe

with a standard projectile the local Feat transfer coefficient as

=4

R
e

¢.328 -
m"L?‘,le) - Lo e 3;‘0»1 (6-26)
2

N B " W
DumSa e b S St bt a2 M.

N“"-%— = 0.046/4{ R, t

Wrvwavry
e

Since the last ferm in the equation (6-25) usually e smail compared i

.
swotsdetdedla

"
Lo

with Pb term for approximate evaluation the Nusselt number may- be taken as

[
[ —
-

— 632
Nu =0.0%474 [g. ¢ wa)

“:t:"tw €%

Y ]

(6-27)
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Py dimensionless breech pressure =

Py

e B ok AR LR W o Lo s s

-y
P

[

U'r = the exit velocity

.

pr = the reference desnsity right behind the projectile at the exit.
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| VI-5 Discuseion ] §
X From the f2 print-plot in Appendix VIC we note that fz(r2 in computer 3
o program notation) keeps increasing till a vlaue of n = 1.4 is reached. Then j-;
ﬁ it starts decreasing and finally cenverges to a value of ..‘:‘2 = ~2.326. As the ;
- vertical component of gas velocity u relates to f, by Eq(6-20) this means that | ;;’:
ii there are two flows coming together from the walil and the core, respectively, :

i and then joining at a region where n = 1.4. We note thét the true value of :
4 .
the velocity u is very small since n relates to u by u =m-u/ Re . in which

R}
3. Re generally is very large. Therefore, the radial velocity u does not

A0,
oy 44

'.> ~ ], affect significantly the one dimensional core flow outside the boundary
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It"l the. foliowing an examyle and a cqmpari_s.gn 91,’ the present result wi.;h
inéompressibie steady state flat plate boundary layer solution may illustrate
the procédure for calculation. ‘Considex the heat transfer calculation
‘with present formula at the time t = 1.2 (:L'..e.. t = 1.9586 milliseconds)

and the position z = 0.5076 (i.e. Z = 1.7655 £t from breech) we have for the
standard projectile in XM 140 model

g =5504 'bwgs U= 2008 F

L =3478 +t M=28x (0 _lbm

P * £ sec.
‘ § 20962 (ot £=1.2) k" > 5, o4 KPS}

T, =2174 °R 3‘,¢o)=°\c464‘

. Q u‘,l_ L) -

Re =< T hastane K = 0.04 ¢ {t ‘R

Thus from Eq. (6~76) we have

Ny = L%’- =582xi0°

the heat flux iz thex
q = hTr = 403 Btu/ft:zsec' .
Although there is no similarity for the physical phenomenon between tne
present solution and steady laminar flow. If however the lawinar solution
i3 applied instantaneously at a local position some compariscn may bz made.
We thus now assume that at the time t = 1.2 and position z = 0.5076 the steady
incompressible flow solution (see p, 285 c;f Ref. 4) applies

the above example.

That is LREE S

0%
U 2 )
Ny = 22 o.ssz..(_ﬂ_er.) (Nep) - (6-28)
vhere -

W = 1375 ft/sec {fron core solution)

= 0.5076 x L

-
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YIX THEQRETICAL ANALYSIS QF TWQ PHASE FLQW

In the anlysis of liquid cooling effect many di,fficuliiea and uncer-

P 2 s %

i) 4 v

. N
v e
) 3 > oy >N e, B

-

O R

'1:;».
—
'
1]

L - i
3&; tainties appear. ~For example, it is not known in what manner the :
: { - cooling liquid is squeezed out from the modified projectile; how much 3
o 3
;o of the 1iquid will get belilnd the projectile; and -that whethier or not the e
3 % i liquid will stay in a f£ilm layer. Also the extent of the influence
; e ; -5
y i . of grooveson the cooling effect is not known. However an attempt is made ! f
' g i3 to obtain some solutions even they are solved under crude assumptions. Therefore, : ,g
- - e ’[ f‘é
3 ;” the analysis herein should be viewed as preliminary result and further I3
3 i.zi L 2
E 1 improvement certainly is necessary. | é
s P
-1 b _ ‘3
= VII-1 Determination of Liquid Film Thickness 3
. &
s
; i Ir. the following analysis we shall assume for lack of experimental ;:5
3
3 eyidence that the liquid squeezed out from the projectile wiil form a film 3
L behind the projectile. Then the total amount of the liquid behind the 3
s - té
e i projectile, Mg, (t), from tiie breech to the projectile at any given time ' ;
H t is g
-z e i
i M) = &b T (R.-R; )92 (7-1) :
i ° ' E
} %
C where Z = axial length %
23
r 32 = liquid density = const. %
> 5 D, = inside diameer of the barrel £
: g R -R, = thickness of liquid film on the wall Ry
‘f - ) é:
3. Ri = radjus .of interface -
3::7 Eq, (7-1) can be written in dimensionless form as : j
- M) 3p ‘ . 3
kifr > mMt) = > ? Yol I Y. -Y: {2
1 2 ¢ Qr 3 AL A : (%, )ds' (7-2) K
N
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where -
s ’-S.Q_. Y __SD_ Y.:B—.ﬁ‘
Q! ?{ ° = A w
D° = _?__ » ZP K
desT FTT W m as

Although the exact amount of liquid, mz(t) » at a given time is not known

a crude estimate- of m, (t) 1s given in Appendix VITA from which we. have

&
™ile) =, o L \) _Q_Nt_," . de £ & 1,421

(7-2a)
where p(t') is the pressure at the base of the projectile.
The liquid layer thickness (ro-y\i) may- be approximated by a
Polynomial * feorm,
K-t: = Lo (a, ~a3+a, 3] (7-3)
where fa(t:) ~ function of t, and
“ao,al, and'-az aré constants to be determined as follows.
At t - = ; '
he breech, z = 0, Q’Q r_f,\) 0, so that a, = Q. Eg. (7-3) becomes
Yo-Ys = {- (T ): a -+ hy
o ) ' } a}b ] (7-h)
Substitutiug Eq (7-4) intc Eq(7-2) and integrating we oktain
Mwy(v) =0 nd Qa2 g, .3
L €¢ cfa L ;3'..4»33 3‘,} ‘ (7-5)
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At the position 'imnedi_ately hehind .the. p,rgjgcf;i.le_, z = _zp, ro-ri = hi(t).

Wieie h, () 1a_the' Jiquid thickness at the base of the. projectile and is

deriyed in Appendixz VIIA. From Eq. (7-4) we haye

heto) = fa Lo 3pY 43F] (7-6

Then a, and a, are determined from Eqs (7-5) and (7-6) as

1
e {3h \"h € wyie

(7-7)

3 - € Wl
. fa }; Qg'ﬂ C‘o"‘q};

Substituting Eq. {7-7) into Eq (7-4) and noting that Y= 7 Re Cpo—ri) we have

. L Bhonerde ~bwe )y
%= {Re L¥e =12} -‘Rik(,mz-zh gPQ,_nol;.) +( e .;?Lm>if‘no(ﬂ?

(7-8)
Once m, (Eq.7-2a), hy (Eq.7-63, and Zp (Eq.5-8) are calculated the liquid

film thickness, yi, at a given time and a given position along z-axis can

be evaluvated from Eq.(7-8).
A alternative simple estimation of liquid film thickness is also presented

as follows:
water filled in the projectile, M = 0.039 1 .
vater density, o, = 62.4 1bm/£t3
dlameter of the barrel, D, = 1.2 inches
length of the barrel, L = 3,478 ft

Consider that a2ll water is completely squeezed out and uniformly coated on

the wall of the barrel during the time interval, t = 0 ~ 2.3 m.s. Then

the 1iquid film thickness, R -R,, is
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The ratio of Bo?Rx‘to barrel radius Rb is

Re"'@n‘
R.

= c.ollas5

which is one percent of the barrel radius.

VII-2 Two-Fhase Gas and Liquid Layer Flow

There are three zones in the flow, free stream (core solution) around

the barrel center, liquid layer near the wall, and gas boundary layer in

sl

between. Among these regions the core solution is already obtained previously.

VII-21 Gas Boundary Layers with Liquid Cooling

The liquid layer from the above estimation is very thin and the flow

velocity in it is small compared with that in gas layer. Therefore, the

existance of the liquid layer does not affect the gas velocity boundary layer

presented in Chapter VI. For the gas temperature layer, since the cooler liquid

film presents near the wall, it needs scime modification. We thus assume that

the mass flux pu in the y direction remains that of the gas boundary layer
without cooling.

Substituting 8 = g-into Eq. (6-11) we have the energy equation

2 _ 1. dp -
toy = T By (r-9)

Meking the substitution for p and u from Eq. (6~12) and setting
fﬁ - f1f2' Here f& cari be approximated by the following
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Integrating Eq (7.11) once more
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Asy+o, 0 =9 = f where © is given in Eq. (5-13)

core core

Then the temperature distirbuticn across the gas thermal boundary layer is

V. A

- . Al
_ Faa Pyt [ iy
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3 3 (7-12)
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with ¢ = 981, at y = y:L we haye

HeD 8- 0y ; (7-13)
S“ e t“]tﬁda
d\a&
The interface temperature will be determined by Eq (7-37) later. Here
yi(t.z) is the position of the interface, given in Eq. (7-8).
VII-22 Liquid Velocity Fleld
Since the velocities U, and W, in liquid layer are small we coasidex

viscosity and pressure terms only. The governing equatica is, therefore,

from Fq. (4-27)in y coordinate variable

LN
2 ow
s oy (7-18)

Integrating with respect to y

dur . m b
oy Ty vyt LAY S (7-15)

At the gas-liquid interface the shear force shculd be matched, 1.e.
R JPXY l = Aj‘ . (7-16)

“Taen gl(z) ia determined as

Bw
‘}i}) w"-" (

o
“‘ ?3 'k}
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It is readily seen thst g, z) = 0 for y = 0, w, = O.

As the liquid iaycr 1is very thin we may approximate

cl

2w { A 3-—‘3! (7-16)
‘ l\‘°

)
which is obtained Chapter VI.

Since Eq. (6-7) gives w = z H(t,y), we have

iH - ~A~-] *2.3a%"
=3t fto) = 2.02¢43%¢ (7-19)

where we have substituted H = t-1f3 and fs(o) = 2,024,

Upon substituting Eq. (7-19) back to Eq.(7-17) and noting that

£S
ob’-""gt ¥ }(7-270?7

from the core solution we obtain a final form for v in liquid layer

-3.65 .
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y11-23 Liquid Temperatuye Field
With the yelgecity profile known we may approximtgly golve the ;}quig
energy equation Sy assuming that the diasipation is negligible.

We have the enrgy equation as

N Dy {7-22
Q, b} (7 )

P Prg ) (-7-22}

Since the equation 13 still complicated wé solve it by an approximation

method in which the temperature profile is assumed in. view of Zq. (5~13) as

O = CUAR + Gty (7-2LY

whece <, and ¢, are to be determined with known conditions.
We know that at z = G, 8 = eé?a- 0) because there will bz no liquid
cooling or gas boundary layer. fhus. we have i;o{_tﬁ} - ?c (zt_-!_?;},

133

Eq. (7-24)becones

G = ety + € )yt ) {7-25}

T4

If ¢;(t,y) is further approximated by

Gt giza.le) + Aih g+ Aoyt : (7-26)

New at y = 0, g,» 0, ‘we haye

Bew = §_ L2} + Q4L > (7-27)
({27 N

, ~
a; - t,,gneg_, () tuse, )]
at y = yj_ael "981 ‘we lave

Ceca

Gﬁim € (3~ LQ‘,W)% q“f')‘é}'i‘ th,,a: 1 &z (7-28)
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Substitute Eq. (7-26) into the right side of Eq. (7-29) we get

Q,it) = w"" EA / (7-30)

Eq. (7-28) with Eq (7-30) gives

Oy = Qs‘ -5 Z«Qg,, Q«
%y % >

4. (7-31)

We therefore chbtain the approximated temperature distrfbution in the liquid

layer as
B Ly tn)= § L3eeed + UG, 9,“.)_;{ f"e’*% (1ty4) (7-32)

if egi’ the intexface temperature is krown lieat transfer can be easily

calculated from Eq. (7-32) as

3
1= "tjz T:? - kT by (7-33)
E=E§ L € 0y -

VWhen the heat transfer coefficient is defined as
q = hr (7"3)-')

then the local Nusselt aumber is
ST -~ . 20jw 1. B,
YK r 4 kg‘.}a‘- Yo~ rre L3RS (7-35)

where Q and Yy are glven by Eq. (7-23) and (7-8) respectisely. To decive

the interface temporature, Bgi’ theoretically we must match the liquid
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temperatu:e.?rqfile with, thq gas profile. Tq dq this we use the matching

A BRI B i Fan e

condition of heat flux at interface y « yj‘. That is

(7-36)

PRIV YLD NP (T 25 v PR

Substitute Eqs. (7-11) and (7-13) for the left hand side of Eq. (7-36) and

' 3
Eq, (7-32) evaluated at interface for the right hand side of Eq. (7-30) we have i ;
[

| 3

L

~l )ar | fé

Ky 0 Q. 52 5 [OVE X L

&; - R T ) AL wf“ (7-37) 5
8 (1) ~l.A42x ! é
Ke t ‘ K

! *w%‘ j e-h 3.‘.{*‘} ,g

duy

It is suggested that this equation should be evaluated in the further study.
VII-3 Discussion

A

First it should be remarked that the solution obtained is an approximated

one. Further improvement and study is certainly needed. However some

-

f _.:m\,. AR R HY at O R D (O Y
4 ,4 ) :
e T b R ¥ L L O i T e AN A

w o
PRSI Yy YOS VIPCE] STV T 17 s S 3 T O T Ll s SN

i} conciusion based on the present result may be drawn. Let us consider a :
7= calculation of heat transfer with lijuid cooling by Eq. (7-35) for
“‘ . XM140 Model at t = 1.2 and = = 0.507.
A
;§ = hu -
R Nu>— =y J—- - "G“W
1 L ;’
- Here ‘y’i is the dimensionless liquid thickness. To estimate this thickness g
E we assume that three quarters of 1®quid in the projectile may reach behind :
- the projectile and is uniformly coated on the barrel surface. Thus from
L]
. (7-8
- Eq.( ) .
i‘; r‘ U\o“R ) —— 5. 7asxid
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(Cgi« 69&) in Eq. (7-35) is the dimensionless tempexature difference between

the gas liquid.-intexrface and the wall, To estimate this we assume that the
gas-liquid int;arface temperature is approximately equal to that of the

wall temperature of the standard round without cooling. From Fig II-2 we find
_that at z = 4,507 C;L.‘e. , Where Sy probe is located} at t = 1.2 (i-.e., 1.9586
milliseconds) the tempetatnz:e differem.:e is

6.~ By = Ti~Thw  so0%F - gae°F

Ty 21174 R = 0.036%
o, -
For T the time rate change of the wall temperature, we have from

Fig II-2 at the same time and position as

= 2w %r . =20 [ {322

¢ = i —_— - .
2€ Ty 0.5 aing - oo

Q from Eq. (7-23) gives

OL = 3.4%9

Note that Reynolds number and the reference quantities are the same as
given in Chapter TV. Now Wwe may calculate the local Nusselt number from Eq. {7-35)

as

N\ﬁ-bﬁ- = 4.63x%x10°
Ke

To calculate heat transfer we haye from the definition of modified Newton's Law
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Recall that we had q = 403 B+ 2sec for without cooling . This means
- that there is approximately 30X in reduction of heat transfer to the wall
& at t = 1,2 and z = 0,507 ~ when modified projectile was used. Although
if: the aboye calculation gives approximately the right. order of reduction in ,
e . 3
heat transfer it is felt that there are many assumptions involved that may .
}i not be easily verified.
.- An alternative short way to estimate the heat flux and it: coefficient
i3 is presented as follows. From the experiment we learned that the heat flow
;T ) does not reach the external wall of the barrel at t = 2.3 m.s. after the 3
& ’
projectile was fired. We may, therefore, assume that within this time interval
B ‘j the heat transfer may be represented by the heat flow to a semi~infinite solid 3
i‘i"g - body exposed to a time-dependent temperature on the surface as 7:"1' 0, See Pig ;
R Vil-1 The internal barrel surface is simulated as the surface of the semi-infinite '
'E body. Then at a given , ~ .tion of z we have the following governing equation
on solid wall side, in dimensional ‘
S =Ty 2(TT)
R . wheye
= T = temperature profile in the solid wall .
75 T, = toon temperature at t = 0 ;
t = time varifable
;-&'. . ;
g? x :
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Ys = distance from the surface pointing to the solid wall
a = the thermal diffugitivity of the solid.

Let

(7-39)

where
tp = the correspondent time where the projectile is located, in the
barrel after the firing

We have Eq. (7-38)
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with the initial condition

attftpandOst<m

t'=0and T=T, T=0 (7-41)
and boundary conditions

at t > tp ort' > o
(7-h2)

= = s -= - T
Y, =0 T=T/(t2), T="T,-T =T

Y_re T=0
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E 1 The .solution for T is readily obtained from the book by Caxslaw and Jaeger
2. (13)p.62, )
S s
7 2
= il - - - __Yt
L bk LN HNE :
; F= X i U\,z):& dn (7-L43) \
k- W) ®-a |
ST ’ ¢
b and ;
- :
‘ kt 2; - - :g' ‘;:
S Y — 5
s -‘51-;-. = ! TwlA, 2) N - é
2, L ! ¥ 2‘ — _ ‘
A bW | @ o % N (7-lb) ;
:_ 3 - } _ :
: ? Ls where A is a dummy variable. The internal surface temperature TW(A,Z) is a g :
‘
‘ % o function of time and position along 2Z-axis aand can be approximated from experi- { :
i b
¢ Ll mental data. Hnce Tw is known the integration in Eq°(7.44) caa be performed. { .
» { g However, the irregularity of the present experimental curves, Fig VII-1l, did not :
. % £ P
A - [ .
4 g allow us to provide an appropriate equation for Tw at the time when this report .
? ) : R ;
E 3 i was written. A further effort is certainly needed to investigate the Eq.(7.44). f 3
5 i i3
7».- ;. ;;,
E gfj Then the local heat flux to the solid wall is ] %
= ! i 3
T & - 3 g
A N 3
By | - - 3?‘1 ATi :
= 5 1. K o\ - o ( -}.15) g
il 3 = l{ 7 |
g o Tl &
T b
: én% ’ ’,
é - vhere
& 3
'Y‘s =Y = distance from the surface pointing to the gas flow )
From Newton's cooling law we nave 3
i 3
;

T=h e - ) = & [Teon=T) =7 -] (7-L6)

Rith Eq. (7-45) we haye

JPEREIR ¥ PPN L X WP

Lanas

Wi

=T =k ST . (7-k7)

M e

o

LR VIR —— lm‘,thwwu—;umb’u o
{

¥
B
b
DAl

o e A AR




- o o S -
Rl A Dk NIRRT - S

(M A\ AN S N

Y

o

1

-
-

[ 12O
"

P

e o
e

PR
4 "™ ]

Gemans

-

£

e s §

L

o

-y
[

L

$ooms 3
[

[ Y™
[N

e v L et R B T S T T e T o e IR gt AR AR s A TRE S
SEee W e A o WS :?7‘5,3_5‘9'3-'&«3??53‘% o TG PR A ARG T AN A RET Teeie T I S AR A TR T

-

65

Then the heat coefficient is

—

2T
b K. 3v¢ls _ (7-48)

( -f;u’vk.. :(.T“ )

%

3y

Substituting for l from Eq. (3-36) we obtain
o

- el 4 - .
ha —2 Y TalAL2)
(—T— __—T—w) zm ) L:E!-.' )\) 3 A

Coce

. (7.49)

-

Thus the local Nusselt number becomes

k]

2
Ny= 2= = & C : TulN2)
K K 2 (T :") S (;1_)\)3/&"4’\ (7-5C)

((o“- ln

where :

ks = ConCuctivity of solid wall

k = Conductivity of gas boundary iayer

fw(ilz) = internal surface temperature of the barrel which is

given in Fig VII-1

Due tc the irregularity of the experimental curves it is very difficult to
provide an approximated cuxrve to represent Tq(z',z) properly. However
numerically integration cf Eq(7-50) may be performed to find the local
Nusslet number. It should be noted that for this Nusselt number the haat

transfer calculation should foilow the conventional Newton's cooling law given

1‘1 qu (7"46)0
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YII1 RECOMMENDATION

The study of the last fifteen months under the contract recommends
the following contiauing gtudies:
(A) The experimental results obtained up -to now shoew that the modified
projectile with coolant dces have substantial cooling effect. However,
much more data is needed in order to understand the mechanism of cooling
and to calculate heat transfer. An improvement in measuring the interior
surface temperature is needed. In particular, at the breech end a high
temperature probé with fast response should be installed. This measurement
is important since it is one of the boundary conditions nesded in the heat
transfer analysis. . A measurement of the core temperature behind the
projectile can.be made by impianting a thermocouple in the projectile
flush with its base. The thermocouple wire protected in plastic tube
is lcd chrough the gun barrel to the muzzle end and is then connected
to the recording device. To the present investigator's knowledge the
measurement of core temperature following a projectile has not been done

before.

(B) Movic pictures may be used to record the spreading of the coolant when
it comes out of the muzzle end.

(C) Hot wire measurements of velocity and Schlieren pictures can be used to
study the gas dynamic behavior of the mixing of the coolant and the pro-
pellant gas at the exit.

(D) A series of continuous firiag should be continued at the Rock Island
Arsenal to determire the cooling effect of the modified projectile No. 2.
That is to find for the modified projectile the maximum interior and

exterior wall temperature, maximum heat transfer, maximum rounds cf continuous

firing within the limits of yield stress and cook-off.
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(E) From the measured data, the friction between the modified projectile

ot

N s
- ey
-

- and the gun barrel, a parameter heretofore unavailsble can be calculated.

H Mence, the efficiency cof lubrication by the coolant may be determined.

(F) The mathematical analysis obtained under the present contract is

R I e R B e

preliminary in nature. Further study is certainly needed in order to

3
-
1

=

2
ES
b
Py
4
#

¥

achieve a better prediction. Refinement of the core solution can be achieved

%4
PN
.

by considering that the density is both time and spatially dependent. The

%
S
B P CY

i; present laminar solution of unsteady, compressible flow should be extended

ot e a3 v

< - to the turbulent region so that the effect of the mixing of the %

L. coolant and the propellant gas can be included. 5

:g (G) A suitable integral method can be developed for the turbulent, unsteady
= ; - compressible gun barrel flow. This is not the conventional Kirmén -

j % i‘ Pohlhausen method since in the present case there are three independent vax-
% iatles namely, the axial variable,z, the radial variable, r, and the time, t.

; The derivation can be made specifically for the interior ballistics problem. ‘
Ei‘ (H) Study of the flow in front of the projectile has little effect on
‘%1 | heat transfer between the propellant gas and the gun barrel. However, in case
55 ) of continuous firing gas dynamics in front of a projectile may .appweciably —
%? affect the amount of heat transfer. These gas dynamic effects include the ,i
E; shock formation and the propagation of expansion waves. ;§
ig} (1) Eq. (7-37) should be computed to compare with the assumed experimental g
§f one. :;%
- ; (J) Some form of study on the mixing of the cooling liquid and the pre- %
%ﬁ pellant gas should be initiated since it is important for the calculation of 1§
zf heat transfer. ' ;§
'5{ (K) The effect of rifling groove must be considered in order that a better i';é
.ééi prediction of heat transfer coeffi?ient can be ac£ieved. :“é
E -
;;: %%
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ARPENDIX IIA
DETERMINAT.ON OF MODIFIED PROJECTILE
«>nsider a total amount of water M, = 0.039 1hm in a modified projectile
to be squeezed out in a time intexyal of 2;3 niliiseccnds,
Based on Fig;‘IihS.wa choose a mean pressure difference, 4p, between both

ends of the small hole tobe Ap = 10 KPSi approximately.

Substituting into the formula

. ’ here V ig the water velocity at the exit of the
- A w ¢
vV = .zfl . 2g
--small- -hole..

Ne have / 10x10°x144

524 x 2x32.2 = 1220 ft/sec.

Then the total area needed for the small holes is
-4
A = 2323 X0 4

If the number of the small holes is 8, thenh their diameter is

1)
= %0Ms

This leads us <o use a digucter of-3%~" (=0.094")

~ ——
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APPENDIX VA.

. DE?ERMINAIIQ§ OF CONSTANTS FOR EQS. (5-6) AND (5;11)

Pressure, see Fig II-3 and Fig III-l
P2 = 10,2 KPSt, at z = 0.26804

P, = 3 KPSE; at z-=-1,-L.ev, at exit-

Temperature; estimated from Fig. II-2 and Ref. (3] Fig. 9

Tgp = 2100°F, at z = 0.2620%

o
Tee =-1200°F, at z = 1

omb o P2ise
Ry ‘peTSI = 2,21

From Eq. (5-11) C' is detsrmined as

c' = pzp = 2,21 x 0.25%04 = 0.5928
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APPENDIX VIA

DERIVATION OF EQS. (6-13) THROUGH (6-15) BY §EMILARLTY TRANSEORMATION

Let new variahles (One Parameter Group Theorxy)

e o £ N el o e a7 S
Besoy

T ~ 3 .
l t=a'e Y-ay & =%y

-+ (6n-1)
.f ? T Q ‘{' Q- u"u

P .

;g o vwhere a is a parameter, @19 Bas Y Yps Y3 aTE constants. In terms of |

[P ’ i

%- & the above new varlables Egs (6-9) through {(6-11) are written as follows |

§ g

£o5 o, A\, 7~ dy == =\ -

P T L 2 (XF) M ‘

£ T R A (68-2) <

! i . LR

Y 15 t T Yo YAy (A~ -

pou . \,,_):1 . a gk e l hYo +a—-’h 2-‘1’3_ ~3 (68-3)

b - Pt ¢ ¥y G )

o =8 w o ahth o

;g: - - q WC‘ t o+ Q éi? 5

: T {

% %S ~ 20 X

¢ Ay ~fy A, 2p du 2 ;8 )? ‘.L‘Z_E

- - PR - o (’a -a g 53% (64-1)

6o ] TV ¢
-1 :
S In order to have a conformal invariance the index of parameter a in each ;

f— T term of the eguation must be equal . That is

b T A R T W, X (63-5)

e 3 - 1); ‘13 = ')3 - Y\—‘t\ -’(:} = —’t\-"‘ 1’[}; = -“Jg < ?—t)." ‘—tj‘

(6A-6)

Bkt Sead ik ie

&'&‘1|*ﬁ"_

il

2d, (6A-T)
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The,conatnrita in the ahoye equatiogns, can be. detexmined as follows

or .
= A

from Eq. (6A-5) we ohtain

s 38 ~4
“a;s-.A-—l 3

3,

from Eq. (6A-7)

-;_::t-:.g

from Eq. (6A-6)

14

———— amy
-

EN
from Eqs (6A9) and (6A-11)

LA =W

-~ Mm~-i
A= >

New we can define two new invariant varisbles £ and n 7as follows:

2LA-~Nn= ~}

-~ -

n Iw—l—-— =m -j...
. .";f-"z/‘ll ‘EA

£-€,

é'nd'let the dependent yagiables bz

& A 2A
¥ Loy =T L™

2 ~A- P
?37 fimy =% falyy

?

3] L.
T4ty =37 {0

]
# b

n =

]

(64-9)

(éa-10)

{6A-11)

(5:-12)

(6a-13)
C(éA-1k)

{6A=15)
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whexe.f,, £,, And £ are.functions of n
By the chain rule we have

= (_{ w24y, - sz{-: ] QTZA

/'~ y=3
> A

(g oed o
&1 29y
[

e b

= (=f-anH )E T (64-16)

o
-

.‘.

L
al,

) PUR DY
v ‘F}‘?‘

o~ =i-24Q

£

v I 1-47

o.
=)

<% 9

v
¢ |
4+

L/
<)
N 4

o ~ ! ~ —=3A
7 (08 =hh + 440 % | .
Subatituting Eqs (6A-12) into Eqs(6A~2), (6A-3) and (6A-4) we obtain a set

of transfornmed ordinary differential equation

(=22 £+ b < (4w ) =0 (6-13)

'S

Wb 22 )4 + (B~ 1) f§y = we! (6-1)

.

'2.(:;-(-{24‘ R’F{\{"l _—4_‘-—]4‘:' -0 (6-15)

where the parameter a's cancel one another.
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APPENDIX VIB

DETERMINATION OF £, () AT n=0 FOR EQ. (6-16)

From thz tranasforbation Eq (6-12)

£,00 = ot (68-1)

At the wall, y = 0 , n = 3, by equation of state

NP 1.65 ,
£100) = Fxu7%e" (3B-2)

The preasure, p obtatned from core solution Eq. (5-12) can be readily fed in.

The wall temperature ew in Eq. (§p-2)is measured from Fig Xi-2 at positions

‘2 = 0,26804, 0.50763, and 0.69451, for various time, t,. Then £,(o0} at
different time are deteratned by a computer program. The resuited output
fot?’fl-(o) (we used c in the place of fl(b) in the computer program) is
tabulated in the foiliowing computer program. Since, fl(o) should be a
constant in-equations (6-13) through (6-15), hence the approximated value

of fl(o)‘ which 1s taken a8 average of various fl(o) is computed. This

resulted in fl(o) = 3,2,
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I  ARPENDIX VIIA
DERIVATION OF m, () FOR EQ. (7-2) AND b, (t) FOR FQ. (7-6)
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: The 1iquid film thickness rignt behind the projectileis ki and total liquid ;
B flow rate squeezed from the small holes on the projectile ig
i i ;
, I t
_ {

AR Gl £ At
. PN

. My =~ 2, A [253 (7a-1)
&

where
e ) 32 = density

ST OLE 7oA VELT0r o Ak A e L S Fas PO 2%

.
w\rs"«%ﬂﬁ&‘ N YT L P T R I TS o s Y SR s

3
(3

* A. = total cross-section area of the smzll holes

si Ap = pressure difference between two ends of the small hcles

In dimensionless, Eq(7A-1)is written as

it S oo

F LNV
L33

I OEES (74-2)
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where ' (See also Nomenclature)
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Therefore the total amount of the liquid from the breech to the base of
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i til - - )
thie projectile which is at z z'p(t) is wele) = (‘ Qa J 24P 0)
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Ifopm g- ia.asgumed the dif:o?xence in the pressure between the base of

the projectile and exit hele of the projectile. We haye

€ oo
q—té‘i)— an t L Llog (2.3 wallisal)
4

To eatimate the rate of coating on the wall of the barrell we Mote that

amg ) = en * er

My =0, do Ra) ir (78-3)

where
D

do - i_o_ = diameter of the barrel

i'.p = velocity of the projectile

For conseryetion, Eq(7A<2) and :iq (7A-3) must be equal. Then

by = LI Py

Tde f;r Vee (74-1)

If we assume Ap "% » P 18 obtained rrum the core solution Eq (5°12), Eq. (D-4)

is rewritten as

h,y = —E\-—-._; "?:é.-: .
vmﬂ 1 (74-5)
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