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Abstract: One of the most important steps in drilling a well is cementing the annular space 
between the casing and the rock formation. This process is significant because of the stabi-
lization of the well and effectively separation of the consecutive rock horizons. It is essential 
that cementing ensures the durable and effective insulation of the rock mass. The complete 
displacement of the drilling fluid from the annular space is particularly important due to 
a number of negative phenomena related to its insufficient extrusion. The cement slurry 
pressed through the annular space displaces the mud but is unable to thoroughly remove 
the residue left behind sufficiently. The subject of the laboratory research was to check how 
selected washer affect the efficiency of displacing drilling fluid from the annular space of 
the borehole. In addition, the tests included the determination of the optimal washing time 
and optimal pumping rate of the washing fluid. 
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1. Introduction
The most important technical and technological fac-
tors influencing the effective cementing of casing 
pipes are, among others, the technical condition of 
the borehole, the proper preparation of the borehole 
before the cementing operation and the cementing 
method, but also the proper removal of drilling fluid 
from the annular space. The complete displacement of 
the drilling fluid from the annular space is particular-
ly important due to a number of negative phenome-
na related to its insufficient extrusion [1]. The cement 
slurry pressed through the annular space displaces the 
mud but is not able to sufficiently thoroughly remove 
the residue left behind. After injection, cement slur-
ry may mix with the unremoved components of the 
drilling fluid. Due to harmful chemical reactions and 
physical phenomena in the contact zone between mud 
and slurry, it is possible to form liquids which will 
be difficult to pump. As a  result, it will be necessary 
to increase the injection pressure of the slurry in the 
cement aggregates. In turn, this increases the risk of 
chemically active filtrates from the mud and slurry 
penetrating the well zone. This can lead to a deterio-
ration of the permeability in the zones [2, 3]. More-
over, such contact of the chemical compounds of the 
mud and cement slurry may also adversely affect the 
setting time of the slurry and strength parameters of 
the hardened cement sheath. Additionally, it is pos-
sible to form pockets of mud not filled with sealing 
slurry which may cause uncontrolled flows of deposit 
media and thus problems in exploitation. Such a sit-
uation may occur when drilling into a  gas-bearing 
zone [4]. A porous cement sheath can lead to gas accu-
mulation in the inner-casing space which could result 
in an increase in pressure at the top of the borehole 
and the need to release the gas. When using drilling 
muds with the addition of high viscosity and struc-
tural strength weighting agents, it may be important 
to facilitate the displacement of the drilling fluid from 
the annular space of the borehole. Insufficient removal 
of the drilling fluid or its sediment from both the rock 
formation and the casing surface can also lead to com-
plications during the cementation process by the for-
mation of mud channels across the deposit zones and 
other permeable zones. This can lead to the so-called 
channeling of the mud through the sealing slurry and 
result in difficulties in the adhesion of the slurry to 
the rock layers and walls of casing pipes. For adequate 
displacement of the drilling fluid, it is desirable to 
achieve turbulent flow with a suitable washing fluid or 
light pre-slurry. Without them, achieving a flow veloc-
ity enabling its disturbance would require injecting 
the slurry with greater pressure, which could result in 
fracturing the rock layers.

2. Washes and pre-flushes
During the cementing process of casing pipes, when 
the cement slurry is injected into the borehole, it may 
mix with the remaining drilling mud, forming difficult 
to pump liquids. In addition, a  number of chemical 
reactions and physical phenomena can occur in the 
contact zone between the mud and the slurry that neg-
atively affect rheology and technological parameters of 
slurry, hindering or preventing the effective process 
of cementing.

Chemical and physical interactions between the 
slurry and mud force the use of higher injection pres-
sures of the cement slurry, which in turn may adversely 
affect the injection of chemically active filtrate from the 
drilling fluid into the pores of the rocks and deterio-
ration of the near-hole permeability. Moreover, higher 
injection pressure of slurry may result in hydraulic frac-
turing of low-strength layers, and in extreme cases, it 
may even make it impossible to pump the cement slurry. 
In order to eliminate the above phenomena and prevent 
contact between slurry and drilling mud, it is common 
to used advanced fluids, i.e. washes and pre-flushes.

3. Properties of washes 
and pre-flushes

When flushing drilling fluid residues from the bore-
hole, it is important to select the appropriate washes or 
pre-flushes individually for each cementation proce-
dure. The degree of displacement of the mud and the 
effectiveness of cementation depends primarily on their 
physical, chemical and technological properties. 

Washing fluids are liquids with a density very close 
to that of water. They are usually designed to clean the 
annular and non-tubular space of the mudcake before 
the cementing procedure. The use of these fluids gen-
erally causes the dilution and dispersion of the mud. 
These liquids also have a relatively low viscosity, which 
positively affects the turbulent nature of the flow of 
this liquid in the annular space, which is desirable for 
efficient drilling fluid removal. Washing fluids usually 
contain surfactants or dispersants, which has a positive 
effect on the removal of mud cake [5].

Sometimes, we can define washes as pre-flush-
es, although they differ from one another in several 
respects, including their specially designed rheologi-
cal and density properties. They are primarily used to 
separate individual drilling fluids. Pre-flushes contain 
much more solids than the washes to achieve a  more 
efficient removal of the mudcake from the borehole 
wall. They are also more effective at separating drilling 
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fluid and cement slurry. Washes and pre-flushes, due 
to their function, should be characterized by constant 
properties and negligible influence on the properties of 
the drilling fluids in the event of contact of both liquids. 
When exposed to high temperatures, they should main-
tain constant rheological properties and not affect the 
viscosity and setting time of the cement slurry. Depend-
ing on the drilling area, the washing fluids should be 
easily adjustable in terms of their physical, chemical and 
rheological properties, such as density, viscosity, and 
structural strength. It is also required that they show 
tolerance to the effects of chemical additives derived 
from the mud and slurry, such as liquefers, retarders, 
setting accelerators or dispersants. For pre-flushes, 
which are typically more dense and have a higher solids 

content than washes, it is desirable to be able to hold the 
drill cuttings and additional rock solids and mudcake in 
suspension. Both washes and pre-flushes must not react 
with steel, causing corrosion, and with the components 
of rocks and reservoir waters. Washes and pre-flushes 
should be easy to prepare with the use of fluids from the 
drilling rig, without the need for special liquids.

Advanced liquids can be divided due to two cri-
teria. The first criterion is the division of those fluids 
according to the tasks during the cementation process 
of the casing column in the borehole. Classification is 
shown on the Figure 1.

The second one is the criterion of the type of fluid 
flow in the annular space of the wellbore when cement-
ing the casing. A classification is presented in Figure 2.

Fig. 1. Classification of advanced fluids due to their functions [5]

Fig. 2. Classification of advanced fluids due to the nature of the flow [5]

4. Flow through the wellbore
The method of pumping advanced liquids and sealing 
slurry in the borehole plays an important role in achieving 
the effective sealing of the casing column with a cement 
slurry. Basically, we can distinguish four stages of liquid 
flow in the borehole: laminar flow, transitional flow, tur-
bulent flow and piston flow. We deal with laminar flow in 
wellbore conditions when Reynolds number (Re) < 2100, 
and with turbulent flow when Re > 3000. When Re is 
in the range from 2100 to 3000, then we can talk about 
a transitional (mixed) flow, showing the features of both 
laminar and turbulent flow [6]. A graphical representation 
of laminar and turbulent flow is presented in Figure 3.

In drilling practice, two types of flows are usually 
used: reciprocating and turbulent. They show the best 
effects of scrubbing sludge removal from the annular 
space. They are characterized by a  flat velocity dis-
tribution profile [6, 7]. The plug flow profile is quite 
flat, the velocity of all fluid particles in such a flow is 
the same at all points. The technological properties 
of advanced fluids should be selected so as to ena-
ble obtaining plug flow at the highest possible flow 
velocities, and turbulent flow at the lowest possible 
velocities. The first condition is dictated by the maxi-
mum efficiency of scrubbing sludge removal from the 
borehole wall and casing, while the second condition 
is due to the pump capacity. In order to obtain plug 
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flow at maximum flow rates, the leading fluids should 
have high structural strength and plastic viscosity [7]. 
It is also required that the advance fluids have a cer-
tain required density, which is lower than that of the 
sealing slurry but higher than that of the drilling fluid. 
Piston flow is used in annular spaces of medium and 
large diameter, in the order of 40–60 mm, as well as in 
directional drilling [1].

Fig. 3. Classification of advanced fluids due to the nature of 
the flow: a) laminar flow; b) turbulent flow

5. Factors and phenomena 
affecting the effective 
removal of the drilling fluid 
from the annular space

The perfect sealing of the annular space in the wellbore 
requires that all fluids previously present in the bore-
hole (drilling mud with drill cuttings, formation fluids) 
are completely removed and replaced with cement slur-
ry in the entire volume of the annular space. Excellent 
fluid displacement and a perfect seal are, however, rare-
ly seen. The main factors and phenomena influencing 
the quality of effective cementation are [5, 7]:

	– the shape of the borehole (caverns, washouts);
	– eccentric placement of the casing column;
	– rheological properties and density of drilling fluid, 

cement slurry and advanced fluids;
	– the scheme of the injection of advanced fluids 

(washing time, volume flow);
	– hole inclination (vertical, directional, horizontal);
	– type of flow in the annular space (laminar, turbu-

lent, transitional);
	– escapes of mud in the rock mass.

6. Laboratory research
The subject of the laboratory research was to check 
how different types of washes and pre-flushes affect the 
efficiency of displacing drilling fluid from the annular 
space of the borehole. In addition to the selection of the 
best washing fluid, the tests included the determination 
of the optimal washing time and the optimal pumping 
rate of the washes and/or pre-flushes.  

The research included determining the effective-
ness of cleaning the internal surfaces of steel bushing 
by various types of washes. Apart from various types of 
advanced fluids, the influence of the flow rate and the 
washing time on the degree of cleaning the steel surface 
from the washing residue from the mud was also inves-
tigated. A washing device (Fig. 4) was built to simulate 
the flow of advanced fluids in the borehole.

Fig. 4. Washing device used for the laboratory research:  
1 – a metal frame; 2 – hydraulic system consisting of PCV 
pipes; 3 – pipes with spacer nuts; 4 – steel bushing during 

washing; 5 – electrical device measuring the flow rate;  
6 – submersible pump Viper 2850 WQD-10-8-0.55;  

7 – pre-flush in plastic barrel

The bushing with the created reside on its inner 
surface is inserted between the sockets of PVC pipes 
and tightly tightened with distance nuts. Then the fluid 
pumped by the pump from the barrel goes to the pipes, 
flows through the bush and goes back to the barrel. 
The device works in a  closed circuit. In order to pre-
vent foaming of the washing liquids, the sockets of PVC 
pipes placed on the washed bushing were additionally 

a) b)
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equipped with rubber seal to prevent the ingress of air 
into the circulation. The flow rate was changed by turn-
ing the ball valve mounted under the flow meter. The 
washing time was measured with a stopwatch. 

The density of washing fluid was 1000 kg/m3, its 
filtration has value 6 s, structural strength was 0.4788 Pa 
for both 10 seconds and 10 minutes. Apparent viscosity 
was 3.25 mPa∙s, plastic viscosity: 2.5 mPa∙s and yield 
point 0.0893 Pa.

The washing of the steel bushing was carried out 
at specially defined washing pumping streams. The first 
three flow rates were determined based on the  flow 
characteristics of the washing fluid. Delivery rates of 
0.00024 m3/s, 0.00035 m3/s and 0.00047 m3/s were cal-
culated based on the Reynolds number limit values of 
2000, 3000 and 4000, respectively. In order to determine 
these expenses, it was necessary to first calculate the 
velocity of the fluid flow in the bushing, transforming 
equation (1) into the Reynolds number as follows [7]:  

R �
� ��
�
v D � (1)

where:
ρ 	 – 	 the density of the flowing fluid [kg/m3],
v 	 – 	fluid speed [m/s],
D 	– 	pipe diameter [m],
η 	 – 	dynamic viscosity [Pa · s],
R 	 – 	dimentionless Reynolds number [–].

After the necessary transformation, equation  (1)   
was turned into: 

v
D

�
�
�

R �
�

� (2)

In the above equation (2), parameters of an exem-
plary wash were taken as the dynamic viscosity and 
density. The bushing diameter was 0.05 m. After substi-
tiotions, the equation has the form:

v � �
�

�
2000 0 003
1000 0 05

0 12.
.

.  m
s

Flow rate was determined from formula [8]:

Q = v ∙ F� (3)

where: 
Q 	– 	flow rate [m3/s],
F	 –	 the cross-section area of the bushing [m2].

Cross-secion area was determined from equation [8]:

F D
� ��

2

4
� (4)

After the substitutions, the cross-section area and 
flow rate have the following values: 

F � � ��
0 05

4
0 001963

2
2. .  m

Q � � �0 12 0 001963 0 000236
3

. . .  
m
s

Another assumption for the flow rates was the flu-
id flow in the annular space of the borehole. Two holes 
with a diameter of 8 ½″ and 12 ¼″ were adopted, into 
which columns of casing pipes with an outer diameter 
of 7″ and 9 ⅝″ were inserted, respectively. For each of 
the holes, the pumping flow of the washing fluids were 
assumed to be 0.005 m3/s and 0.010 m3/s. Additionally, 
a fluid flow of 0.0125 m3/s was assumed for the 8 ½″ 
hole. Then, the Reynolds numbers were determined 
for the fluid flow in the annular space of each holes at 
each of the pumping flows, and based on them, the fluid 
flows in laboratory tests were calculated. Parameters of 
laboratory assumptions are shown in Table 1.

Table 1. Laboratory assumptions concerning the diameters 
of borehole and casing, flow rate and Reynolds number

Diameter of 
the borehole [″] 

/ diameter of 
the casing [″]

Flow rate  
[m3/s]

Reynolds 
number

[–]

Flow  
rate in the  
laboratory 

research  
[m3/s]

8 1/2 / 7 0.0050 5 390 0.00064
0.0100 10 780 0.00127
0.0125 13 479 0.00159

12 1/4 / 9 5/8 0.0050 3 820 0.00045
0.0100 7 639 0.00090

The first step before washing the bushing was to 
apply a layer of the mud to the inner wall with a brush. 
The bushing inside with an oil mud is shown in Figure 5.

Fig. 5. Bushing with layer of oil mud inside
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The bushings were washed for 2, 5, 10 or 15 min-
utes. After washing, the bushings were paired with the 
stands, poured over with a  sealing slurry and left in 
water at 20°C for 48 hours, or in a water bath at 80°C 
for 24 hours. 

After the required time had elapsed and the 
cement slurry had hardened, the force needed to break 
the adhesion of the cement sheath with the wall of the 
steel bushing was checked. Extrusion of the hardened 
cement from the bushing was performed with a Mat-
est model 183 PN 100 hydraulic press [8]. The bush-
ing with the hardened cement slurry was placed in the 
press at the sample breaking station. The bushing rest-
ed on a  steel ring that allowed the hardened cement 
slurry to slide down freely when pressure was applied 
to it. 

At the top of the bushing, a special piston-shaped 
“squeezer” with a diameter equal to the internal diam-
eter of the bushing was placed, which exerted pressure 
on the hardened cement slurry, breaking its adhesion 
with the steel bushing. The pressure force at which the 
adhesion of the hardened cement slurry with the bush-
ing was broken determined the amount of adhesion 
of the hardened cement slurry to the bushing, which 
in turn determined its degree of washing from the fil-
tercake [9, 10], e.g. when the hardened cement slurry 
slipped out of the bushing spontaneously without any 
force applied to it, it could be said that filtercake was 
not removed.

The research on washing steel bushings from 
the filtercake began with carrying out blank tests, 
i.e. checking the degree of adhesion of the hardened 
cement slurry to perfectly clean bushing and to the 
bushing with the filtercake applied. This was to create 
a comparative value to determine the degree of filter 
cake removal efficiency of individual fluids. 

The force needed to break the adhesion of the 
hardened cement slurry with the bushing was taken 
as a measure of the adhesion of the hardened cement 
slurry to the steel bushing. As the minimum value 
of the stresses at the process of breaking the sample, 
above which it can be considered that there is suffi-
cient adhesion of the hardened cement slurry to the 
bushing, the value of 0.1 MPa was adopted. 

The minimum pressure force is determined from 
equation [8]:

F = P · A� (5)

where:
F 	 –	 pressure force [N],
P 	 – 	 tention [Pa],
A 	– 	 the contact surface of the hardened cement slur-

rywith the bushing [m2].

The contact surface of the hardened cement slurry 
with the bushing was determined from equation  [8]:

A = π · D · H� (6)

where:
D 	–	 diameter of bushing [m],
H 	–	 hight of the bushing [m].

After the substitutions, contact surface of the hard-
ened cement slurry with the bushing has value: 

A = π ∙ 0.05 ∙ 0.054 = 0.00848 m2

F =100 000 ∙ 0.00848 = 848 N = 0.848 kN

The type of rinse was a 10% aqueous solution of 
the patent concentrated cleaner containing anionic 
compounds and surfactants. The chemical composition 
was very similar to popular cleaners, except that it did 
not contain fragrances [1, 11]. 

The washer was tested at the following flow 
rates: 0.0009 m3/s, 0.001270 m3/s and 0.00159 m3/s. 
Visually noticeable effects of removing the filter cake 
from the bushing were obtained for 3 fluid rates: 
0.001270 m3/s during 15 minutes, 0.00159 m3/s dur-
ing 15 minutes and 10 minutes and 0.00197 m3/s 
during 15 minutes, 10 minutes, 5 minutes and 2 min. 
The bushing washed with these rates were selected 
for cementing phase of the laboratory research. The 
flow rate of 0.00159 m3/s corresponded to a Reynolds 
number of 13 479 obtained when injecting the fluid 
into the borehole at a  rate of 0.001270 m3/s, while 
flow rate of 0.00197 m3/s was due to equipment lim-
itations. The binding and hardening of the cement 
slurry took place at 80°C for 24 hours. 

The average values of adhesion for different flow 
rates and for different flushing times with the washes 
used are presented in Figure 6.

Fig. 6. Average values of adhesion for various pumping rates 
of the washing fluid and for various washing times

The washing efficiency can be seen in the Figure 7.
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Fig. 7. Photos of the effects of washing steel bushing from the filtercake with a wash
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Fig. 7. cont.
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7. Conclusions
Cleaning the annular space between the borehole and 
casing is critical during the process of cementing a well. 
The drilling fluid circulating in the well settles on the 
wall of the borehole and on the outer space of casing 
pipes and may cause insufficient connection between 
the hardened cement slurry and steel pipes. In order to 
minimize this risk, an appropriate washing fluid should 
be selected to clean the annular space of the borehole. 
After conducting laboratory tests, it can be concluded 
that both the flow rate and the flushing time play a large 
role in the process of cleaning the borehole from the 

residue. Moreover, it can be noticed that the increase 
in the flow rate of the washing fluid has a positive effect 
on the removal of the oil filter cake. On the other hand, 
the increase in the washing time of the steel bushing 
did not always increase the efficiency of this process. 
The pump used in the tests caused a gradual increase 
in the wash temperature due to its long-term operation. 
It was visually observed that as the wash temperature 
increased, the efficiency of the wash scale removal from 
the steel bushing increased. While testing the adhe-
sion of the hardened cement slurry to the bushing, the 
results were sporadically divergent. This could be due to 
a corroded contact surface with the cement.
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