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INTRODUCTION

The increasing mechanisation of construction works has made hydraulic transport
through pipes an inherent element of the transportation of liquid, cement-derived materi-
als (cement pastes, mortars, fresh concrete). This concerns, in particular, technological
chains of injection facilities that constitute a method of repairing concrete structures,
reinforcement of rock and soil media, mechanic application of plaster or hydraulic serv-
ing of construction concrete.

The term "workability" has been successfully used for many years in the field
of concrete and mortar technology. It is interpreted as a widely understood susceptibility
of the mixture to formation, without the occurrence of stratification. A descriptive defini-
tion of "workability" with use of such terms as workable, hardly workable, non-workable
— is pointless from the point of view of technological usability. The major progress in the
technology of concretes and applied rheology allows us to prove the complex physical na-
ture of workability. Quantitative and qualitative presentation of workability is connected
with numerous problems, which causes doubts as to whether workability can be treated
as a physical property of the mixture. According to Szwabowski [28], it is impossible
to directly measure workability as a physical property of the mixture. The phenomenon
of workability is of a rheological nature and therefore should be analysed basing on vis-
cometric tests.

The subject of rheology is the behaviour of materials under strain, including the
aspects of temperature and time. The behaviour of a mixture in any process, under certain
strains (pump, vibrator), is determined by its rheological properties [29]. Rheological
studies on cement pastes are a universal approach that allows the evaluation and analysis
of the workability for any given method and for any production and transport condi-
tions.

Thus, the development of hydraulic chains requires not only the knowledge of
the physical and chemical parameters of the transported medium, but also, first of all,
a rheological description of its behaviour in the flow phase. A comprehensive rheological
characteristic is indispensible.

Hydraulic transport of cement pastes, which is the main topic of this publication,
takes place at high concentrations, described as mass concentration, volume concentra-
tion, or water to cement ratio W/C.



Basic parameters of hydraulic transport consist in the determination of:
— the scope of laminar flow in the given pipeline;
— Darcy friction factor of the pipeline A;
— head loss on the total length of the pipe;
— working point of the pump-pipe system.
The determination of the parameters and relations listed above will eventually
enable the optimisation of the design of technological chains for hydraulic transport of
liquid cement pastes.



1. THEORETICAL FOUNDATIONS
OF RHEOLOGY OF LIQUID CEMENT PASTES

Rheology is a science concerned with the deformation and flow of materials [4, 9].
Cement paste is a mixture of cement and water [12]. Thus, the rheology of cement pastes
by definition deals with the description of the deformation and flow of cement and water
mixtures. In the aspect of hydraulic transport the area of interest will be the so-called
fresh cement pastes, i.e. pastes during the period between the mixing of cement with
water, and the beginning of the binding period.

Rheological properties of fresh cement pastes depend on numerous factors. The
major factor influencing the rheological parameters of cement and water mixtures is their
concentration, usually described with use of the water to cement ratio W/C [18, 32].
Another element that has a significant influence on the rheological properties of cement
pastes is their granulometric composition, and thus their specific surface area [32]. Other
factors that influence the results obtained in rheological measurements include: the time
and method of mixing of pastes [33], temperature [18], chemical and mineral composi-
tion [11], and even the applied measurement system [21].

The objectives of rheological studies include, among others, the determination of
the rheological parameters of the given medium, which are required in order to explicitly
describe its behaviour during the flow. To achieve this objective, the relations between the
shear stress T and the shear rate ¥ have to be determined for the widest possible range of
shear rates within the laminar movement [23].

Rheological properties of fresh cement pastes are usually measured with use of ro-
tational rheometers, or, less often, pipe or capillary rheometers [3, 18, 28]. In cases when
rotational viscometers are used, the most often used are apparatuses with measurement
systems based on coaxial cylinders [28], although, according to literature, they have to
meet certain requirements: the gap between the internal and external cylinder should not
be smaller than ten [3, 25, 28], or even fifteen to twenty times [23] the diameter of the
particles of the given mixture. The ratio of the radii of the external and internal cylinders
should be lower than 1.2 [3, 25] and the ratio of the height of the internal cylinder to its
radius should be higher than one [25].

The results of rheometric measurements of non-Newtonian liquids, such as ce-
ment pastes, most often obtained in a discrete form, are usually presented as rheograms,
i.e. the relations between the shear stress on the wall of the rotating cylinder t and the
shear rate y . A specimen of the measurement curve is presented in Figure 1.1.
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Fig. 1.1. Sample measurement curve obtained during the analysis of cement pastes

1.1. Rheological models of cement pastes

In order to determine the rheological parameters of the analysed mixtures, the rheo-
grams obtained as a result of measurement are then approximated with use of a suitable
rheological model. In the case of cement pastes, numerous researchers have suggested
a series of rheological models to describe their properties. The basic rheological models
used for the description of behaviour of cement pastes are presented below.

Bingham model

T=Top + MY for T>710p

(1.1)

y=0 for 1<t

This is a linear, bi-parametric model, where 1, is the yield stress, while n, is the plastic
viscosity of the mixture. This model was generally applied for the description of rheolo-
gical properties of cement pastes [10, 21, 22, 27, 30, 34]. In cases when the yield stress is
non-existent (t, = 0) it is simplified to the single-parameter Newton model.

12



Casson model

\/—:Jtochmcy for ©> 1y (12)

¥=0 for 1<ty

This is another bi-parametric model, where 1. stands for the yield stress, and n. for the
plastic viscosity of the mixture. This model was also often used to describe the rheolo-
gical properties of cement pastes, although numerous authors pointed to the fact that the
results obtained with use of this model were unsatisfactory [2, 21, 22, 34].

Eyring model
t=asinh™ (b7) (1.3)

Another bi-parametric rheological model. As opposed to the Bingham and Casson mo-
dels, it does not take into consideration the yield stress t; and the parameters a and b
do not have any corresponding physical equivalents. The model has been successfully
applied for the purpose of description of the behaviour of cement pastes in the range of
high shear rates [2, 22].

Herschel-Bulkley model

T="1op + K" for 1>ty (L4)
7=0 for <ty '

This model belongs to the category of tri-parametric models, where 1, , is the yield stress,
K, is the consistency index, and # is the flow behaviour index. This model has been
successfully used for the description of rheological properties of cement pastes; it offers
a good representation of both the occurrence of yield stress, and the curved line of the
changes in shear stress as a function of shear rate [2, 6, 21, 22, 34]. The Herschel-Bulkley
model can be classified as a general model, because in specific instances it is reduced to
simpler, single-parameter and bi-parametric models: for the value of 7, = 0 it becomes
the Ostwald—-De Waele model, for » = 1 the Bingham model, and when both of the above

conditions appear simultaneously — the Newton model.

Robertson—Stiff model

t=A(7+B) (1.5)
This is a general, tri-parametric model, that is reduced to the Ostwald—De Waele model
for B = 0, Bingham model for C = 0 (t, = 4B) and to the Newton model in the case when

B=0and C=0(n=A). This model was applied with satisfactory results, among others
in the cited studies [13, 22, 34].

13



Vom Berg model

T=1, +bsinh™! (1) (1.6)
c

This model is a version of the Eyring model (1.3), with the addition of the yield stress
value 7. It has been used for the approximation of the flow curves, among others, by the
authors of the studies [2, 20, 22, 32], although some of the authors claimed that the results
obtained with use of this model are unsatisfactory [2, 22].

Moreover, the authors of this study suggest using, for the purpose of the approxima-
tion of measurement data, two models that have not been widely used so far with respect
to cement pastes, i.e. the generalized Casson model (1.7) and the Voc¢adlo model (1.8).

Generalized Casson model

Un Nk
T=|Toce + (ncgy) for ©>1)¢,

7=0 for T<1yq,

(1.7)

Vocadlo model

_(.1/n .
’C—(’EOV +KVy)n for ©>1yq,

y=0 for 1<71yq,

(1.8)

Both suggested models can be classified as general models, as in specific condi-
tions they are transformed to simpler models, i.e. to the bi-parametric Bingham model
(n = 1) and the single-parameter Newton model (n =11 t, = 0).

1.2. Actual flow curves

Fresh cement pastes are liquids of a clearly non-Newtonian nature, due to the
occurrence of yield stress and to the curved shape of the changes in stress as a function
of shear rate. This means that the flow curves obtained as a result of direct rheological
measurements are not actual curves (apparent curves, pseudo-curves) and they should be
appropriately adjusted [23].

The pseudo-shear rate (7, ) and the actual shear rate () are equal only for New-
tonian liquids (of constant viscosity, without a yield stress).

For non-Newtonian liquids the actual shear rate depends on the adopted rheologi-
cal model and on the applied measurement system (the radii of the internal cylinder R,
and of the external cylinder R,).

14



Shear stress in any given point of the interspace of the Couette-Sarle type rota-
tional viscometer, equipped with a measurement system consisting of coaxial cylinders
(internal cylinder radius R, external cylinder radius R,), can be described by the follow-
ing equation:

M
T= >
2nLR

(1.9)

Where:

T — shear stress [Pa];

M —torque in relation to the axis of the cylinders [Nm];
L —height of the internal cylinder [m];

R —radius of the cylinder [m]

Thus, the stress on the edge of the rotating internal cylinder of the radius R,
equals:

M

TR=T—% 1.10
M onLR? (1.10)
The result of the division of the equations (1.9) and (1.10) gives:
R}
r:FrRl :r(R) (1.11)

Shear rate can be presented as gradient of linear velocity (v) on the width of the interspace
of the viscometer. Thus, for R € (R ; R)):

?=—%=v(r) (1.12)

The relations between the angular velocity (w) and linear velocity (v) is described by the
equation:

o= (1.13)

The differentiation of the equation (1.13) gives:
do 1dv

= 1.14

dR R dR (1.19)
And, including the equations (1.12) and (1.11):
1 dv 1

do=———=——7(7t(R))dR 1.15

o=-pr= 7 (®) (1.15)

15



For rotational Couette-Sarle type viscometer with a rotating internal cylinder,
boundary conditions can be expressed as follows:

o=Q for R=R,

1.16
o=0 for R=R, (1.16)
Using the above boundary conditions (1.16), basing on the relation (1.15) results
in an equation describing the rotational velocity of the rotating internal cylinder:

R,
Q= | ly(r(R))clR (1.17)
R R

The solution of the equation (1.17) allows the determination of the actual shear
rate of a mixture characterised by a known rheological model.

Literature offers a series of solutions to the problem of the conversion of apparent
curves of flow into actual curves of flow and suggest graphical, grapho-analytical [5, 23],
analytical [15], and numerical methods [1, 5, 14].

In this study, in order to transform the measured apparent curves of flow into ac-
tual curves, the shear rate was adjusted with use of the Krieger, Maron and Elrod equation
(1.18), in compliance with the methodology suggested by Czaban [5].

.. 2 dm
=7, 1+ K, (m=1)+K, | (m=1) +0.4343——— 1.18
A e IR
Where:

K ——“_l(um—“j (1.19)
' 200 3 '
& =" (1.20)

120

R,
a="2 (1.21)

Rl

and m is the directional coefficient of the tangent in a given point of the curve log v, =
Sflog t,)

dlogy,

m= 1.22
dlog Ty, (122)
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2. STUDY OF THE RHEOLOGICAL PROPERTIES

OF CEMENT PASTES

The evaluation of rheological properties of cement pastes requires not only to con-
duct viscometric tests, but also to determine the basic physical characteristics of the given
medium and the methodology of measurement, which will eventually enable the precise
determination of the valid scope of interpretation of the obtained test results.

2.1. Characteristics of the studied material

Rheological tests of cement pastes were conducted with use of mixed Portland
cements CEM II/B-S 32.5 R i CEM II/B-S 42.5 N. These cements are a mix of Portland
clinker (approx. 65%), granulated furnace slag (approx. 30%) and binding time regulator

(gypsum, in the amount of approx. 5%).

The basic physical and chemical properties of the tested cements are presented in

Table 2.1.

Basic properties of the tested cements

Table 2.1

Property

CEM II/B-S 32.5 R

CEM II/B-S42.5 N

Compression strength

After 2 days [MPa]

After 28 days [MPa]

Specific amount of water [%]
Binding start time [min]
Binding end time [min]

Le Chatelier volume change [mm]
Specific surface area [cm*g ']
Specific density [grem™]
Content of SO, [%]

Content of C1™ [%]

17.0
50.8
24.6
125
215
2.0
3860
3.072
2.0
0.07

20.1
56.8
29.5
180
240
0.8
4230
3.050
2.1
0.07
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With use of both types of cement and distilled water, cement pastes were prepared,
with the water to cement ratio W/C varying within the range from 0.35 to 0.70 for cement
CEM II/B-S 32.5 R and from 0.40 to 0.70 for cement CEM II/B-S 42.5 N. Mass concen-
trations C, and volume concentrations C, of the tested cement pastes for the respective
values of the water to cement ratio W/C are presented in Table 2.2. For similar values of
specific density, calculated concentration values presented in Table 2.2 were adopted as
valid for both types of materials.

Table 2.2
Water to cement ratios, mass concentrations and volume concentrations
of the tested cement pastes

Water to cement ratio Mass con- Volume con-
centration centration
w/C C, [%] C,[%]
0.35 74.1 48.0
0.40 71.4 44.6
0.50 66.7 39.2
0.60 62.5 35.0
0.70 58.8 31.6

2.2. Methodology of the tests

Rheological tests were conducted with use of the rotational Couette-Sarle visco-
meter Haake Viscotester VT550, applying the measurement system MV 2 characterised
by the following parameters:

— radius of internal cylinder R, = 18.4 mm;

— radius of external cylinder R, = 21.0 mm;

— height of the internal cylinder L = 60.0 mm;
— width of the measurement interspace 2.6 mm;
— radii quotient R /R, = 1.14;

— volume of the tested sample V= 46.0 cm?;

— highest measured shear stress T = 230 Pa;
— highest measured shear rate y,,,. =720s".

The rheological testing unit and major measurement systems are presented
in Figure 2.1.

Cement pastes were mixed manually, as described below:

— directly after the blending of components they were mixed manually for
90 s;

— the paste was left to rest for 450 s;

— followed by intensive manual mixing for 60 s.

18



Cement paste prepared in the above described way was then put into the cylinder
of the rotational viscometer (MV, Fig. 2.1) where rheological measurements were con-
ducted.

Fig. 2.1. Viscometer Haake VTS50 and basic measurement systems

19



In order to destroy the emerging paste structure [18, 21, 24, 33] prior to the rheo-

logical tests the following system of preshearing of the mixture was applied:

— preshearing at the rate of 100 s for 60 s;

— preshearing at the rate of 300 s for 60 s;

— rest for 10 s;

— preshearing at the rate increasing from 0 to 300 s™' for 60 s.
Directly after the initial shearing cycle, apparent curves of flow were measured at she-
aring rate decreasing from 300 to 0 s during 60 s.
The full measurement cycle, lasting for 250 s, is presented in Figure 2.2.
The tests were conducted at temperature 7= 20°C.

400

preshearing test

350

300

250
200

150 /
100 \

50

Yo 157

0

0 30 60 90 120 150 180 210 240 270 300
t[s]

Fig. 2.2. Measurement cycle used for the tests of rheological properties of cement pastes

2.3. Results of rheological tests of cement pastes

As a result of the rheological tests the following apparent curves of flow (pseudo-
curves) were obtained, as presented collectively in Figures 2.3 and 2.4.
The apparent curves of flow were approximated with use of the following rheo-
logical models:
— Bingham (1.1);
— Casson (1.2);
— Herschel-Bulkley (1.4);
— generalized Casson (1.7);
— Vocadlo (1.8).
In order to transform the measured apparent curves of flow into actual curves,
shear rate was adjusted with use of the Krieger, Maron and Elrod equation with Sve¢ cor-
rection (1.18), in compliance with the methodology suggested by Czaban [5].

20
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Fig. 2.3. Apparent curves of flow of cement pastes made from cement CEM II/B-S 32.5 R
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Fig. 2.4. Apparent curves of flow of cement pastes made from cement CEM II/B-S 42.5 n



The obtained actual curves of flow (Fig. 2.5, Fig. 2.6), were approximated, simi-
larly to the case of apparent curves, with use of rheological models 1.1 — 1.8. The results
of these calculations are presented in Table 2.3 and Table 2.4.
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Fig. 2.5. Actual curves of flow of cement pastes made from cement CEM II/B-S 32.5 R
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Fig. 2.6. Actual curves of flow of cement pastes made from cement CEM II/B-S 42.5 N
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2.4. Selected rheological model

During the approximation of measurement points with use of various models, as
specified in section 2.3, the following statistical parameters were also calculated:
— coefficient of determination R

n

Z (ti -7 )2
RP=1-2 (2.1)
2(r-7)
— residual sum of squares RSS
RSS =3 (1, -, 2.2)
i=1

— residual standard error RSE

(2.3)
Where:
T; —actual value of stress (adjusted due to the non-Newtonian nature of the mixture),
‘T:i — value of stress calculated on the basis of the given rheological model,

T, - arithmetic average of the actual stress values,
. — number of the approximated measurement points,

n
1, —number of rheological parameters in the given model.

The resulting calculated statistical parameters for specific rheological models are
presented in Table 2.5, and Figures 2.7, 2.8 present the variability of the relative standard
error RSE depending on the water to cement ratio /#/C, mass concentration C, and volume
concentration C,,, for the approximation of the actual curves of flow with use of various
rheological models.

The analysis of the data presented in Table 2.5 and in Figures 2.7, 2.8 reveals that
for most tested concentrations the rheological models were best aligned with the obtained
measurement results in the case when the tri-parametric Herschel-Bulkley model was
applied (1.4). Thus, the Herschel-Bulkley model was adopted for the purposes of further
application in this monograph.
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Fig. 2.7. Residual standard error RSE calculated with use of the approximation of the actual

RSE [Pa]

curves of flow of cement pastes made from cement CEM II/B-S 32.5 R
by various rheological models
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Fig. 2.8. Residual standard error RSE calculated with use of the approximation of the actual

curves of flow of cement pastes made from cement CEM 1I/B-S 42.5 N
by various rheological models
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2.5. Analysis of test results

The subject of the analysis were the actual curves of flow, approximated with use
of the Herschel-Bulkley model (1.4), presented in Figures 2.9, 2.10.

Figure 2.11 shows the variability of the value of yield stress t,,,, calculated for
the Herschel-Bulkley model (1.4), as a function of the water to cement ratio W/C, mass
concentration C, and volume concentration C,, of the tested cement pastes. The values of
yield stress for the tested range of concentratlons of cement pastes fluctuated: for CEM
II/B-S 32.5 R within the range from 2.4 Pa to 23.6 Pa (at W/C rate varying, respectively,
from 0.7 do 0.35), and for cement CEM II/B-S 42.5 N within the range from 4.2 Pa to
22.2 Pa (at W/C rate varying, respectively, from 0.7 do 0.4). As expected, the calculated
values of the yield stress decreased with the increase in water to cement ratio, i.e., they in-
creased with the increase of mass and volume concentrations and were visibly higher for
pastes made from cement CEM II/B-S 42.5 N. The nature of the changes in yield stress
for the tested range of variability of water to cement ratio W/C can be described with use
of power functions (2.4) and (2.5).

— for cement CEM II/B-S 32.5 R

Toup = —0.403059 +1.05147 (WiC) ™! (2.4)
— for cement CEM I/B-S 42.5 N
Tomg = —12.5601+10.1631(W/C) >+ 2)

The relation between the consistency index K, and the water to cement ratio W/C,
mass concentration C, and volume concentration C, 1s presented in Figure 2.12. For the
analysed range of concentrat1on of cement pastes, the values of this index changed in
the range from 0.1017 Pa-s” to 3.2060 Pa-s” for cement CEM II/B-S 32.5 R (W/C ranged
from 0.7 to 0.35) and in the range from 0.4050 Pa's” to 5.7300 Pa-s” for cement CEM
II/B-S 42.5 N (W/C ranged from 0.7 to 0.4). Similarly to the case of the yield stress, also
the values of the consistency index, calculated with use of the Herschel-Bulkley model,
noticeably decreased with the increase of the water to cement ratio, i.e. increased with the
increase of mass or volume concentration. Here again, higher values were recorded for
cement CEM 1I/B-S 42.5 N. The nature of the changes in the consistency index for the
analysed range of the W/C ratio of cement pastes can be described with use of the equa-
tions (2.6) and (2.7).

— for cement CEM II/B-S 32.5 R

Ky = 5.55626-107 (w/C) " (2.6)
— for cement CEM II/B-S 42.5 N
Kyp =25.75-107 (w10 ) > **° 2.7)
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Fig. 2.9. Actual curves of flow of the tested cement pastes made from cement CEM II/B-S 32.5 R
and their approximation with use of the Herschel-Bulkley model
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Fig. 2.10. Actual curves of flow of the tested cement pastes made from cement CEM II/B-S 42.5 N
and their approximation with use of the Herschel-Bulkley model
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Fig. 2.11. Relation between the yield stress 7, calculated for the Herschel-Bulkley model,
and water to cement ratio #/C, mass concentration C and volume concentration C,
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Figure 2.13 presents the changes in the flow behaviour index n in the Herschel—-
Bulkley model as a function of water to cement ratio #/C, mass concentration C_ and
volume concentration C,. The values of the flow behaviour index » for the tested con-
centrations of pastes ﬂuctuated within the range from 0.6738 to 0.8387 for cement CEM
1I/B-S 32.5 R (W/C respectively 0.7 — 0.35) and within the range from 0.6020 to 0.7045
for cement CEM II/B-S 42.5 N (W/C respectively 0.7 — 0.4). It was noted that the flow
behaviour index increased with the increase of the water to cement ratio W/C of the tested
pastes, although in the case of flow behaviour index higher values were recorded for ce-
ment CEM II/B-S 32.5 R. This means that the index decreases with the increase of mass
concentration C, and volume concentration C,. The nature of the changes of the flow be-
haviour index 7 in relation to water to cement ratlo W/C can be described with equations
(2.8) and (2.9).

— for cement CEM II/B-S 32.5 R

n =—1.49205+2.40958 (W/C ) "% (2.8)
— for cement CEM II/B-S 42.5 N
n =—7.37455+8.19755 (W/C )" 2.9)
Cy %]
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0.85 T T
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Fig. 2.13. Relation between the flow behaviour index n calculated for the Herschel-Bulkley
model, and the water to cement ratio #/C, mass concentration C and volume concentration C,
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3. BOUNDARY PARAMETERS OF LAMINAR
FLOW DURING PIPE TRANSPORT

Description of the laminar flow in a pipeline requires the determination of basic
parameters that determine such flow and, eventually, enable to define it precisely. These
parameters are: marginal concentration C, . . transient velocity Vs critical Reynolds

number Re, , critical velocity v,,» Darcy friction factor A.

3.1. Marginal concentration

Marginal mass concentration C . or volume concentration C,, is defined as such
content of solid substance in a mixture, below which the behaviour of the mixture can be
described as Newtonian, and above — as non-Newtonian [5, 16, 23].

In the case of the Herschel-Bulkley model, the transition from non-Newtonian to
Newtonian behaviour occurs at n = 1 and 1, = 0.

The methodology of determination of the marginal concentration on the basis of
viscometric measurements in the non-Newtonian zone was suggested by Czaban [5]. The
determination of the marginal concentration requires an approximation of the changes in
n and t, as a function of concentration, by the following equation:

y=by+bCP 3.1)
Then, the value of marginal concentration should be determined:
— fort,=0:
RS
b
C jim = (_b_oj : (-2)
» bl
— forn=1:
1
—b, \b
Colim2 = =0 | 3.3)
» bl

The lower value of the two calculated as a result of equations (3.2) and (3.3)
is considered as the marginal concentration.
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For the tested cement pastes, the relations describing the variability of the values
1, and n as a function of the water to cement ratio W/C, and thus of mass concentration
C, and volume concentration C, , have the form of equations (2.4) and (2.5), as well as
(2.8) and (2.9).

Basing on the parameters of the equations (2.4) and (2.5) as well as (2.8) and (2.9),
and the relations (3.2) and (3.3), the following values of marginal concentration were
determined for the tested pastes made from cement CEM II/B-S 32.5 R:

- fort,=0: (W/C),, =138, C . =42.0%,C,  =19.1%;
- forn=1:(W/C), ,=146,C . =40.6%,C,. = 18.2%.
and for pastes made from cement CEM II/B-S 42.5 N:
— fort,=0: (W/C), = 0.86, C i =33.8%, C, 1 =27.3%;
- forn=1:(W/C), ,=233,C . ,=30.0%,C, ,=12.2%.
All tested mixtures of cement pastes were characterised by concentrations higher than
marginal concentrations C| i C,, and values of water to cement ratio #/C lower than mar-

ginal. Thus, they were non-Newtonian mixtures in the whole tested range.

3.2. Minimal transient velocity in horizontal pipelines

Transient velocity v, is the minimal velocity that enables the floating of solid
particles in the mix. Below transient velocity, massive fallout and sedimentation of solid
particles occur, and sediment is created on the bottom of the pipeline. Transient velocity
is determined by means of direct observation in a transparent pipeline, or indirectly, as a
result of the analysis of parameters of flow presented in form of a relation /(v), or the ob-
servation of the sedimentation process in sedimentation columns that enable to determine
the sedimentation rate w(C).

In order to analyse this phenomenon, mean sedimentation rate was tested in sedi-
mentation columns of cement pastes characterised by water to cement ratio W/C ranging
from 0.4 to 0.7. The results of the determination are listed in Table 3.1 and presented
in graphic form in Figures 3.1 and 3.2. It was determined that the mean sedimentation
rate noticeably increases with the increase of the water to cement ratio W/C, i.e. that it
decreases with the increase of the concentration of mixtures (Fig. 3.3). The nature of the
changes for the tested measurement scope can be described by the following relations:

— for cement CEM II/B-S 32.5 R

w=9.41-107 +1.40-107* (w/C)*™ (3.4)
— for cement CEM II/B-S 42.5 N
w=872-10" +5.79-107° (W/C) "> (3.5)
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Fig. 3.1. Results of tests of sedimentation rate w of cement pastes made from cement
CEM II/B-S 32.5R
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Fig. 3.2. Results of tests of sedimentation rate w of cement pastes made from cement
CEM II/B-S 42.5 N
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Transient velocity V. defined by Newitt as the minimal velocity at which the su-
spension moves from homogenous to heterogeneous state, was calculated according to
the proportion (3.6), basing on the previously calculated mean sedimentation rates w
(Table 3.1).

Table 3.1
Results of the tests of mean sedimentation rate w of pastes made with use of the tested cements,
with the respective values of transient velocity v, calculated according to the proportion (3.6)

w/C C, C, w V,, [m-s'], for D [mm]
-1 | 1% | %] | [msxio 20 [ 30 | 40 | s0 | 0
CEMII/B-S 32.5 R
040 | 71.4 | 4456 0.93 0.069 | 0079 [ 0.087 | 0.094 | 0.100
0.50 | 66.7 | 39.2 1.47 0.080 | 0.092 | 0.101 | 0.109 | 0.116
0.60 | 62.5 | 35.0 2.83 0.100 | 0.114 | 0.126 | 0.136 | 0.144
0.70 | 58.8 | 316 7.97 0.141 | 0.162 | 0.178 | 0.192 | 0204
CEM II/B-S 42.5N
040 | 714 | 446 0.95 0.070 | 0.080 [ 0.088 | 0.094 | 0.100
0.50 | 66.7 | 39.2 1.05 0.072 | 0.082 | 0.091 | 0.098 | 0.104
0.60 | 62.5 | 35.0 1.91 0.088 | 0.100 | 0.110 | 0.119 | 0.126
0.70 | 58.8 | 316 4.30 0.115 | 0.132 | 0.145 | 0.156 | 0.166
1
v, = (1800gDw)3 (3.6)
Where:

D — pipe diameter [m];
w — mean sedimentation rate [m-s!];
g —acceleration of gravity [m's?]

The results of calculations of the transient velocity, according to equation (3.6) are
listed in Table 3.1 and presented in graphic form in Figures 3.4 and 3.5.

The value of transient velocity is influenced by the type of transported mix (the
density and shape of solid particles, granulation curves, volume or mass concentration,
rheological properties). The theoretical basis for the determination of transient velocity
in pipelines, for the flow of mixture of sand and water, was presented by Durand. Fur-
ther studies in this area were conducted by Gibert, Smith, Charles, Stevens, Silin and
others [23].
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Fig. 3.4. The relation between the transient velocity Vo calculated with use of proportion (3.6),
and the pipe diameter D and the water to cement ratio W/C of pastes made with use of cement
CEM II/B-S 32.5R
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Fig. 3.5. The relation between the transient velocity Voo calculated with use of proportion (3.6),
and the pipe diameter D and the water to cement ratio /C of pastes made with use of cement
CEM II/B-S 42.5 N

Durand proposed the following general structural formula for the determination of
transient velocity of heterogeneous mixtures:

vgr :f(pS’pwJD»CV’ng) (37)

For homogeneous and quasi-homogeneous mixtures the above formula needs to
be modified to the following form:

Vgr :f(ps’pm’D’CV’g’nm) (38)

Considering the above, the Durand formula for such heterogeneous mixtures as sand
particles and water, adopts the following form:

( _ ) 0.5
vy = F, {ZgDpSp—pW} (3.9)
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Whereas for homogeneous mixtures:

( _ ) 0.5
vy = F, {@DM} (3.10)
P

where F, is a non-dimensional parameter depending, among others, on the pipe diameter
and type of mixture. According to Durand, for mixture of sand and gravel F, fluctu-
ates within the range 0.65-1.15, while for homogeneous or quasi-homogeneous mixtures
(organic sediments, liquid manure) F, fluctuates within the range 0.2-0.5. For high con-
centrations, nearing thixotropic concentration, the value of F, approaches zero [8].

Basing on the transient velocity values calculated with use of the proportion (3.6)
and the transformed proportion (3.10), the values of the F, parameter were determined for
tested cement pastes. The obtained values of the /', parameter varied, depending on the
concentration of the tested mixtures and the pipe diameter D, within the range from 0.082
to 0.249 for cement CEM II/B-S 32.5 R (Fig. 3.6) and from 0.079 to 0.197, for cement
CEM 1I/B-S 42.5 N (Fig. 3.7).

0.26 i
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022 D=60mm = [
0.2 g
0.18
= <.
0.16 S
B N +
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R e
e T TR .
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o . B et X
\\\\\%
L B o
0.1 R
e .
0.08 e o m
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Fig. 3.6. The relation between the parameter F, and mass concentration C,, for different pipe
diameters D. Paste made with use of cement CEM II/B-S 32.5 R

39



0.2

D=20mm +
D=30mm X
018 D=40mm x|
D=50mm o
D=60mm =m
044 fx e
\~\ L \’x/_/_//
= o '
LL\‘ .~ s ~.
0.12 e o -
[ - S —
0.1 e B T S S
= .0
0.08 CESUN SO N
0.06
58 60 62 64 66 68 70 72
Cs [%]

Fig. 3.7. The relation between the parameter , and mass concentration C,, for different pipe
diameters D. Paste made with use of cement CEM II/B-S 42.5 N

3.3. Laminar flow in the pipe

Hydraulic flow takes the form of one of three basic regimens of flow: laminar,
transitional and turbulent. The regimen of flow is determined by the diameter of the de-
signed pipe D, volumetric flow rate O, physical, chemical and rheological properties of
the transported mixture.

The parameter that characterises the regimen of flow is Reynolds number Re. The
critical value of Reynolds number, limiting the laminar flow, falls, for Newtonian liquids,
into the range Re, =2100—2320 [7, 23, 31]. Pipe flows of Newtonian liquids character-
ised by a Reynolds number Re <2300 belong to the category of laminar flows. Reynolds
number for Newtonian bodies is generally known and presented in the form of the pro-
portion:

Re = vDp (3.11)
n
where:
v —mean flow rate [m-s™'];
D — pipe diameter [m];
1 — viscosity of the liquid [Pa‘s];
p — density of the liquid [kg'm™];
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For non-Newtonian liquids the formula for calculating the Reynolds number re-
sults from the adopted rheological model. The authors consider it justified to use, for the
purpose of description of flow of the tested cement pastes, the general, tri-parametric
rheological Herschel-Bulkley model (1.4). As a general model it encompasses simpler,
bi-parametric and single-parameter models, through the adoption of n =1 (transformation
to the Bingham model (1.1), K, , = n,) and t, = 0 (transition to Newton model K, , = 7).

The complete, general Reynolds number for the Herschel-Bulkley model has been
proposed by one of the authors [17] in the following form:

8v(27n)an .
2"k
n+l " (3.12)

B O N PR N O O .2
n+l T, 3n+1 T, 2n+lr,
where:

v — mean flow rate [m's™'];

D — pipe diameter [m];

p — density of the liquid [kg'm™];

T, — stress on pipe wall [Pa];

7., k, n — parameters of the Herschel-Bulkley model (1.4).

ReH,gen -

This is also a general Reynolds number, which can be simplified to Reynolds
numbers of simpler models. For example, for the bi-parametric Bingham model describ-
ing viscoplastic mixtures, with a constant plastic viscosity N, the formula will take the
following form:

4
Re :VD_p l_iT_O_Fl T_O (3 13)
? Ny 3t, 3\« '

w

This is the full Reynolds number in the Bingham model, which replaces simplified
forms presented in literature that do not take into account the tangent stress on the wall
of the pipe.

The value of the tangent stress 1 for the adopted rheological model should be cal-
culated on the basis of previously determined rheological parameters and flow parameters
(D, v). The presented formula (3.14) [17] for the Herschel-Bulkley model is also general
and can be simplified to simpler formulas.
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TW
n+l n
n Ty )" 2n T n T (3.14)
D'{—|1--% 1- -1+ -0
n+1 T, 3n+1 T, 2n+lr,

The determination of the values of tangent stresses T with use of formula (3.14)
requires the calculation, by means of subsequent approximations, by substitution of the
subsequent values T > 1, until the point when the equation is met.

3.4. Determination of the critical Reynolds number Re,

Ryan and Johnson [26] had analysed the variability of the function determining the
stability number Z, and presented the theoretical basis for the determination of the criti-
cal Reynolds number Re . Czaban [5] has used the above described method in order to
determine the formula (3.15) for the calculation of general critical Reynolds number for
the Herschel-Bulkley model, assuming that its value equals 2300 for Newtonian liquids.

_ _n
2
4 2in
110.64-8" (2+n)
ReH,kr = 5 (2+n n) - (315)

_n il

AT ( —TOJ (311+1)2
T, |

The Darcy friction factor A in the laminar zone of flow of Newtonian liquids, de-
scribed by the Herschel-Bulkley model is calculated in an analogical manner as for the
liquids described by the Newtonian model, considering the general Reynolds number for
this model:

- 64
Rery g (3.16)
For the Bingham model, the formula (3.15) takes the form:
4ty 1(7)
2300/ 1-250 - fo
37, 37,
Regy, = (3.17)

42



The application of the formulas presented above requires the knowledge of the
shear stress on the pipe wall t  at the moment of transition from laminar to turbulent
movement. At that point the general Reynolds number Re, ., equals the general critical
Reynolds number Re, ,

The critical Reynolds number is determined in the following mode [17]: for the
previously determined rheological parameters of the tested medium t, k and n, and for
the constant pipe diameter, one should:

— assume the volumetric flow rate Q and calculate, for the known pipe diame-
ter D, the mean flow rate v;

— calculate tangent stress on the pipe wall T _(3.14);

— calculate the value of the Reynolds number Re, , (3.12);

— determine the Darcy friction factor A (3.16);

— calculate the value of critical Reynolds number Re,,, (3.15);

— compare the resulting values Re, ., and Re,, .

The algorithm for the calculation of these values is presented in Figure 3.8.

If Re, ., < Re,, the movement takes place within the adopted volumetric flow
rate Q in the laminar zone. Flow rate should be increased and calculations need to be
repeated.

If Re, ,, > Re,,, the movement takes place within the turbulent zone of the flow.
Flow rate should be decreased and calculations need to be repeated.

The compatibility Re,, = Re,, allows to determine the value of the critical Rey-
nolds number and to calculate the value of the corresponding critical flow velocity v, .

For the tested cement pastes and the adopted diameters of feed pipe D = 20— 60 mm
the values of the critical Reynolds number Re,,, and of the mean critical velocity v, were
calculated. The results of these calculations are listed in Tables 3.2 and 3.3 and presented
in graphic form in Figures 3.9 — 3.12. Figure 3.13 illustrates the changes in the critical
Reynolds number calculated for the Herschel-Bulkley model as a function of the ratio of
the yield stress to the shear stress on the pipe wall t /1, . In the case of both tested cements,
an increase in the Reynolds number with the increase in the 1/t ratio was recorded.

Analysing the data presented in Figures 3.9 and 3.10, one can determine that the
value of the critical Reynolds number Re,, noticeably decreases with the increase in the
concentration of the tested mixtures, while it increases proportionally to the increase in
the pipe diameter D.

As for the critical velocity v, _ (Fig. 3.11, Fig. 3.12), it increases proportionally
to the increase in the concentration of tested mixtures and decreases with the increase in
pipe diameter D.
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Values of critical velocity v, and corresponding critical Reynolds numbers Re,

H,kr?

Table 3.2
calculated

for different pipe diameters, during the flow of pastes made from cement CEM II/B-S 32.5 R

w/C CK C, D V. ReHY o to/‘rw
[%] [ [%] | [mm] | [ms']
035 | 74.1 | 48.0 14.49 2716 0.019
040 | 71.4 | 44.6 12.00 2635 0.018
0.50 | 66.7 | 39.2 20 7.55 2668 0.026
0.60 | 62.5 | 35.0 4.65 2857 0.044
0.70 | 58.8 | 31.6 3.22 2864 0.050
0.35 | 74.1 | 48.0 12.56 2812 0.028
040 | 71.4 | 44.6 9.84 2735 0.028
0.50 | 66.7 | 39.2 30 6.19 2818 0.041
0.60 | 62.5 | 35.0 3.97 3099 0.066
0.70 | 58.8 | 31.6 2.74 3147 0.076
0.35 | 74.1 | 48.0 10.98 2906 0.036
040 | 71.4 | 44.6 8.65 2837 0.038
0.50 | 66.7 | 39.2 40 5.48 2971 0.056
0.60 | 62.5 ] 35.0 3.55 3290 0.082
0.70 | 58.8 | 31.6 2.54 3428 0.099
035 | 74.1 | 48.0 10.14 2997 0.043
040 | 71.4 | 44.6 7.90 2938 0.047
0.50 | 66.7 | 39.2 50 4.89 3052 0.063
0.60 | 62.5 | 35.0 3.41 3571 0.102
0.70 | 58.8 | 31.6 2.37 3703 0.120
035 | 74.1 | 48.0 9.55 3085 0.050
040 | 71.4 | 44.6 7.38 3038 0.056
0.50 | 66.7 | 39.2 60 4.75 3276 0.082
0.60 | 62.5 | 35.0 3.28 3798 0.118
0.70 | 58.8 | 31.6 2.29 3971 0.138




Values of critical velocity v, and corresponding critical Reynolds numbers Re,

H,kr?

Table 3.3

calculated

for different pipe diameters, during the flow of pastes made from cement CEM II/B-S 42.5 N

w/C CX C, D V. ReHY o ro/‘rw
[%] [ [%] | [mm] | [ms']
040 | 71.4 | 44.6 13.58 2735 0.012
0.50 | 66.7 | 39.2 20 11.43 2680 0.019
0.60 | 62.5 | 35.0 6.08 2830 0.038
0.70 | 58.8 | 31.6 4.59 2972 0.044
040 | 71.4 | 44.6 11.84 2789 0.016
0.50 | 66.7 | 39.2 30 9.52 2782 0.029
0.60 | 62.5 | 35.0 5.17 3036 0.057
0.70 | 58.8 | 31.6 4.01 3201 0.063
0.40 | 71.4 | 44.6 10.77 2838 0.020
0.50 | 66.7 | 39.2 40 8.46 2884 0.038
0.60 | 62.5 | 35.0 4.70 3238 0.073
0.70 | 58.8 | 31.6 3.70 3420 0.079
040 | 714 | 44.6 10.06 2884 0.023
0.50 | 66.7 | 39.2 50 7.77 2984 0.047
0.60 | 62.5 | 35.0 4.41 3435 0.088
0.70 | 58.8 | 31.6 3.51 3630 0.093
040 | 714 | 44.6 9.51 2927 0.026
0.50 | 66.7 | 39.2 60 7.29 3082 0.055
0.60 | 62.5 | 35.0 422 3627 0.101
0.70 | 58.8 | 31.6 3.39 3829 0.106
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Fig. 3.9. Variability of the critical Reynolds number for the Herschel-Bulkley model Re,,,
of the tested cement pastes made from cement CEM II/B-S 32.5 R, as a function of mass
concentration C and pipe diameter D
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Fig. 3.10. Variability of the critical Reynolds number for the Herschel-Bulkley model ke,
of the tested cement pastes made from cement CEM II/B-S 42.5 N, as a function of mass
concentration C and pipe diameter D
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Fig. 3.11. Variability of the critical velocity v, for the Herschel-Bulkley model Re,,, of the
tested cement pastes made from cement CEM II/B-S 32.5 R, as a function of mass concentration
C, and pipe diameter D
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Fig. 3.12. Variability of the critical velocity v, for the Herschel-Bulkley model Re,,, of the
tested cement pastes made from cement CEM 11I/B-S 42.5 N, as a function of mass concentration
C, and pipe diameter D
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Fig. 3.13. The relation between the critical Reynolds number for the Herschel-Bulkley model

Re,,, and the stress quotient T/t

3.5. Determination of the Darcy friction factor

For the laminar zone of flow of non-Newtonian liquid, analogically to the case of
Newtonian liquid, the proportion resulting from the Poiseuille equation is adopted, in the
following form:

A= (3.18)

Re,, is the general Reynolds number describing the rheological properties and flow pa-
rameters of the tested medium. For example, in the Herschel-Bulkley model the general
Reynolds number is determined by the relation (3.12).

The values of the Darcy friction factor A for the analysed cement pastes are listed
in Tables 3.4-3.12.
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Table 3.4

Values of head loss for paste made from cement CEM 1I/B-S 32.5 R, W/C = 0.35

0 v Y A h,, Ap ',
[m*h'] | [ms'] | [s'] [-] [m] [Pa] -]
D =20 mm
0.011 0.010 4 16304 | 4.15 81805 | 0.42
0.170 0.150 60 16.46 9.44 | 185860 | 0.94
0.339 0.300 120 5.61 12.88 | 253514 | 1.29
0.509 0.450 180 3.05 15.72 | 309579 | 1.57
0.679 0.600 240 1.99 18.25 | 359397 | 1.83
0.893 0.750 300 1.44 20.57 | 405088 | 2.06
=30 mm
0.025 0.010 2.67 | 15114 | 2.57 50556 | 0.26
0.573 0.225 60 7.32 6.29 | 123907 | 0.63
1.145 0.450 120 2.50 8.58 169009 | 0.86
1.718 0.675 180 1.35 10.48 | 206386 | 1.05
2.290 0.900 240 0.88 12.17 | 239598 | 1.22
2.863 1.125 300 0.64 13.72 | 270059 | 1.37
D =40 mm
0.045 0.010 2 1440.9 1.84 36148 | 0.18
1.357 0.300 60 4.72 4.72 92930 | 0.47
2.714 0.600 120 1.40 6.44 | 126757 | 0.64
4.072 0.900 180 0.76 7.86 | 154789 | 0.79
5.429 1.200 240 0.50 9.13 179698 | 0.91
6.786 1.500 300 0.36 10.29 | 202544 | 1.03
=50 mm
0.071 0.010 1.6 1392.5 1.42 27947 | 0.14
2.651 0.375 60 2.63 3.78 74344 | 0.38
5.301 0.750 120 0.90 5.15 101405 | 0.52
7.952 1.125 180 0.49 6.29 123831 | 0.63
10.603 1.500 240 0.32 7.30 | 143759 | 0.73
13.254 1.875 300 0.23 8.23 162065 | 0.82
=60 mm
0.107 0.010 1.33 | 1356.7 1.15 22691 | 0.12
4.580 0.450 60 1.83 3.15 61954 | 0.31
9.161 0.900 120 0.62 4.29 84505 | 0.43
13.741 1.350 180 0.34 524 | 103193 | 0.52
18.322 1.800 240 0.22 6.08 119799 | 0.61
22.902 2.250 300 0.16 6.86 | 135029 | 0.69




Table 3.5

Values of head loss for paste made from cement CEM II/B-S 32.5 R, W/C = 0.40

0 v ¥ by h,, Ap I
[m*h'] | [ms'] | [s'] [-] [m] [Pa] [-]
D =20 mm
0.078 0.069 38.5 | 35.52 | 4.31 82026 | 0.43
0.170 0.150 60 1022 | 5.86 | 111504 | 0.59
0.339 0.300 120 3.55 8.14 | 154899 | 0.81
0.509 0.450 180 1.96 | 10.09 | 192120 | 1.01
0.679 0.600 240 1.29 11.87 | 225987 | 1.19
0.893 0.750 300 0.94 | 13.54 | 257619 | 1.35
D =30 mm
0.201 0.079 304 | 2472 | 2.62 49877 | 0.26
0.573 0.225 60 4.54 391 74336 | 0.39
1.145 0.450 120 1.58 5.43 | 103266 | 0.54
1.718 0.675 180 0.87 6.73 | 128080 | 0.67
2.290 0.900 240 0.57 7.92 | 150658 | 0.79
2.863 1.125 300 0.42 9.02 | 171746 | 0.90
D =40 mm
0.393 0.087 257 | 19.18 | 1.85 35205 | 0.18
1.357 0.300 60 2.55 2.93 55752 | 0.29
2.714 0.600 120 0.89 4.07 77449 | 0.41
4.072 0.900 180 0.49 5.05 96060 | 0.50
5.429 1.200 240 0.32 5.94 | 112994 | 0.59
6.786 1.500 300 0.24 6.77 | 128810 | 0.68
D =50 mm
0.664 0.094 22.6 | 15.72 1.42 26954 | 0.14
2.651 0.375 60 1.63 2.34 44602 | 0.23
5.301 0.750 120 0.57 3.26 61959 | 0.33
7.952 1.125 180 0.31 4.04 76848 | 0.40
10.603 1.500 240 0.21 4.75 90395 | 0.47
13.254 1.875 300 0.15 5.41 103048 | 0.54
D =60 mm
1.018 0.100 203 | 1342 | 1.14 21693 | 0.11
4.580 0.450 60 1.13 1.95 37168 | 0.20
9.161 0.900 120 0.39 2.71 51633 | 0.27
13.741 1.350 180 0.22 3.36 64040 | 0.34
18.322 1.800 240 0.14 3.96 75329 | 0.40
22.902 2.250 300 0.10 4.51 85873 | 0.45

S1



52

Table 3.6

Values of head loss for paste made from cement CEM II/B-S 32.5 R, W/C = 0.50

0 v Y by h, Ap ;
[m*h'] | [ms'] | [s'] -] [m] [Pa] [-]
D =20 mm
0.090 0.080 46.1 | 14.14 | 2.31 | 41169 | 0.23
0.170 0.150 60 5.14 | 295 | 52617 | 0.29
0.339 0.300 120 1.78 | 4.08 | 72848 | 0.41
0.509 0.450 180 0.98 | 5.07 | 90500 | 0.51
0.679 0.600 240 0.65 | 5.98 | 106767 | 0.60
0.893 0.750 300 048 | 6.84 | 122117 | 0.68
D =30 mm
0.234 0.092 36.6 9.77 1.40 | 25079 | 0.14
0.573 0.225 60 2.28 1.96 | 35078 | 0.20
1.145 0.450 120 0.79 | 2.72 | 48566 | 0.27
1.718 0.675 180 044 | 3.38 | 60333 | 0.34
2.290 0.900 240 029 | 3.99 | 71178 | 0.40
2.863 1.125 300 021 | 456 | 81412 | 0.46
D =40 mm
0.457 0.101 31.0 7.62 | 099 | 17692 | 0.10
1.357 0.300 60 1.28 1.47 | 26308 | 0.15
2.714 0.600 120 044 | 2.04 | 36424 | 0.20
4.072 0.900 180 0.25 | 2.53 | 45250 | 0.25
5.429 1.200 240 0.16 | 2.99 | 53384 | 0.30
6.786 1.500 300 0.12 | 3.42 | 61059 | 0.34
D =50 mm
0.770 0.109 27.3 6.3 0.76 | 13551 0.08
2.651 0.375 60 0.82 1.18 | 21047 | 0.12
5.301 0.750 120 0.28 1.63 | 29139 | 0.16
7.952 1.125 180 0.16 | 2.03 | 36200 | 0.20
10.603 1.500 240 0.10 | 2.39 | 42707 | 0.24
13.254 1.875 300 0.08 | 2.74 | 48847 | 0.27
D =60 mm
1.181 0.116 24.6 543 | 0.61 10913 | 0.06
4.580 0.450 60 0.57 | 098 | 17539 | 0.10
9.161 0.900 120 0.20 | 1.36 | 24283 | 0.14
13.741 1.350 180 0.11 1.69 | 30167 | 0.17
18.322 1.800 240 0.07 1.99 | 35589 | 0.20
22.902 2.250 300 0.05 | 2.28 | 40706 | 0.23




Table 3.7

Values of head loss for paste made from cement CEM II/B-S 32.5 R, W/C = 0.60

0 v Y A h, Ap I
[m*h] [ms'] | [s'] [ [-] | [m] [ [Pa] -]
D =20 mm
0.113 0.100 57.1 | 5.51 | 1.41 | 23846 | 0.14
0.170 0.150 60 2.86 | 1.64 | 27883 | 0.16
0.339 0.300 120 | 097 | 2.23 | 37860 | 0.22
0.509 0.450 180 | 0.53 | 2.74 | 46540 | 0.27
0.679 0.600 240 | 0.35 | 3.21 | 54496 | 0.32
0.893 0.750 300 | 0.25 | 3.65 | 61976 | 0.37
D =30 mm
0.290 0.114 45.0 | 3.97 | 0.85 | 14470 | 0.09
0.573 0.225 60 1.27 | 1.09 | 18548 | 0.11
1.145 0.450 120 | 0.43 | 1.49 | 25240 | 0.15
1.718 0.675 180 | 0.24 | 1.83 | 31027 | 0.18
2.290 0.900 240 | 0.16 | 2.14 | 36331 | 0.21
2.863 1.125 300 | O.11 | 2.43 | 41317 | 0.24
D =40 mm
0.570 0.126 382 | 298 | 0.60 | 10225 | 0.06
1.357 0.300 60 0.71 | 0.82 | 13911 | 0.08
2.714 0.600 120 | 0.24 | 1.11 | 18930 | 0.11
4.072 0.900 180 | 0.13 | 1.37 | 23270 | 0.14
5.429 1.200 240 | 0.09 | 1.61 | 27248 | 0.16
6.786 1.500 300 | 0.06 | 1.83 | 30988 | 0.18
D=50mm
0.961 0.136 33.6 | 245 | 046 | 7826 | 0.05
2.651 0.375 60 0.46 | 0.66 | 11129 | 0.07
5.301 0.750 120 | 0.16 | 0.89 | 15144 | 0.09
7.952 1.125 180 | 0.09 | 1.10 | 18616 | 0.11
10.603 1.500 240 | 0.06 | 1.28 | 21799 | 0.13
13.254 1.875 300 | 0.04 | 1.46 | 24790 | 0.15
D =60 mm
1.466 0.144 30.2 | 2.10 | 0.37 | 6291 | 0.04
4.580 0.450 60 0.32 | 0.55 | 9274 | 0.05
9.161 0.900 120 | 0.11 | 0.74 | 12620 | 0.07
13.741 1.350 180 | 0.06 | 0.91 | 15513 | 0.09
18.322 1.800 240 | 0.04 | 1.07 | 18165 | 0.11
22.902 2.250 300 | 0.03 | 1.22 | 20659 | 0.12
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Table 3.8

Values of head loss for paste made from cement CEM 11I/B-S 32.5 R, W/C =0.70

0 v ¥ by » Ap I
[m*h'] | [ms'] | [s'] [ [-] | [m] | [Pa] [-]
D =20 mm
0.159 0.141 77.6 | 1.74 | 0.88 | 14326 | 0.09
0.170 0.150 60 1.57 | 0.90 | 14705 | 0.09
0.339 0.300 120 | 0.55 | 1.25 | 20372 | 0.13
0.509 0.450 180 | 0.30 | 1.56 | 25381 | 0.16
0.679 0.600 240 | 0.20 | 1.84 | 30042 | 0.18
0.893 0.750 300 | 0.15 | 2.12 | 34475 | 0.21
D =30 mm
0.412 0.162 61.7 | 1.18 | 0.53 | 8583 | 0.05
0.573 0.225 60 0.70 | 0.60 | 9830 | 0.06
1.145 0.450 120 | 0.24 | 0.83 | 13581 | 0.08
1.718 0.675 180 | 0.13 | 1.04 | 16921 | 0.10
2.290 0.900 240 | 0.09 | 1.23 | 20028 | 0.12
2.863 1.125 300 | 0.07 | 1.41 | 22983 | 0.14
D =40 mm
0.805 0.178 356 | 091 | 0.37 | 5989 | 0.04
1.357 0.300 60 0.39 | 045 | 7352 | 0.05
2.714 0.600 120 | 0.14 | 0.63 | 10186 | 0.06
4.072 0.900 180 | 0.08 | 0.78 | 12691 | 0.08
5.429 1.200 240 | 0.05 ] 0.92 | 15021 | 0.09
6.786 1.500 300 | 0.04 | 1.06 | 17328 | 0.11
D=50mm
1.357 0.192 30.7 | 0.74 | 0.28 | 4550 | 0.03
2.651 0.375 60 0.25 | 0.36 | 5882 | 0.04
5.301 0.750 120 | 0.09 | 0.50 | 8149 | 0.05
7.952 1.125 180 | 0.05 | 0.62 | 10152 | 0.06
10.603 1.500 240 | 0.03 | 0.74 | 12017 | 0.07
13.254 1.875 300 | 0.02 | 0.85 ] 13790 | 0.08
D =60 mm
2.076 0.204 272 1 0.63 | 0.22 | 3639 | 0.02
4.580 0.450 60 0.17 | 0.30 | 4901 0.03
9.161 0.900 120 | 0.06 | 0.42 | 6791 0.04
13.741 1.350 180 | 0.03 | 0.52 | 8460 | 0.05
18.322 1.800 240 | 0.02 | 0.61 | 10014 | 0.06
22.902 2.250 300 | 0.02 | 0.71 | 11492 | 0.07




Table 3.9

Values of head loss for paste made with use of cement CEM II/B-S 42.5 N, W/C = 0.40

0 v ¥ A h, Ap I
[m*h'] | [ms'] | [s'] [-] [m] [Pa] [-]
D =20 mm
0.079 0.070 28 68.05 | 8.50 | 161731 | 0.85
0.170 0.150 60 19.28 | 11.05 | 210352 | 1.11
0.339 0.300 120 6.65 15.25 | 290209 | 1.52
0.509 0.450 180 3.59 | 18.55 | 353068 | 1.86
0.679 0.600 240 2.33 | 21.38 | 406964 | 2.14
0.893 0.750 300 1.67 | 23.91 | 455055 | 2.39
D =30 mm
0.204 0.080 213 | 4728 | 5.14 97849 | 0.51
0.573 0.225 60 8.57 7.37 | 140235 | 0.74
1.145 0.450 120 2.95 10.17 | 193472 | 1.02
1.718 0.675 180 1.60 | 12.37 | 235379 | 1.24
2.290 0.900 240 1.04 | 14.26 | 271310 | 1.43
2.863 1.125 300 0.74 | 15.94 | 303370 | 1.59
D =40 mm
0.398 0.088 17.6 | 36.60 | 3.61 68738 | 0.36
1.357 0.300 60 4.82 5.53 | 105176 | 0.55
2.714 0.600 120 1.66 7.62 | 145104 | 0.76
4.072 0.900 180 0.90 9.28 | 176534 | 0.93
5.429 1.200 240 0.58 | 10.69 | 203482 | 1.07
6.786 1.500 300 0.42 | 11.96 | 227528 | 1.20
D =50 mm
0.664 0.094 15 3047 | 2.74 52231 0.27
2.651 0.375 60 3.08 4.42 84141 0.44
5.301 0.750 120 1.06 6.10 | 116083 | 0.61
7.952 1.125 180 0.58 7.42 | 141227 | 0.74
10.603 1.500 240 0.37 8.55 | 162786 | 0.86
13.254 1.875 300 0.27 9.56 | 182022 | 0.96
D =60 mm
1.018 0.100 13.3 | 2591 | 2.20 41893 | 0.22
4.580 0.450 60 2.14 3.68 70117 | 0.37
9.161 0.900 120 0.74 5.08 96736 | 0.51
13.741 1.350 180 0.40 6.18 | 117689 | 0.62
18.322 1.800 240 0.28 7.13 | 135655 | 0.71
22.902 2.250 300 0.18 7.97 | 151685 | 0.80
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Table 3.10

Values of head loss for paste made from cement CEM II/B-S 42.5 N, W/C = 0.50

0 v ¥ A h, Ap I
[m*h'] | [ms'] | [s'] [-] [m] [Pa] [-]
=20 mm
0.081 0.072 28.8 | 33.93 | 448 80027 | 0.45
0.170 0.150 60 1048 | 6.01 107309 | 0.60
0.339 0.300 120 3.63 8.32 | 148574 | 0.83
0.509 0.450 180 1.99 | 10.28 | 183457 | 1.03
0.679 0.600 240 1.31 12.03 | 214873 | 1.20
0.893 0.750 300 0.95 13.67 | 243982 | 1.37
=30 mm
0.209 0.082 219 | 23.75 | 2.71 48447 | 0.27
0.573 0.225 60 4.66 4.01 71539 | 0.40
1.145 0.450 120 1.61 5.55 99049 | 0.55
1.718 0.675 180 0.88 6.85 | 122305 | 0.69
2.290 0.900 240 0.58 8.02 | 143249 | 0.80
2.863 1.125 300 0.42 9.11 162654 | 0.91
=40 mm
0.412 0.091 182 | 18.16 | 1.92 34207 | 0.19
1.357 0.300 60 2.62 3.00 53654 | 0.30
2.714 0.600 120 0.91 4.16 74287 | 0.42
4.072 0.900 180 0.50 5.14 91729 | 0.51
5.429 1.200 240 0.33 6.02 | 107437 | 0.60
6.786 1.500 300 0.24 6.83 | 121991 | 0.68
=50 mm
0.693 0.098 157 | 1494 | 1.46 26118 | 0.15
2.651 0.375 60 1.68 2.40 42924 | 0.24
5.301 0.750 120 0.58 3.33 59430 | 0.33
7.952 1.125 180 0.32 4.11 73383 | 0.41
10.603 1.500 240 0.21 4.81 85949 | 0.48
13.254 1.875 300 0.15 5.47 97593 | 0.55
=60 mm
1.059 0.104 13.9 | 12.79 | 1.17 20975 | 0.12
4.580 0.450 60 1.16 2.00 35770 | 0.20
9.161 0.900 120 0.40 2.77 49525 | 0.28
13.741 1.350 180 0.22 342 61153 | 0.34
18.322 1.800 240 0.15 4.01 71624 | 0.40
22.902 2.250 300 0.11 4.56 81327 | 0.46




Table 3.11

Values of head loss for paste made from cement CEM 1I/B-S 42.5 N, W/C = 0.60

o v ¥ A » Ap I
[(m*h'] | [ms'] | [s'] [-] [m] | [Pa] -]
D =20 mm
0.100 0.088 352 | 1046 | 2.06 | 35034 | 0.21
0.170 0.150 60 438 | 2.51 | 42664 | 0.25
0.339 0.300 120 1.48 | 3.40 | 57732 | 0.34
0.509 0.450 180 0.81 | 4.16 | 70605 | 0.42
0.679 0.600 240 0.53 | 4.85 | 82303 | 0.49
0.893 0.750 300 0.38 | 5.49 | 93226 | 0.55
D =30 mm
0.254 0.100 26.7 7.40 1.26 | 21326 | 0.13
0.573 0.225 60 1.95 1.68 | 28443 | 0.17
1.145 0.450 120 0.66 | 2.27 | 38488 | 0.23
1.718 0.675 180 0.36 | 2.72 | 47070 | 0.28
2.290 0.900 240 0.23 | 3.23 | 54869 | 0.32
2.863 1.125 300 0.17 | 3.66 | 62151 | 0.37
D =40 mm
0.498 0.110 22 5.77 | 0.89 | 15087 | 0.09
1.357 0.300 60 1.10 1.26 | 21332 | 0.13
2.714 0.600 120 0.37 1.70 | 28866 | 0.17
4.072 0.900 180 0.20 | 2.08 | 35303 | 0.21
5.429 1.200 240 0.13 | 242 | 41152 | 0.24
6.786 1.500 300 0.10 | 2.75 | 46613 | 0.27
D =50 mm
0.841 0.119 19 473 | 0.68 | 11577 | 0.07
2.651 0.375 60 0.70 1.01 | 17066 | 0.10
5.301 0.750 120 0.24 1.36 | 23093 | 0.14
7.952 1.125 180 0.13 1.66 | 28242 | 0.17
10.603 1.500 240 0.08 1.94 | 32921 | 0.19
13.254 1.875 300 0.06 | 2.20 | 37291 | 0.22
D =60 mm
1.283 0.126 16.8 4.03 | 0.55 | 9320 | 0.05
4.580 0.450 60 0.65 | 0.78 | 13249 | 0.08
9.161 0.900 120 0.22 1.04 | 17682 | 0.10
13.741 1.350 180 0.12 1.26 | 21451 | 0.13
18.322 1.800 240 0.08 1.47 | 24870 | 0.15
22.902 2.250 300 0.06 1.65 | 28057 | 0.17
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Table 3.12

Values of head loss for paste made from cement CEM II/B-S 42.5 N, W/C =0.70

0 v Y by h, Ap I
[m*h'] | [ms'] | [s'] [ [-] | [m] | [Pa] []
D =20 mm
0.130 0.115 46 479 | 1.61 | 26287 | 0.16
0.170 0.150 60 3.12 | 1.79 | 29173 | 0.18
0.339 0.300 120 1.06 | 2.43 | 39516 | 0.24
0.509 0.450 180 | 0.57 | 2.96 | 48175 | 0.30
0.679 0.600 240 | 037 | 3.43 | 55928 | 0.34
0.893 0.750 300 | 0.27 | 3.87 | 63083 | 0.39
D =30 mm
0.336 0.132 352 | 3.30 | 0.98 | 15887 | 0.10
0.573 0.225 60 1.39 | 1.19 | 19449 | 0.12
1.145 0.450 120 | 047 | 1.62 | 26344 | 0.16
1.718 0.675 180 | 0.25 | 1.97 | 32116 | 0.20
2.290 0.900 240 | 0.17 | 2.29 | 37285 | 0.23
2.863 1.125 300 | 0.12 | 2.58 | 42055 | 0.26
D =40 mm
0.656 0.145 29 2.55 | 0.68 | 11145 | 0.07
1.357 0.300 60 0.78 | 0.90 | 14587 | 0.09
2.714 0.600 120 | 0.26 | 1.21 | 19758 | 0.12
4.072 0.900 180 | 0.14 | 1.48 | 24087 | 0.15
5.429 1.200 240 | 0.09 | 1.71 | 27964 | 0.17
6.786 1.500 300 | 0.07 | 1.94 | 31541 | 0.19
D=50mm
1.103 0.156 25 2.10 | 0.52 | 8486 | 0.05
2.651 0.375 60 0.50 | 0.72 | 11669 | 0.07
5.301 0.750 120 | 0.17 | 0.97 | 15806 | 0.10
7.952 1.125 180 | 0.09 | 1.18 | 19270 | 0.12
10.603 1.500 240 | 0.06 | 1.37 | 22371 | 0.14
13.254 1.875 300 | 0.04 | 1.55 ] 25233 | 0.15
D =60 mm
1.690 0.166 22.1 | 1.79 | 042 | 6808 | 0.04
4.580 0.450 60 0.35 |1 0.60 | 9724 | 0.06
9.161 0.900 120 | 0.12 | 0.81 | 13172 | 0.08
13.741 1.350 180 | 0.06 | 0.99 | 16058 | 0.10
18.322 1.800 240 | 0.04 | 1.14 | 18643 | 0.11
22.902 2.250 300 | 0.03 | 1.29 | 21028 | 0.13




3.6. The determination of head loss
in horizontal pipelines

The description of rheological properties of cement pastes by means of the de-
termination of their rheological parameters enables to generalize the test results by the
application of the non-dimensional criterion X(Regm), linking the non-dimensional Darcy
friction factor A of the pipe with the generalized Reynolds number Re,, .

Total head loss on the pipe length L can be calculated with use of the classic
Darcy—Weisbach equation:

L 2
By, =h = (3.19)
D2g

This equation is often transformed to such form that allows the determination of
the pressure loss on the pipe length L:

2

Lv
Ap =\ —— (3.20)
\p D [
Or the decrease of energy line
12
I, =h—— (3.21)
D2g

Knowledge of the rheological parameters of cement pastes and the lengths of the
planned pipelines enables us to calculate the head loss for the adopted diameters D and
volumetric flow rates Q.

Sample values of the calculations conducted for a pipe of the length L of 10 m and
diameter D varying within the range from 20 to 60 mm are listed in Tables 3.4-3.12 and
presented in graphic form in Figures 3.14-3.22, in form of a function /_ (v).
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Fig. 3.14. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM 1I/B-S 32.5 R, W/C = 0.35
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Fig. 3.15. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM II/B-S 32.5 R, W/C = 0.40
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Fig. 3.16. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM 1I/B-S 32.5 R, W/C = 0.50
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Fig. 3.17. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM 1I/B-S 32.5 R, W/C = 0.60
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Fig. 3.18. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM II/B-S 32.5 R, W/C = 0.70
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Fig. 3.19. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM 1I/B-S 42.5 N, W/C = 0.40
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Fig. 3.20. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM II/B-S 42.5 N, W/C = 0.50
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Fig. 3.21. Relation between the head loss /2, and the flow rate v for different pipe diameters D.
Paste made from cement CEM 1I/B-S 42.5 N, W/C = 0.60
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Fig. 3.22. Relation between the head loss %, and the flow rate v for different pipe diameters D.
Paste made from cement CEM II/B-S 42.5 N, W/C = 0.70
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4. CO-OPERATION OF THE PUMPING ENGINE
WITH THE PRESSURE PIPE

The choice of pumping engine for the designed installation for the hydraulic trans-
port of cement pastes is based on the analysis of the so-called working point of the pump
with the pressure pipe. This point lies at the crossing of the characteristics of the pump
H = flQ) and the curve describing total decrease of energy in the pressure pipe
H =10

The hydraulic characteristics of the pressure pump H = f{Q) is received from the
manufacturer, as the basic parameter describing the scope of its practical application.
In the majority of cases of pipe transport of cement pastes and derived materials, piston
pumps are used. The characteristic of such pump is a straight line parallel to axis H, at the
constant value of volumetric flow rate Q.

The total loss of energy H, is determined according to the following formula:

+H (4.1)

geo

2
Hc = hstr +(XS_V+&
2g  pg

This formula can be transformed to a formula describing total pressure loss:

2
Ap, =Ap+ %Y

P+ P+ Hgpg (4.2)

The value of head loss 4, or pressure loss Ap is calculated with use of the Darcy—Weis-
bach equation (3.19), (3.20). The pipe length assumed for the purpose of these equations
in increased by an equivalent length L*, illustrating local pressure loss related to the em-
bedded fittings (valves, elbows, turns etc.)

L= E’T (4.3)

where & is the minor loss coefficient for various types of fittings. The application of the
formula (4.3) and the calculation of the substitute length L" allow to take into account the
rheological properties of cement pastes for different concentrations of the mixture.
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The value of the expression o, ?/2g, enabling the determination of the so-called
velocity height, is practically insignificant. For pipe transport of cement pastes character-
ized by a high concentration of solid particles, in laminar flow (at low rates of flow), such
assumption is, in our opinion completely justified. In the case of hydraulic transport at
high volumetric flow rate, and corresponding high velocity of flow, the value of this ex-
pression becomes significant (Saint-Venant’s coefficient for turbulent flow a = 1 [16]).

The parameter p, describes the so-called working pressure on the outlet of the
pipe, and is closely related to the applied technology of use of hydraulic transport. In
the case of injection installations the recommended working pressure should fall into the
range between 0.2—1.0 MPa [19].

The determination of the characteristics p, = f{Q) for various diameters of the pres-
sure pipe D and various mass concentrations C_ (various values of the water to cement
ratio W/C) and the pump characteristics descrlbmg the relation between the forcing pres-
sure p and the volumetric flow rate O, p = (Q) allows to determine the working point of
the analysed pump-pipe system.

Sample determination of the working point for the flow of cement paste made
from cement CEM II/B-S 32.5 R in a horizontal pressure pipe H,,=0) of the diameter
D = 50 mm and length L = 10 m and working pressure p, = 0.4 MPa, co-operating with
a constant capacity piston pump Q = 75 dm*/min, is presented in Figures 4.1 and 4.2.
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Fig. 4.1. Sample determination of the working point for a horizontal pipe of the diameter
D = 50 mm, transporting cement pastes made from cement CEM II/B-S 32.5 R
of various concentrations
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Fig. 4.2. Sample determination of the working point for a horizontal pipe of various diameters D,
transporting cement pastes made from cement CEM II/B-S 32.5 R, at water to cement ratio
W/C = 0.40

Figure 4.2 enables us to determine the range of variability of the pressure that is
necessary for the pressing of a constant volumetric flow (Q = 75 dm*min) of cement
pastes of a given concentration (W/C = 0.40), for different pressure pipe diameters D. The
pressure p in this case varies within the range from 0.437 to 0.626 MPa. For the diameter
D = 20 mm, the working point of the pump-pipe system cannot be determined on the
graph.

The analysis of the above diagrams allows to conduct a further, economic analysis
of the designed installation for hydraulic transport, and to decide, whether it would be
better to assume a larger pipe diameter for lower pressures of flow, or to design a smaller
diameter and allow for higher pressure of flow in the pipe.

Thus, working points enable to determine the optimal forcing pressure in order to
ensure the proper regimen of operation of the installation and the correct measurement of
the pressing pipe in the terms of the strength of materials (choice of suitable materials for
the construction of the pipe).

The analysis of the co-operation allows, eventually, to determine the optimal pipe
diameter D and concentration Cs (water to cement ratio #/C) of the pressed mixture, for
the planned pumping engine.
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S. CONCLUSION

This monograph presents a comprehensive solution of the problems related to the
use of pipe transport of liquid cement pastes and derivative materials for various techno-
logical installations for their practical application.

In this case, the development has to be preceded by laboratory tests of the physi-
cal, rtheological and sedimentation properties of the transported mixture. This will allow
to conduct the procedures suggested here, which enable the determination of parameters
necessary in order to ensure the optimal functioning of the hydraulic transport installa-
tion.

The determination of the physical properties of a mixture consists in standard tests
that enable the determination of solid particles density, density of the mixture, granula-
tion characteristics, specific surface area, mass or volume concentration, water to cement
ratio, binding time characteristics, etc.

On the other hand, rheological tests allow to prepare a detailed rheological
characteristic of the mixture, which constitutes a basis for further analyses and calcula-
tions that enable the determination of the hydraulic parameters of the flow of cement
pastes in pipes. These tests are conducted with use of rotational viscometers that do not
require costly pipe installations, and are possible to conduct in a short time. However,
one should bear in mind, that liquid cement pastes are non-Newtonian liquids, and that
rheological tests should be conducted in compliance with the principle of maintaining the
rheological stability of the tested material [16]. The apparent curves of flow obtained as
a result of the measurements are then transposed into actual curves of flow, thus allow-
ing to choose the correct rheological model through statistical analysis and the resulting
determination of the required rheological parameters of the adopted model. The plastic-
viscous nature of behaviour of cement pastes requires the application of tri-parametric,
general rheological models. The Herschel-Bulkley model has proved to be optimal for
this purpose. This model features a characteristic yield stress t,, and after it is exceeded,
flow occurs in the pipe.

Rheological parameters allow to further determine the characteristic hydraulic
values of the mixture. One of these is the general Reynolds number for the adopted mod-
el. It allows to classify the regimen of flow of the mixture in the pipe. Critical Reynolds
number differentiates between laminar and turbulent flow of the mixture. Hence, it is
a crucial parameter, considering that hydraulic transport of highly concentrated cement
pastes takes place in the laminar regimen of flow. Thus, the range of acceptable veloci-
ties of flow should be calculated. The flow should take place at the average velocity v
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in the range between transient velocity Yy, and critical velocity v, . The critical velocity
corresponds to the flow described by critical Reynolds number Re, , whereas transient
velocity separates the regimens of homogeneous and heterogeneous mixtures with mov-
able bottom, which are determined basing on sedimentation tests, conducted in cylindri-
cal sedimentation columns. They allow to calculate the fall velocity of solid particles,
which eventually makes it possible to calculate transient velocity v, according to Newitt.
This velocity can be also determined with use of the Durand formula. The authors have
assumed for the tested cements the values of the non-dimensional coefficient 7, that may
fall within the range /7, = 0.1 — 0.3.

After the determination of the ultimate range of velocities for laminar flow, pres-
sure loss is determined for the flow of the mixture at various pipe diameters D and various
concentrations C_ (water to cement ratio W/C). These calculations are performed basing
on the non- d1mens1onal criterion A (Re,,,), determining the relation between the obtained
Darcy friction factor A and the general Reynolds number Re_, , describing the rheological
properties of the transported medium.

Knowing the characteristics of pressure loss in pipe and the characteristics of the
applied pumping engine, the working point of the pump-pipe system of the developed
installation is determined. This enables a complete analysis of the range of occurring
pressures and the realisation of the design of the pipe in the terms of construction and
material strength.

The realization of the above specified procedures fulfils the objectives of this
monograph.

The conducted tests can constitute a basis for important conclusions in the field of
practical engineering:

1. Cement pastes, at such concentrations C, (W/C < 0.7) that are usually applied

in practice, behave like non-Newtonian liquids of a viscoplastic nature, with
a variable plastic viscosity n, The approximation of flow curves requires
a general, tri-parametric rheological model.

2. The recommended rheological model is the general, tri-parametric Herschel—
Bulkley model which can be transformed into simpler, bi-parametric and sin-
gle-parameter models, in the conditions of simplification of the internal struc-
ture of cement pastes.

3. Rheological tests should be conducted with use of a rotational viscometer,
with the possibility to determine the characteristic yield stress 7, for a wide
range of concentrations C, or water to cement ratios W/C. This w111 allow to
determine the transient concentratlon differentiating between Newtonian and
non-Newtonian behaviour of the mixture, and to present the relation between
rheological parameters as a function of concentration: t, (C)), &(C), n(C).

4. The test results should be generalised basing on the non-dimensional criterion
MRe,,,), linking the Darcy friction factor A with the general Reynolds number
Re,,, taking into account the rheological properties of cement pastes.
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Rheological foundations of the hydraulic transport
of cement pastes

Abstract

This study presents the rheological tests of cement pastes of various mass concen-
trations C,, corresponding to various water to cement ratios W/C. The tests were conduct-
ed with use of Couette-Sarle rotational viscometer, for cement pastes prepared with use
of two types of cement: CEM II/B-S 32.5 R i CEM II/B-S 42.5 N, at concentrations cor-
responding to water to cement ratio /¥/C fluctuating within the range from 0.35 to 0.70.

The curves of flow were approximated with use of the tri-parametric, general rheo-
logical Herschel-Bulkley model. This model provides an optimal description of rheologi-
cal properties of cement pastes that behave like viscoplastic mixtures, with a characteris-
tic yield stress 1. The conducted tests allow us to generalize the obtained results with use
of the non-dimensional criterion X(Regm), linking the Darcy friction factor A of the pipe
to the general Reynolds number Regen, describing the rheological properties of cement
pastes.

This constitutes a basis for the determination and analysis of the operation of
pump-pipe systems used for the transportation of cement pastes for different application
technologies, in the laminar zone of flow.

Key words: cement pastes, rheological models, Reynolds number, laminar flow, head
loss, pump-pipe transport
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Reologiczne podstawy
hydrotransportu zaczynow cementowych

Streszczenie

W pracy przedstawiono badania reologiczne zaczynow cementowych o réznych
koncentracjach wagowych C, odpowiadajacych r6znym wskaznikom wodno-cemento-
wym W/C. Badania przeprowadzono za pomoca wiskozymetru rotacyjnego typu Couet-
te’a-Sarle’a, dla zaczynow cementowych wykonywanych przy uzyciu dwoch cementow:
CEM II/B-S 32.5 R i CEM II/B-S 42.5 N, przy koncentracjach odpowiadajacych wskaz-
nikowi wodno-cementowemu #/C zmieniajacemu si¢ w przedziale od 0.35 do 0.70.

Aproksymacj¢ krzywych ptynigeia przeprowadzono za pomoca trojparametro-
wego, uogdlnionego modelu reologicznego Herschela—Bulkley’a. Model ten optymalnie
opisuje cechy reologiczne zaczynoéw cementowych, zachowujacych sig jak mieszaniny
plastyczno-lepkie, z charakterystycznym progiem plynigcia t,. Przeprowadzone badania
pozwalaja na uogdlnienie uzyskanych wynikow za pomoca bezwymiarowego kryterium
k(Regen), wiazacego wspotczynniki oporu rurociagu A, z uog6lniona liczba Reynoldsa
Re,,,, ujmujaca cechy reologiczne zaczynéw cementowych.

Stanowi to podstawg do okreslenia i analizy pracy instalacji pompowo-rurowych,
stosowanych do transportowania zaczynéw cementowych przy réznych technologiach
ich wykorzystywania, w laminarnej strefie przeptywu.

Stowa kluczowe: zaczyny cementowe, modele reologiczne, liczba Reynoldsa, ruch lami-
narny, straty hydrauliczne, transport pompowo-rurowy
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