Ty
AHz(zgg)—}— S‘ngle iy = AHy208) + j ¢T3 AHyoes), AHz(25e) are the standard enthalpies of water and
298
the substance; c,s Cz are the specific heat capacities of water and the substance of the par-

ticles, respectively.

If we neglect the quantity Dpu}/Dt, then, the equation of the influx of heat te the
phase interface leads to a finite algebralc equation for Tc

4703 [By (Ty — To) + Bo (T2 — To)) — pafn (i — i) = 0.
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FLOW OF GENERALIZED NEWIONIAN AND BINGHAM LIQUIDS IN
AN ANNULAR CAPILLARY

I. B, Muratev UDC 532,135:1532,546

The laws of motion of Newtonian [1, 2]}, viscoplastic [3-5], and non-Newtonian [6] lig-
uids in an annular capillary (in the gap between two coaxial cylindrical tubes) have already
been obtained. In the present paper we solve the problem of established horizental flow of
generalized Newtonian and Bingham liquids [7~9] in an annular capillary,

Let R, and R: be the internal and external radii, respectively, of the tubes forming the
annular capillary, and r the radial cylindrical coordinate of a liquid particle in the flow
cross section.

The flow of a generalized Newtonian liquid in a capillary under the action of a hydranlic
pressure gradient I proceeds within the expanding ring r, £ r £ r2 in such a way that the
velocity v(r) at some intermediate r = ro is a maximum and. decreasing nonsymmetrically in
the direction of the walls, is a minimum at r = r; and r = r,. We can accordingly distinguish
two flow zones with different velocity laws v;(r) in the flowcross sectiomn. In the first
zone (j = 1. r: £ r £ ro) the velocity gradient dv,(r)/dr = 0 and in the second zone (j = 2,
Yo 8 T S Trz) dvz/dr < 0,

Considering the balance of the forces applied to an elementary annular layer of liquid
in each zone we have

dry(r)/dr + Ti{r)ir - (—1)ipgl, (1)
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where
) = —(—1)ndv;(r)/dr.+ nN(r) (2)

is the tangential shear stress with its limiting'value Te = nN5(r) in the given layer [7];
p and n are the density and viscosity of the liquid; g is the gravitational acceleration.

Integrating (1) and taking into account (2) with boundary conditions

dv; {r}
a) v;(ry) =0, B) —5—|_ =0, 9 vilry=v,(r),
dvy (r) ___dv(n) o
d) +r T=T¢g - d2r T=Tg - 0’

we find an expression for the velocity of the liquid particles in each zone:

,
I .
v, (r) = —-‘%(rz—r%—zrﬁln—%)—(—i): {roNolan—- S' Nyrydr| (N, = N;(ro)). (3)
J J e
i
For determination of rj and re with a known law of variation N,(r) we can use condi-
tions b and ¢, In addition, condition b enables us to obtain a relgtion connecting the in-
ternal flow picture with the external forces:

I = (— 1) @n/pg) IrsN; (rs) — roN (72 — rd). “

Hence, for ry > To and ry > Rj we can establish upper and lower limits of the effective
gradients I, and IR at which there is no motion of the liquid in the capillary and no further
expansion of the section, respectively. A further increase in I (I > Ig), causing a flow
through almost the entire volume of the capillary, is limited by the critical value of the
pressure gradient I, above which laminar flow is converted to turbulent flow.

The liquid flow rate Q in the annular capillary is

75

2
Q = 2n Y(—1)y 5 roj(r)dr.
=t

Te

Substituting in this the expression vi(r) from (3) and integrating, we obtain

"

V 2
M i — ) 22 )
2 P

rdr ( N;(z)dz +

R% i=1 ;‘o r§ (5)
,2
4 -:g—roN0 (r% +ri— rﬁln%), k= npgRlé/(Sn).
We consider some representative cases of Nj(r)
2__p2 \Mm
Nj(r)—._—.]l[j(;_r" )n, n>4; Ny(r)=oayr r2—292— )
j—To B].—ro )

m>0 (N0=0, Nj(Rj):Mj),

where n, m, and M,, a4 are, respectively, parameters characterizing the non-Newtonian behavi-
or of the liquid ln the volume and at the contact boundary.

Substituting the expression Nj(r) from (6) in (4) and calculating the corresponding lim-
its, we find

I,=0, In=(—1)(2qR;M,/pg)/(R} —r). (N

Here we have the relations )
Ni(r) =Ny(r), ri=sr3 for I,<I<Ip,

r¢=0RR, for In<<I<I,, ®)
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where

§ =Fyiry; 8 = (c + W)/l + ep); ¢ = Ry/Ry; p = My/M,.

Now, introducing (6)-(8) into (5) and performing the integration under the summatien
sign we obtain expressions for the flow Q of a generalized Newtonian liquid in an annular

capillary
4 - - 4 1 2 -3
(F) U=Vara—s[U+Ve)r — 5 + 25 e+
4 —
+ Z:i__z Vs)]v O<[<1Rv
=k
Q=kI ) L Y e
1—c¢*—4Bc(1—c®+ Oclne) —= [c* (0 e)(Ve—10) (1 +
-:~v—’-‘-ji—24»1f6/"c+<1—ec)(1—1/97)2(1+ "*f]fé:«)}, In<I<I, ©)
n - n-+2
where A VE \)2( g\ )T (_{_ 14 Y5\ =t
VK]G—.—%]L'—., V10 PR Vs \ T 1y R )
(o Re)* (4 — %) (1 — 5)*mi(m + 2), 0<I<],
21,1
Q="hrl-{1—c*—40c(l —c*+0clnc) — miz (1 —6e)®— (0 —cpy, IS <y, (10)
|L i
where
8 -— ¢ \(m—1/(m1) — B WM —1)/(zm)
S;:C(T:"e_c) ; r2=H2([/IR)1/(2m)(.11___2‘) { .

The obtained laws are interesting in that they allow us to take into account the singu-
larity of the interphase effects ¢ at the boundary of contact of the liquid with the solid

wall (ex with any other flaw component) and axe more
round and annular section,

general for flows in capillaries of

For instance, from (9), (10) we can derive as particular cases formulas for the flow
of: a generalized Newtonian liquid in a round capillary [8] when s » 0 (¢ » 0); a Newtonian
liquid in an annular capillary [1] when n and m + «[6 » (c® — 1)/(2cInc)]; water in the an-
nular space at the wall of a round tube when its central cylindrical region is eccupied by

atr [10] when n and m + « and & ~ c,

We note that if a relation between the parameters of the interphase characters can be
established in the form @ = const (0 g y < =), the flow of liquid in formulas (9) and (10)

will be expressed anly as a function of the pressure
characteristic of the liquid n, m; and, on the other
experimentally determined flow laws we can conduct a

A flow of generalized Bingham liquids under the

gradient I and the internal rheological
hand, on the basis ef (9), (1Q) from
search for the values of n, m, and @,

agction of external forces I p 0 exceed-

ing the forces of cehesion of the liquid particles with the solid wall begins immediately
throughout the volume of the capillary and, when I=1I,, is due to the gradual lamination of

the moving mass within the expanding regions R; s r g ry and r; £ ¢ < Rz,

intermediate region r; g r £ r; of liquid moves as a

< In this case the
single whole. i,e,, like a solid body.

and when I attains the value I, the liquid in the annular gap is completely laminated, and

when I 2 I, the flow becomes viscous [9],

1a

v; (r) = —pé—gnl (r* — R} —2rfIn
—5 N,-(r)dr] =12, I,<I<lI,
Ej

In this case the velocity vj(r) of a liquid particle in each zone is given by the formu-

7o) = S0 s

In 2~ —
R,

(11)
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which, like (3), is obtained by integration of (1) with boundary conditions

dl)j (r)

a) v;(R;) =0, » b) g frmr = 0, o vi(ry) =v,(ry).

We note that when N (r) = To/n = const, we arrive. from (11), at the corresponding equax
tions previously obtainea for a flow of viscoplastic liquid in an annular space [5].

For this flow model, taking N,(r) in the form of the first representation in (6), we
have Mj =M, re = (Rer - R:rz)/(Rz - Lz + 1y — Rl) and

W) =M (FERY. — o <nsl.
Now, writing the eqpilibrium condition

Jt(TE"T%)ng=2n(r2_:_r1),nM( rg—7Ty )n

Ry — Ry

in accordance with the established flow regime for the initial and effective pressure gradi-~
ents, we obtain

. 2'(]‘1[ _ re— 7Ty n—i1
L= —my 1_10(32—31) :

For determination of Ty (and then re) the usual procedure [5] is te consider the latter
relation aleng with the boundary condition c).

In accordance with the above arguments, the flow Q of a generalized Bingham liquid in
an annular capillary is given in the form

Bj
= 2a 2 (— 1)/ 5 rv; (r)dr +n(r3 —r}) v, (r,) =
2

= el 2 [(— 1) (B2 — 122 2r) (ry — ry) (B — )] +

+ 4(ro —ry) (Ry—1g)®
(n+1)(+2)(n+3

I, < I<1,, 12)

1 (ray Ty 1) = Fa Ry, Ray 1) (I Tye= 1),

where

7 i/(n—1)
Fotrys 1o 1) = (1 2) (n+ 3) ik (L)

+ A2 I \2/(n—1) I \8/(n—
(n_|_3) 2 rl(lo) +2(1+}»3 (T) (n i)

—~— Ty

and we obtain Fn’(R** Rz, La) from this by replacing r:, ra, and I, respectively, by Ri, Rz,
and IQ; A= (R; had t‘e)/(Rz - r")n

After simple algebra we obtain from (12), with n = 0, the formula for a flew of viscor
plastic fluid in the annular space between two coaxilal cylindrical tubes [5]

M I' a3 2 2 2
o= TR - (R 4
‘1‘2(r2_71)[3(7‘13%+r23§)—2(R? ) "1_7'2J
When r, » Q (R; - Q) we obtain from (12) the formula for the flow of generalized Bingham

liquid in a round capillary [8].

The above flow models for complex liquids with a choice of defined functions N (r) can
be used for the description and explanation of anomalous filtration processes in inhomogeneous
perous materials,
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CONCENTRIC IMPACT OF POINTED BODIES

I. E. Zababakhin UDC 539,893:62-98

In [2] the concentric press described in [1] was analyzed for the limiting case of a
sphere composed of 'a set of narrow pyramids which occupy the sphere not continuously but with
a certain porosity K > 1 (K is the ratio of the volume of the sphere to the total volume of
the pyramids). Whereas [2] was concerned with the static action of the press, the present
article deals with the dynamic process of compression in which the pyramids approach each
other at a certain speed. This question arose as a natural extension of the work described
in [2]. As before, the entire effect is self-similar, the compression of the material at
the center of the device is infinitely great and lasts a finite time (until externmally re-
lieved). For the parts in the center not to be destroyed, it is sufficient to assume slight
linear hardening of the press material under pressure; experiments [3] show that under pres-
sure the strength increases considerably.

Diagrams showing the device at the initial moment and at a later stage are presented
in Fig. lda, b. The pyramids approach the center at the rate ue. In the center there is
formed a spherical zone of continuous compression whose boundary moves outwards at the rate
v; behind it a shock wave spreads out from the center at velocity w. We note that the poros-
ity K = (B/a)?, where a is the angle at the vertex of the uncompressed pyramid. and 8 is the
angle at the vertex of the compressed pyramid.

Figure 2 shows the path of a lateral particle of the pyramid up to the closing of the
gap. Clearly, —uea = v(B — a) (ue < 0), whence uo/v = —(V¥K — 1), which for low porosity
(K—=1=¢ << 1} gives ue/v = —/2.

A qualitative picture of the motion is given in Fig. 3. Until the pyramids close up,
the material moves at a constant rate (from q to re); this is followed by a smooth decelera-
tion along the path from re to r;. At the shock wave the velocity decreases abruptly but re-
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