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During cementing operations involving cement slurry contamination, problems often occur due to the inaccurate
calculation of the space fluid volume. This study, based on the turbulent dispersion theory, developed a
minimum volume calculation model of spacer fluid to prevent cement slurry contamination. This model was
used to analyze influence factors and practical calculations. The results indicated that the minimum volume of
spacer fluid increase with the eccentricity of casing and injection rate and decrease with the density of cement

slurry. Additionally, the better rheological properties of the cement slurry and spacer fluid would increase the
volume of the spacer fluid. Furthermore, this model fitted actual field data better than other heat calculation

models.

1. Introduction

During cementing operations, mud (drilling fluids) and cement
slurry will pollute different levels when directly contacting each other
[1-3]. The displacement efficiency and the cementing quality will be
reduced by cement slurry contacting and mixing with mud [4-6]. The
major reason is that monovalent sodium ions (Na™) on the clay surface
is replaced by calcium ion (Ca**) which is from cement hydration [7].
Thus, to avoid cement slurry mixing with mud, a certain volume of
suitably engineered spacer fluid is injected between the cement slurry
and mud [8-10]. However, it is still a problem how to be accurately
calculate the volume of the spacer fluid. Traditionally, calculation the
length and calculation contact time methods to confirm the volume of
spacer fluid are the prevalent methods [4,11]. However, these methods
are mainly based on the experience instead of accurately calculation,
resulting in the volume of spacer fluid too much or too little to maybe
trigger a security risk. Therefore, a volume of spacer fluid accurately
calculation model is needed.

The spacer fluid will disperse in drilling fluid and cement slurry
when they contacting each other and fluids are turbulent flow during
cementing operations [12,13]. Thus, the accurate calculation model
should be built based on the turbulent dispersion theory. Since the
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dispersion theory has been put forward, it has been widely applied in
the fields of chemical engineering, environmental dynamics, biome-
dical engineering and physiological fluid dynamics field etc. [14].
Taylor [15] proposed that Newtonian fluids will mix each other in a
tube by laminar flow when a velocity gradient in longitudinal, the so-
lutes will disperse in longitudinal due to non-uniform velocity. In ad-
dition, a concentration gradient in the radial direction leads to solutes
diffusion in the radial direction. Dispersion coefficient (K = a?v?/48D)
can be used to describe the solutes dispersion when the longitudinal
dispersion and radial dispersion reaching equilibrium [15]. Aris [16]
proposed “Taylor-Aris dispersion coefficient” model by considering
molecular diffusion in the longitudinal direction. This model is also
suitable for lower Peclet number [17]. A new Laminar flow dispersion
model was built by Gill [18] and the power fluid, Bingham fluid and
Ellis fluid dispersion coefficient models were built for flowing in a
circular tube [18,19]. It is the difference in the diffusion coefficient of
Non-Newtonian fluid and Newton fluid. It depends on the rheological
parameters of Non-Newtonian fluid [20]. Such as, the yield stress of
non-Newtonian fluids decreases the dispersion coefficient [21].

In past studies, the turbulent dispersion theory has been used to
build a model to calculate the volume of spacer fluid [22-24], but these
models based on a simplified plunger flow model and ignore the radial
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velocity. So the results of the calculation deviates from the actual. Be-
cause there is a radial velocity during cementing operation due to a
density difference between the fluids [25]. Therefore, the radial velo-
city should not be ignored.

In this work a minimum volume of spacer fluid calculation model
will be proposed based on the turbulent dispersion theory and con-
sidering the effect of radial velocity and casing eccentricity. Then, a
calculation example will be presented and influencing factors of the
minimum volume of spacer fluid will be analyzed. In addition to, this
model coupled with field data will be applied to calculate the volume of
sapcer fluid in a well during the cementing operiations, and the cal-
culated result are compared with those of other models.

2. Physical model and assumptions
2.1. Physical model

The spacer fluid is first injected into the casing, secondly, then ce-
ment slurry is injected, thirdly, a rubber plug is put into the casing,
finally, mud is injected to displacement the cement slurry during ce-
menting operation. Therefore, the fluids distribution in well hole is
mud, mud-spacer fluid mixed fluid, spacer fluid, cement-spacer fluid
mixed fluid, cement slurry and mud (Fig. 1). Fluids follow in casing and
annulus was considered separately because that the velocity in casing
and annulus is different due to the difference in cross-sectional areas of
channels. The fluids are turbulent flow to reach a high displacing effi-
ciency [12,26].

2.2. Assumptions

In this model, some assumptions and considerations are included as
follows: ® cement slurry and spacer fluid were regarded as power-law
fluids, @ calcium ions and other molecules diffusivity and injection rate
were regarded as a constant, ® Wellbore is rules and its wall is smooth,
@ casing and annulus regarded as a U-tube connection.

Rubber pl
Cement slu
Mud
Mud-spacer
sluid
Spacer fluid
Cement slurry—

spacer fluid

Fig. 1. Schematic of fluids distribution during cementing operations.
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3. Mathematical model

In a flow tube, the variation of tracer concentration, C, as a function
of time, t, radial position, r, and the axial distance along the tube, x, is
expressed by the following partial differential equation [15]:

or>  rodr  ox? ot ax 1)

where D is diffusion coefficient of ions or molecules, m?/s; and u is the
radial velocity distribution.

The longitudinal velocity distribution of power-law fluid is written
by Li and Cai [27] and it is presented:

n+1
3n+1 (r) n
u=——|1-|— Ugy
n+1 R )
where u,, is average velocity and it will be assumed independent of C,
m/s; and n is flow index of power-law fluid; R is the radius of the
channel, m; r is the distance from the central axis, m.

Because that 8C/dx? is much less than 6°C/dr? + r~1dC/dr , so it can
be ignored, and writing as:

L

R 3
Then Eq. (1) becomes:
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For convenience, the concentration and velocity will be defined
relative to axes which moves with the mean fluid velocity, that is:

X' =X — Ugt (5)

With these become Eq. (4) becomes:

3°C , 16C ,| 8C 2n 3n+1 nt1)dC
D|— 4+ ——|=R*|— + ua - Z

9z z 0z ot n+l n+1 ax’ (6)

Since the mean velocity across planes for which x’ is constant and is
zero, the transfer of C across such planes depends only on the radial
variation of C. If C were independent of x, it has been seen that any

radial variation in C very rapidly disappears. The small radial variation
in C can therefore be calculated from Eq. (7).

az_c + la_c = RZua"( 2n
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and in that calculation §°C/dx’ may be taken as independent of z.

ac .
% =0is:
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A solution of Eq. (7) which satisfies the condition
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where C,- is the value of C at z = 0.
The value of C across the section at x’ is:

1
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Substitute C from Eq. (8) into Eq. (9), then it becomes:

n? 27R*u2, 8Cy
2(15n* +8n+1) D (10)

Q=

From Eq. (10) it can be seen that C is dispersed relative to a plane
which moves with the mean fluid velocity, u,, exactly as though it were
being diffused by a process which obeys Fick's law of diffusion, but with
the effective dispersion coefficient k defined by Taylor [15].

k= n? R2u2,
2(15n* +8n+1) D a1

. . . c P
C* is the mean concentration over a section, C * = @ ‘2& is
X
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52* and the fact that no material is lost in the
process is expressed by the continuity equation for C*, namely:

9 = —ﬂRza—C
ox’ ot

indistinguishable from

T

12
Substituting for Q from Eq. (10) the equation governing longitudinal
dispersion is:
o’cx _ oc
o as

Whent =0, x<0, C=C,andt=0, x>0, C =0, thesolutions
of Eq. (13) is

1 X
Cx=—|1—erf ( )
2 [ 2kt ] as
The length of the mixed fluids is:
X = ZJH[erﬁnv(l - E)]
Co (15a)
The time of contacting and mixing is:
(= 7R*H
Q; (15b)
Where Q; is the injection rate, m®/s.
The volume of the mixed fluids is:
2
V = 27R? L erﬁnv(l _x )
2(15n%2 + 8n + 1)D Co (16)

According to Li and Walker [28], the mud will not be polluted
drilling fluid when C,/C = 0.01. So, Eq. (17) is written as:

‘ Uqy Hn?

V = 3.297R} \/2—
2(15n* + 8n + 1)D 17)

Friction velocity should be considered because of the turbulence
+
flow [29], ug, is written as \/g Ugy.
For the casing,

Hi 2£0.5
Vi = 3.297R} oy HIEY
242 (151% + 8n 4+ 1)D (18)
For the annulus
[ Hi 2£0.5
Vi = 3.297(R; = R})(R, — R) L
242 (15n% + 8n + 1)D (19)

where R, is wellbore radius, m; R; is casing radius, m; Re is Reynolds
number, Eq. (20), f is frictional coefficient, Eq. (21).

8% 1030u2, "R .
— (ca sin g)

Re n(8003"4:‘)"
12% 103pua2‘;': Eer - R)" (annulus)
n(lzooT) (20)
= Ign + 2.5
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where p is the density of the fluid, kg/m>, 5 is the viscosity coefficient of
the fluid, (Pa:S™). If eccentric annular has happened, the dispersion
coefficient increases with the gap width according to Eq. (10). There-
fore, the (R, — R;) becomes (R, — R;))(1 + e) , e is the casing eccen-
tricity, %.

The minimum volume of spacer fluid consists of: the mixed volume
of the cement slurry and spacer fluid in casing and annulus, respec-
tively, and the mixed volume of mud and spacer fluid in casing and
annulus, respectively. So the minimum volume (V,) of spacer fluid is
presented:

399
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Table 1
The design parameters of well.

Well depth Casing diameter ~ casing wall Hole diameter e (%)

(m) (mm) thickness (mm) (mm)

3000.00 168.30 7.72 190.50 0.00
Table 2

The rheology parameters and density of the fluids.

Fluids n n (Pa-s™) Density (g/cm?)
Cement slurry 0.923 0.379 1.90
Spacer fluid 0.591 0.623 1.45

Table 3
Calculation values for the spacer fluid volume of the wellbore diameter
190.5 mm with 168.3 mm casing.

Calculation Casing inner Annulus Total
parameters
Cement- Spacer Cement- Preflus-mud
spacer fluid fluid-mud spacer fluid
Mixed length 108.55 64.10 68.10 38.97 277.01
(m)
Mixed volume 1.46 0.86 1.87 1.19 5.43
(m®)
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Fig. 2. The length and volume of spacer fluid change with eccentricity.
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Fig. 3. The length and volume of spacer fluid change with injection rate.

Vi = Vese + Vesa + Vime + Vema (22)
where V. is the mixed volume of the cement slurry and spacer fluid in
the casing, m?; V., is the mixed volume of the cement slurry and spacer
fluid in the annulus, m?; V. is the mixed volume of the mud and spacer
fluid in the casing, m%; V;,, is the mixed volume of the cement slurry
and spacer fluid in the annulus, m>.
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Table 4
The rheological parameters of cement slurries and spacer fluid fluids.
Rheological parameters Cement slurry Spacer fluid
1# 2# 3# 1# 2# 3#
n 0.923 0.891 0.798 0.590 0.698 0.728
k 0.379 0.421 0.485 0.347 0.623 0.934

4. Calculation example of spacer fluid's volume
4.1. The calculation conditions

In order to analyze the influencing factors of the minimum volume
of the spacer fluid, a vertical well is assumed with its design parameters
shown in Table 1 and the injection rate is 0.033 m>/s. The rheology
parameters and density of fluid are shown in Table 2. The diffusion
coefficient of calcium ion is 6 x 10~ °m?/s. The enlargement rate of
well hole diameter is 10%.

4.2. The calculation results

Egs. (18), (19) and (22) are used to calculate the mixing volume of
cement in annulus and casing. According to data in Tables 1 and 2, the
calculation values of the mixed volume and length are summarized in
Table 3.

As shown in Table 3, the total mixed volume is the minimum vo-
lume of spacer fluid during cementing operation. It is easy to find that
the length of mixed fluid in the casing (172.65 m) is longer than that of
an annulus (107.07 m), but mixed volume (2.32 m®) is smaller than that
of an annulus (3.06 m). This is because that the cross-section area of the
annulus is bigger than the casing. The mixed length and volume of
cement-spacer fluid are bigger than that of spacer fluid-mud because of
the different rheological parameters and density between the cement-
spacer fluid and spacer fluid-mud.

4.3. Effect factors analysis

According to the data in Tables 1 and 2, the effect of eccentricity
and injection rate on the mixed volume and length of spacer fluid was
analyzed; the results are shown in Figs. 2 and 3, respectively. These
figures show that the mixed volume and length of spacer fluid increases
with the eccentricity and injection rate. This is because that the ec-
centricity and injection rate increases the dispersion coefficient (Eq.
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Fig. 5. The volume of spacer fluid change with density of fluids.

Table 5
The mixing volume and length of spacer fluid of ZG-29 V well in Tarim Basin.

Methods Volume (m®) Length (m) Error (%)
Turbulent dispersion 8.40 379.82 4.61

Yao [22] 5.76 260.31 28.27
Chen and Wang [24] 3.09 140.04 61.52
Monitoring data 8.03 362.21 0.00

(10)). The mixed volume and length of spacer fluid linearly increases
with the eccentricity. When the eccentricity increased from 0% to 35%,
the volume and length of spacer fluid increased by 12.06% and 18.71%,
respectively (Fig. 2). Reducing casing eccentricity can reduce the vo-
lume of spacer fluid and reduce the risk of cement slurry contaminated.

The injection rate has a great influence on the volume of spacer fluid
(Fig. 3). When the injection rate increased from 0.01 to 0.05 m3/s, the
volume and length of spacer fluid have almost increased doubly
(Fig. 3). When the injection rate is less than 0.03 m3/s, the volume and
length of spacer fluid are greatly affected by the injection rate. Such as,
the injection rate increased from 0.01 to 0.03m?>/s, the volume of
spacer fluid increased by 61.14%. While ensuring the displacement
efficiency of the cement slurry, optimizing the injection rate can reduce
the risk of cement polluted.

The effect of rheological properties and density of fluids on the
mixed volume and length of spacer fluid were analyzed according to the
data in Tables 1, 2 and 4, and the results are shown in Figs. 4 and 5,
respectively. Fig. 4 the volume of spacer fluid is affected by the rheo-
logical properties of fluids. The better rheological properties of fluids
are, the larger the volume required for the spacer fluid. This is due to

45 350
B Volume [l Length
1 300
g 1250 £
S 30} 3
= =
= =1
5 {1200 35
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g g
3 {1150
(o} =
E 15} g
= {1100 3
1 50
0.0 0

Cement- Cement -
1#+Spacer-1#  2#+Spacer-1#

Cement -
3#+Spacer-1#

Cement -
1#+Spacer-3#

Cement -
1#+Spacer-2#

Fig. 4. The length and volume of spacer fluid change with rheological properties of fluids.
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the better rheological properties of fluids increasing in dispersion
coefficient. Fig. 5 shows that volume of spacer fluid reduces with the
density of fluids. This is because that friction velocity reduces with the
density of fluids increasing. But the volume of spacer fluid is very little
affected by the density of cement slurry and spacer fluid (Fig. 5). Such
as, the density of cement slurry changes from 1.2 to 2.3 g/cm?®, the
volume only reduces by 2.02%.

4.4. Practical example

The ZG-29 V well in Tarim Basin was used as a practical example to
investigate the applicability of methodology in this work. The ZG-29 V
well was drilled with borehole diameter 215.9 mm. The diameter of
casing was 177.8 mm and 5900 m depth. The performance parameters
of cement slurry were density (1.88 g/cma), and flow index, n (0.873),
viscosity coefficient, n (0.419 Pa'S™). The performance parameters of
micro-manganese composite spacer fluid were density (1.86 g/cm®),
and liquidity index, n (0.761), viscosity coefficient,  (0.93 Pa-S™), and
its designed volume is 11 m>. The injection rate was 0.028-0.03 m>/s
during cementing operations. By monitoring the returned fluids at
wellhead during operations, it was found that the length of mud-spacer
mixing fluid is 188.4 m and spacer-cement fluid is 213.8 m.

But 0.89 m® mud-cement slurry mixing fluid returning out illu-
strated that the volume of spacer fluid is insufficient.

The input data of the ZG-29 V well calculation the volume of spacer
fluid used by turbulent dispersion, Chen and Wang [24] and Yao [22]
methods. The results calculated by the different methods and compar-
ison with monitoring data are illustrated in Table 5. According to the
monitoring results of cementing operation in the field and Table 5, we
can find that the calculation results of Chen and Wang [24] and Yao
[22] methods are smaller than the practical, and there will exist a risk
of causing an accident by these two methods. However, the turbulent
dispersion method is more accurate than the other two methods and
there is no risk.

5. Conclusions

In this study, a numerical model has been developed to accurately
the minimum volume of spacer fluid which prevents cement slurry
contaminated during cementing operations. The method was used to
analyze the factors affecting the amount of spacer fluid. Major findings
were presented as follows:

(1) The minimum volume and length of spacer fluid increase with the
eccentricity of casing and injection rate.

(2) The better rheological properties of fluids are, the more volume of
the spacer fluid is needed due to the better rheological properties of
fluids increasing in dispersion coefficient.

(3) The minimum volume and length of spacer fluid reduce with in-
creasing in the density of cement slurry and spacer fluid.

(4) The calculated results in this study were closer to the practical than
other heat transfer models.
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