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Abstract

Creation of conditions for optimal flow of Bingham media, such as ready-mixed concrete and mortar mixes, in the circular pipeline
during delivery by various types of transporting equipment has not been sufficiently studied so far. Purpose: finding patterns of flow
of concrete and mortar mixes in different sections of the pipeline, based on the variability of the viscosity coefficient when the
medium is flowing through long circular pipes. In calculations of the flow capacity of mortar and concrete pipelines and the required
power of the pumping equipment, the properties of concrete and mortar as Bingham media should be taken into account.
Dependences for description of the operation process of flow of concrete and mortar mixes through circular pipelines have been
found on the basis of the Buckingham equation in the laminar flow mode.

Dependences of determination of flow rate and required power with continuous delivery of concrete and mortar mixes in the pipeline,
as well in case of alternate inlet pressure variation are presented. Law of variation of y, can be obtained only experimentally, which

also results in errors in the computation model.
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1. Introduction

Creation of conditions for optimal flow of Bingham media, such
as ready-mixed concrete and mortar mixes, in the circular pipeline
during delivery by various types of transporting equipment has not
been sufficiently studied so far.

The fact that the process of delivery of such viscoplastic media
through pipelines is determined by their specific features and
rheological properties is particularly noteworthy.

Choosing a flow model for viscoplastic media (fluids) enables a
rational approach in future to choosing “pumping device —
pipeline” characteristics.

2. Literature Data Analysis

When the processes occurring in non-Newtonian fluid are studied,
concrete and mortar mixes are assumed as the Shvedov-Bingham
media. The viscoplastic medium is a multicomponent medium that
follows the rheological flow laws for Bingham fluids, and such a
model is applicable within only a limited range of shear rates [1, 2,
3,4, 5].

Such researchers as W.L. Wilkinson, A.V. Gnoyevoy, W. Prager,
B.M. Smolsky, Z.P. Shulman, V.V. Gorislavets, S.S. Kutateladze,
and others performed profound study of the processes and
simulated the behaviour related to the flow of Bingham fluids.

The obtained models have been commonly used for rigid-
viscoplastic media, such as concrete mixes, and generalized the
majority of classical rheological equations of state of fluid media
[6, 7, 8].

3. Purpose and Objectives of the Study

Purpose: finding patterns of flow of concrete and mortar mixes in
different sections of the pipeline, based on the variability of the
viscosity coefficient when the medium is flowing through long
circular pipes.

The problems of theoretical studies include determining the
productivity (flow rate) and necessary power consumption from
the parameters of the concrete mix and the pipeline diameter.

An attempt is made to take these changes into account in solving
the problems of flow of non-Newton power fluids through pipes
of different cross sections, for example, a circular pipe is
considered in this paper.

In calculations of the flow capacity of mortar and concrete
pipelines and the required power of the pumping equipment, the
properties of concrete and mortar as Bingham media should be
taken into account.

The most important characteristics for the latter include the elastic
limit 7, and the plastic viscosity coefficient x,. The curve of one-
dimensional flow of viscoplastic media is shown in Figure 1,

where y is shear rate of layers of fluid.
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On integrating this equation with respect to r, we will find:
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Fig. 1: Curve of one-dimensional flow of viscoplastic media.
4. Main Part of the Study

If the length of the pipeline is L= 100 m and the flow velocity is
relatively slow (laminar), the properties of the fluid will vary
along the pipeline. It refers primarily to the plastic viscosity s,

4.1. The Case of Constant in Time Flow Rate through
the Horizontal Pipeline Section

Let us consider a section of a horizontal pipeline of a length 4L
with the fluid, Figure 2. The equilibrium condition for the fluid in
the section is represented as a volume.

AP-7-R*=27-R-7,-AL, o)

where t,, — tangential stress on the pipe walls,
R — pipe radius, AP — pressure difference in AL.

Hence:
. :R~AP' )
Y 2.-AL
'R 2]
P— u X
I T P+AP
AL

Fig. 2: Section of a horizontal pipe of a length 4L.

If we cut mentally a cylindrical section of the fluid with a radius r,
we will obtain:

T=r-AP’ 3)
2-AL

where z— shearing stress on radios r.

Thus, tangential stresses are distributed linearly on radius r:

Distribution of velocities on radius r, can be found from the
rheological equation for Bingham plastics (media) [9, 10]:

T—T, =, Y, (z>7)),
where 7, — static elastic limit of Bingham media.

: . du
Since y=— , then
dr

du_ 7-7, (4)
ar g, (X)

The constant C can be found from the condition of fluid
adhesion to the pipe wall: r=R, u=0.
Thus, we can find C:

c- (@ R ) (6)
u,\2-R 2 y
then
u(r):(R—r)TW R+r7T7y (7)
o 2-R 1,

On the boundary of the plastic flow

u, =R g, ¥, ®)

P Z#p

where u, — flow velocity on the boundary of the plastic flow,

where we express as . = T7y
0 .

w

Let us find the expression for the rate:

R
Q, :n-r,f-up+_"27z-r~u(r)-dr:

r,

9)

P

_zRn,(1 7 7o)
Hop 4 3 12

The last expression coincides with the known Buckingham
formula [1]
The non-dimensional value 7, has the order 0.2 [9].

Therefore the last summand in the parentheses can be ignored

as opposed to the first two ones, and then the rate is defined
using the formula:

o 7Rl 7 (10
P Hy 4 3,/

Average velocity of the fluid in the section is:

o= _Rznfl 7, (11)
* z.R? u, \(4 3r,

The rate is determined by the piston stroke of the pumping unit
which creates pressure P, at the pipeline inlet.

Then the required capacity is W, =7-R*-P,-u,-

If flow rate Qp is constant, then average velocity

U = R-z,(1 7, should be constant in any section.
P Hy \4 3.7, ’
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Hence, we can obtain the expression for z,, bound to g,
(provided 7, is fixed):

- {U;;g] (12)

Pressure difference in the pipe section of a length AL with the
variable in length near-wall stress 7, =7, (1, (X)) €an be

found from the condition:

L
AP-z-R=[2-7-R-7,()dx,
0

or

2% 13
APg1) == [ 7. 09dx. (13)

0

If we assume that the viscosity coefficient x, varies linearly
along the pipeline length, i.e. 1, (X) = 1y £ KX, then the

corresponding variation of the near-wall stress z,, will be:

ucp'(”°ik'x)+2} (14)

7, (x)= 4[ =

—4[UCP.IUO+T iuCp kxj

Pressure difference in the section AL will be:

uc '/10 T
Zeo Fo  fy |
8 ( R 3) (15)
AP(O—L)Zi .
R ucp'k L2
X T
R 2

In general terms, the effective power required to outdo friction on
the pipe walls will be:

W(O—L) = F)(O—L) /2 R2 - ucp. (16)

Alternatively, the power can be represented like this:

(ucp'#0+ij><
_8 R 3) | s r . Rmfl_ % )
R Uk L2 u, \4 3-7,) (17)

4.2. Flow of the Bingham Fluid through the Inclined
Circular Pipe at Varying in Length Plastic Viscocity M,
and Varying in Length Pressure at the Pipeline Inlet

Figure 3 shows a section of an inclined pipeline of a length AL
with the fluid.

1
Fig. 3: Section of an inclined pipeline.

Internal radius of the inclined pipeline section is R.

r, —radius of the plastic flow area;

AP — pressure difference in the section;

G — weight of the section element;

y — specific gravity of the fluid;

a —angle of inclination of the section.

Let us write down condition of static equilibrium of the fluid
volume in this section:

AP-7-R?*=27-R-AL-7, +Gsinca.
Here z,, is near-wall shearing stress.

Since G = z-R?-AL -y, then

. R
T, = AP-R_% sina. (18)
2-AL 2

where y is specific gravity of the fluid.

If we represent:

__AP _y-sina (19)
o 2.AL 2
then
z,=R-C,. (20)

For a cylindrical liquid element of a length AL and radius r, the
expression for the shearing stress is written as:

7=C,-r- (21)
4.3. Flow Rates

According to the rheological equation for Bingham fluids

_ du
T_Ty—_ﬂpa.
Ifr<r<R.
then

du
,LIPE:TY—COJ’.

On integrating this equation from r to R, we obtain:

R2 —r?
—,up~(U(R)—U)=CO~[ZJ—Ty-(R—I’).

(22)
Since on the pipe wall Ug) = 0,
yp~u:%~(R2—r2)—ry‘(R—r) (23)
On the boundary of the plastic flow r=r,, u=u,
C
yp-up=7°~(R2—rpz)—ry-(R—rp). (24)
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From (20) we obtain: C,= Zw ,analso
R

h 7y
—=—=1,.
R =«

w

Let us denote the parameter ratio qo:

y
Thus, the equation (2.7) can be reconstructed as:
72 —2-(1+q,) 7, +1=0. (26)
Solution of this quadratic equation:
Tor, =140y /(0 +2- ). (27)

4.4. With the Solution (27) the Near-Wall Stress T,, Can
be Related to the Viscosity Coefficient M,.

In Table 1 below, dependence of 7, , on g is shown. The diagram
is constructed for small values qo (Figure 4).
% 1,0
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Fig. 4: Dependence of 71, 0n qo.

Table 1: Dependence of 7, 0n g for small values of go

% 0.05 0.1 05 0.8
2, 1.37 156 2.62 3.30
5 073 0.64 0.38 0.30
Qo 1 15 2 3
5 373 479 5.83 7.87
5 0.27 0.21 0.17 0.13
Qo 4 5 8 10
& 9.90 11.92 17.94 219
) 0.10 0.08 0.06 0.05
012

Thus, the algorithm to determine =, depending on g, is as follows:
- on the basis of the problem setting we calculate
_UpHy

0 R-z, '
(here coefficient u, is assumed to be given, 7, — elastic limit of the
fluid, which also should be known, and velocity u, is determined
by the piston stroke of the pumping unit).
- in accordance with go we can either calculate 7, using formula
(27) or find it in the table (only the second radical shall be taken

() sincei i v
Tops SiNCE in the physical sense o= <1
7'-W
- knowing 7o, we can determine . — Iy
w
To

4.5. Flow of the Bingham Fluid through the Inclined
Pipe at the Varying Pressure at the Pipeline Inlet.

If a distributor of piston mortar and concrete pumps is used,
the diagram of dependency of inlet pressure on time is as
shown in Figure 5.

If small pressure drops AF in the end of each stroke of the
delivery of fluid to the pipeline are ignored (Figure 5), then
power impulses in each stroke (Iy,1,.15....) will be equal to the
areas under the power diagram in this diagram.

Fluid is delivered to the pipeline in portions. Mass m is
delivered with each stroke.

F&H/

22
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Fr f————————~
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Fo t ;
fo t I> 2t 2t 3t 3t 4t2 4t
Fig. 5: Diagram of dependency of inlet pressure on time.

Centre of mass of this volume is situated on the axle of the
pipe. Centre-of-mass velocity is velocity u, on the boundary of
the plastic flow, since this area move as a solid body.

Length | of the pipeline section taken by mass m of one stroke
will be:

j=_m9

- = (28)
y-m-R?

Let us write down the impulse theorem successively for each
stroke shown in Figure 6:

Stroke 1

Stroke 3
Fig. 6: Diagram of the fluid delivery in strokes.
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Stroke 1:

m-u, = I1=(F1—m~g~sina—27r~R-I~TW1)~(t2—%),
Stroke 2:

2~m-up =1,=

=(F2—2~m-g~sina—27r-R-|~(rW1+z'W2))-(t2—%l),

Stroke 3:
3m-u,=1;=

:(F3—3-m-g~sinoc—2n-R-I-('cwl+1:w2+rw3))~(t2—%),

Stroke n:

n-m-u,=Il,=(F,-n-m-g-sina—2n-Rx

Yy (29)

x| '(Tw1+Tw2 + Tws +"'+Twn))'(t2 _5)1

Here it is assumed that the right (upper) end of the pipeline is open
and the pressure in it is equal to atmospheric pressure.
Number of strokes n depends on the length of the pipeline and is

L

n~=—,

1

where L — total length of the pipeline.

Hence we can obtain the inlet pressure force required for fluid
delivery through the pipeline of a length L =n-1 to a height

2

H-sina:H—:
L
n-m-u H n
F=—-"L4n-m-g—+27-R-1-> 7,
t, -4 9L Zl (30)
2

Rate u, on the boundary of the plastic flow is used in the formulas
(29) and (30) to determine the centre-of-mass velocity of each
portion of fluid.

If we know the flow rate Q we can calculate only average in the
section velocity Ugp.

The relation between u, and ug, can be approximately established
as follows. We use the formulas (8) and (11):

R-7, R-z, 1 7
up = 2 (1_70)2’ ucp = 2 (Z_EO)
./'Ip ’/»lp
It follows that:
R-z'w 2-Up

2u, (A-75)°
Then y zﬂ.(l_&j_
* @A-7)* \4 3

As it was mentioned above, 7o has the order 0.2. With such o,
U, =0,573-u, [9,10].

u, =157-u,,. (31)

7o can be determined more precisely in each stroke as it is shown
above in par. 4.1. Of course, the formula (30) will be more
complicated, since velocity u, will be different in each stroke.

The required capacity of the pumping unit (piston mortar and
concrete pump) is:

MY m.gH
W5, = T +nmgL+
-3
n 2-U 1 (32)
corRt S, 2t (%)
= (1-7,)*4 3
Or
W, =F,-(0.573-u,). (33)
5. Conclusion

The proposed method of calculation of the required power of a
pumping unit is approximate primarily because the viscosity
coefficient 4, varies along the length of the pipeline (concrete
line) continuously, and not discretely, as it is assumed in the
calculation.

Law of variation of 1, can be obtained only experimentally, which
also results in errors in the computation model.

The last conclusion is true if concrete and mortar mixes are
considered as Bingham fluids, where the elastic limit value z, is
established approximately.
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