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This article uses on-site drilling data and establishes a hydraulic model for pres-
sure-controlled cementing to simulate and analyze the generation process of the 
vacuum interval in the wellbore, as well as the changes in the volume and height of 
the vacuum interval, bottom hole pressure, and point of interest pressure over time. 
This model can optimize and recommend key parameters such as target wellhead 
back pressure and displacement based on the pressure window and drilling param-
eters, with the target pressure of the focus point as the anchor point. Through the 
hydraulic model of controlled pressure cementing, the hydraulic parameters and 
processes of managed pressure cementing can be optimized and recommended, 
effectively ensuring the safety of the cementing process.
Key words: managed pressure cementing, wellhead back pressure,  

vacuum interval, U-tube effect, hydraulic model

Introduction

In the context of deep well cementing, the U-tube effect emerges as a crucial chal-
lenge, necessitating anexamination of the vacuum interval’s formation and management. The 
U-tube effect signifies the imbalance between pressure within the drill pipe and the pressure 
within the annulus during the operation of the drilling system. The U-tube effect results from 
differing densities of cement slurry and drilling fluid in a wellbore. When this density difference 
surpasses a critical threshold, it creates a static pressure difference, overcoming flow resistance 
and initiating the U-tube effect [1]. This can lead to the formation of vacuum intervals within 
the wellbore. Notably, when engaging in activities such as connecting single pipes, tripping, 
logging, or conducting routine pump shutdowns, drilling fluid within the drill pipe continues to 
flow along the pipe and seeps into the annulus via the drill bit until equilibrium is established 
between the pressure within the drill pipe and the liquid column within the annulus [2, 3].

When a vacuum interval is generated, the standpipe pressure disappears, and the out-
let flow and inlet flow continue to be imbalanced, affecting the complex judgment of the un-
derground [4]. To address and mitigate the potential hazards associated with the U-tube effect, 
several strategies have been developed. These strategies encompass adjusting cement displace-
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ment procedures to alleviate the U-tube effect, employing bottom plugs during cementing, in-
troducing friction between the bottom plug and the wellbore wall to counteract some of the ef-
fects stemming from fluid density differentials [5] and utilizing U-tube effect controllers [6-8].

Given the importance of managing vacuum intervals within the U-tube effect and ad-
dressing the associated hazards, it is essential to implement effective control measures. These 
measures may involve optimizing pumping rates [9, 10] managing cement slurry density differ-
entials [11] or utilizing specialized U-tube effect controllers to minimize adverse impacts and 
ensure long-term well stability [12].This paper introduces a finely-tuned pressure control model 
that focuses on a precise pressure window to contain vacuum sections within the U-tube effect.

Figure 1. Standard well bore diagram and schematic representation of the well system;  
(a) standard wellbore diagram and (b) schematic representation of the well system

Methodology

A mathematical model is established by applying the principles of mass and momen-
tum conservation analyze the fluid dynamics within the well during free fall. The field equa-
tions are simplified into a 1-D model through Eulerian area averaging [13]. The system of 
equations is further simplified into an ODE under the assumption that the system fluids exhibit 
incompressibility. The resultant initial value problem is addressed through numerical solutions 
employing the Runge-Kutta method.

Figure 1(a) shows a wellbore schematic used for model equations in directional wells 
with various system fluids, including drilling fluid, wash, spacer, lead cement slurry, tail cement 
slurry, and displacement fluid, with the vacuum interval considered a fluid, fig. 1(b). Fluid po-
sitions are shown in constant-diameter intervals along the S co-ordinate, starting at the column 
entrance, moving down the column, up the annulus, and ending at the annular exit.

At the wellhead, as pressure decreases, water vapor fills the low pressure zone, as-
suming incompressible fluids. Fluids are introduced at the vacuum/fluid interface, and the sys-
tem treats pipe, wellbore, and borehole walls as rigid. Equation (1) defines the annular exit’s 
boundary condition:

8k ap p= = (1)
where p is the pressure and pa – the annular pressure.

This condition holds throughout the entire process, with or without vacuum. The 
boundary conditions at the column entrance depend on the system’s state. In the absence of 
vacuum and when the fluid column is not in free fall, the conditions are given [12]:

injq q= (2)
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and
injdd

d d
qq

t t
= (3)

where q and dq/dt are flow rate and qinj and dqinj/dt – the injection flow rate.
In the presence of a vacuum and with a free-falling column, the conditions reads:

1k vp p= = (4)
where pv is the internal pipe pressure.

To obtain the differential equations, a macroscopic balance is conducted utilizing the 
principles of mass and momentum conservation. Subsequently, during the free fall phase, we 
have [12]:
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where δ and ρ are the density, g – the gravitational acceleration, h – the height, L – the segment 
length, Aj – the cross-sectional area, and dp/ds – the pressure. Here, eq. (5) comprises a col-
lection of terms in the numerator, representing contact and gravitational forces, and includes 
inertial terms in the denominator. 

The pressures at each interface between intervals with constant diameters are provid-
ed, both in the presence and absence of a vacuum [12]. We may show [12]:

7

1
2

dd g
d d

ij f
k k i j ij ij

ji ij

L pqp p h L
A t s

ρ δ+
=

  
 = + + +     

∑ (6)

where δ and ρ are density, g – the gravitational acceleration, h – the height, L – the segment 
length, A – the cross-sectional area, and dp/ds – the pressure. 

Friction loss terms calculated with Bingham, power-law, and Newtonian fluid equa-
tions, improved through Petrobras Research Center experiments. 

Experiment

The purpose of this experiment was to systematically compare simulated environ-
ments under controlled pressure conditions with those lacking such control. The detailed results 
of this comprehensive comparative experiment are presented in fig. 2. For a thorough under-
standing of the experiment’s parameters, extensive information is provided in tabs. 1-6 in the 
Appendix.

A comprehensive analysis of the experimental results clearly demonstrates that the 
method proposed in this study significantly prevents the formation of a vacuum interval. Figure 
3 visually illustrates this effect: on the left side, results with controlled pressure are presented. 
When a denser drilling fluid follows a less dense drilling fluid, the formation of a vacuum in-
terval within the wellbore becomes evident. Without pressure control, the vacuum interval does 
not dissipate immediately but persists for a specific duration asliquid injection continues. Con-
currently, the hydrostatic pressure within the wellbore significantly decreases and, in certain 
scenarios, reaches absolute zero pressure.
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Figure 2. Comparison of fixed point pressure under different experimental conditions;  
(a) pressure at depth 5200, (b) pressure at depth 5700, and (c) pressure at depth 6300

Figure 3. Experiments result comparison; (a) experiments without pressure management and  
(b) experiments with pressure management

Moreover, this article conducts a meticulous examination of the pressure variations at 
different flow rates, particularly under two distinct depths, as showcased in fig. 2. This analysis 
underscores the precision with which pressure can be controlled within the predefined upper 
and lower thresholds.

The software developed in the course of this study not only implements the under-
lying model but also furnishes a sophisticated virtual simulation environment, as exemplified 
in fig. 3. Within the software, users are merely required to input the essential parameters in-
dispensable for the simulation of the environment through the intuitive menu bar on the right. 
Subsequently, they can initiate the calculation process by a simple click of the button. The 
software exhibits an inherent capability to autonomously compute and meticulously display a 
myriad of data acquired during the cementing process at the core of the interface. Furthermore, 
a simulated wellbore is artfully depicted on the left side of the software, affording a vivid and 
graphical representation of the intricate cementing process.

Conclusion

This research paper has addressed the critical issue of managing wellbore vacuum 
during cementing through pressure control. Wellbore vacuum can lead to fluctuations in bot-
tom-hole pressure, affecting cementing quality and potentially causing well leakage in narrow 
pressure window formations. Addressing this issue holds significant potential value for en-
hancing operational efficiency, reducing safety risks, fostering technological innovation, and 
ensuring the quality of wellbores and cement sheaths in the oil and gas industry. These advan-
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tages contribute to promoting sustainable exploration and production activities in the oil and 
gas sector. 
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Nomenclature
A	  – cross-sectional area, [m2]
g 	 – gravitational acceleration, [ms–2]
h 	 – height, [m]
q 	 – flow rate, [m3s–1]
qinj 	– injection flow rate, [m3s–1]
L 	 – segment length [m]

p	  – pressure, [MPa]
pa 	– annular pressure, [MPa]
pv 	– internal pipe pressure, [MPa]

Greek symbol

ρ 	 – density, [kgm–3]
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Appendix

Table 1. Well structure parameter
Depth [m] Inside diameter [mm]

2493.3 245.37
5169 246.35

6511.8 266.7
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Table 2. Liquid distribution inside the pipe and in the annulus parameter

Density [kgm–3] Yield stress [Pa] Viscosity [Pa⋅s] Liquidity index Consistency coefficient [Pa⋅sn] 
2180 –3.27 0.089 0.91 48.85

Table 3. Tube combination parameter
Inside 

diameter [mm]
Outside  

diameter [mm] Length [m] Number of 
drilling rod

Segment 
length [m]

Drilling Rod-1 129.9 149.2 5441 567 9.59612
Weighted drilling Rod-1 92.1 149.2 288 30 9.6
Drilling Rod-2 129.9 149.2 600 62 9.67742
Weighted drilling Rod-2 92.1 149.2 182.8 19 9.62105

Table 4. Liquid distribution table below the pipe column

Density [kgm–3] Yield stress [Pa] Viscosity [Pa⋅s] Liquidity index Consistency  
coefficient [Pa⋅sn]

Drilling fluid 2180 –3.27 0.089 0.91 48.85

Table 5. Pressure parameter
Vertical 

depth [m]
Formation 

pressure [MPa]
Collapse 

pressure [MPa]
Leakage 

pressure [MPa]
Close  

pressure [MPa]
Fracturing 

pressure [MPa]
6008 108.336 111.869 0 125.411 146.02
6138 108.876 113.087 0 129.929 147.97
6192 104.372 112.261 0 131.072 148.67

Table 6. Injection fluid parameter
Name of liquid injected or operation successively Volume [m3] Flow [m3s–1] Continuous time

Isolation fluid-1 20 0.03 11:06
Cement paste-1 63 0.03 35:00

Pump-stop operation – – 10:00
Isolation fluid-2 5 0.03 2:46

Pump-stoped operation – – 5:00
Drilling fluid-1 23 0.03 12:46
Drilling fluid-2 5 0.03 2:46
Drilling fluid-3 10 0.03 5:33

Weighted drilling fluid-1 30 0.03 16:40
Weighted drilling fluid-2 3 0.02 2:30

Drilling fluid-4 11.5 0.02 9:35
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