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Abstract 

The conventional cementing process for hydrocarbon wells involves the pumping 

of fluids (cement and drilling mud slurries) down the metal casing and up through the 

annulus between the casing and the well.  In deepwater, offshore wells, high pressure 

may complicate the primary cementing process and render conventional cementing 

techniques unusable.  

In response, reverse-circulation primary cementing (RCPC) has being explored as 

a means of overcoming these challenges.  In RCPC, fluids are pumped downhole through 

the annulus, and then up through the casing, in contrast to the conventional cementing.  A 

model to simulate this cementing job has been developed. A full hydraulic analysis of 

RCPC has also been performed. 

This model includes support for multiple fluids, coupled temperature and flow 

equations, and produces both pressure and temperature data. It was developed on the 

COMSOL Multiphysics software package and uses a Finite Element Analysis to solve the 

governing partial differential equations.  
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Chapter 1 

Introduction 

The conventional cementing process for hydrocarbon wells involves the pumping 

of fluids (cement and drilling mud slurries) down the metal casing and up through the 

annulus between the casing and the well.  In deepwater, offshore wells, high pressure 

may complicate the primary cementing process in a number of ways, such as exceeding 

the formation fracture pressure bound (formation fracturing), causing loss of significant 

amounts of circulating slurry into the rock formation (lost circulation), and ultimately 

resulting in cementing of unacceptable quality.  While careful design of the cementing 

process (e.g., pressures, flow rates, cement slurry consistency) may address the problems 

mentioned, these problems cannot be overcome when cementing many deepwater 

offshore hydrocarbon wells. 

In response, reverse-circulation primary cementing (RCPC) has being explored as 

a means of overcoming these challenges.  In RCPC, fluids are pumped downhole through 

the annulus, and then up through the casing, in contrast to the conventional cementing.  

This technique has been used in rare cases onshore and has proven effective at lowering 

equivalent circulating densities (ECDs).  However, technical challenges have prevented it 

from being used offshore until recent advances in downhole tool technology.  For such 

tools to be effective, quantitative analysis must guide the design and anticipated 

outcomes.   

Objectives 

The following are the main objectives of this research: 
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• To develop a simulator to predict temperatures and pressures/ECDs during 

a RCPC job.  

• To determine what causes RCPC to reduce ECDs at bottom-hole and 

thereby resolve the confusion in the literature regarding this issue. 

• To use this simulator to determine the viability of RCPC for a variety of 

wells and strings, and to predict job features for operators, such as U-

tubing (free-fall), pump pressure, required back-pressure, etc.  

• To develop simple methods to estimate the ECDs without running the full 

simulation.  

Literature Review 

The first use of RCPC was in Algeria, published by Marquaire and Brisac (1966). 

In his field, the formation exhibited a weak zone near the bottom of the well, which 

precluded the use of conventional techniques. The focus of the paper is on the case study 

and the practical method necessary for performing a RCPC job. However, they do 

explain that the pressure savings in RCPC is due to the frictional pressure differences 

from the different flow-paths. No discussion of temperatures during the job is included.  

Griffith et al. published an analysis of RCPC, focusing on displacement 

efficiency, and including a brief discussion bottom-hole circulating temperatures and 

pressures (1993). Most importantly, they show that RCPC does not have a significant 

effect on displacement efficiency. The authors provide a table showing pressure reduction 

at bottom-hole at the end of cement placement, but they do not provide an explanation of 

what drives this reduction, nor do they analyze the ECDs at any point other than bottom-

hole. The authors also claim that the bulk of the cement will experience a significantly 
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lower BHCT, but they provide no data to support this statement; this claim is 

contradicted by the data in this study, and the discrepancy will be discussed.  

An evaluation and case history of RCPC was published by Davies et al (2004), 

which includes a detailed list of advantages and disadvantages. The main advantages are 

reduced ECDs and improved mud displacement. The authors explain the reduced ECDs 

as follows: “ECD can be significantly reduced in RCC [RCPC] method. The gravity force 

is working in favor of the slurry flow; therefore, the hydraulic horsepower required to 

place the cement slurry is greatly reduced, which in turn reduces the friction pressure and 

yields low ECDs.” This is the first time that the ECD reduction has been attributed to the 

gravity force working with the cement flow. It contradicts the explanation of Marquaire 

and Brisac and the analysis in the present study. It also implies that ECDs are reduced 

throughout the well, and not just at bottom hole, which is also not true, as evidenced in 

this study and by Kuru and Seatter. 

Kuru and Seater published a technical note (not peer reviewed) in which they 

provide the only full hydraulic analysis of RCPC (2005). They verify the analysis of 

Marquaire and Brisac by showing that it is the frictional pressure change which causes 

ECD savings. This puts them in opposition to Davies et al. They also show that the ECDs 

are not decreased throughout the well, but only below a critical depth. Above this point, 

the ECDs are increased in RCPC. This is a new finding, which has not been mentioned in 

the literature either before or since, but is vitally important for analyzing RCPC.  

Moore et al. provides a case history, but couples it with a cursory hydraulic 

analysis and argues that it is primarily the reduction in frictional pressures which causes 

reductions in ECD, in agreement with Kuru and Seater, and contrary to Davies et al. 
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(2005). Moore alludes to the existence of a critical zone, but fails to explain this 

important topic. 

Marriott et al. provides a case history of RCPC being used to seal a tight liner gap 

(2007). They use almost the same incorrect argument as Davies regarding the cause of 

ECD reductions at bottom-hole. No mention of the critical depth or any increase in ECDs 

at other points in the well is mentioned. 

Hernandez and others published a series of papers on RCPC (Hernandez and 

Nguyen 2010; Hernandez and Bour 2010; Hernandez 2012). These papers provide 

additional case histories and summaries of previous works. They also repeat the argument 

of Davies et al. regarding the cause of ECD reductions at bottom hole. Furthermore, they 

list an advantage of RCPC being reduced temperatures in the cement, a claim with which 

this study disagrees.  

The previous studies were limited to onshore, surface wells. Wreden et al. 

provided the first analysis of RCPC in offshore wells (2014). They suggested a hybrid 

conventional/RCPC technique. In this situation, the fluids are pumped down the riser and 

drillpipe, in the same manner as conventional cementing, and then through a crossover 

tool which feed the fluids into the top of the casing annulus and circulated in reverse 

fashion. This is the configuration used for this study, although many of the conclusions 

are applicable to both original RCPC and offshore RCPC.  

To summarize the literature on RCPC, it has been used in several instances since 

it was introduced in the 1960s. In spite of this, the reason why RCPC reduces pressures at 

bottom-hole is still not well understood, and neither is the change in pressure at other 
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points in the well understood. While Kuru and Seatter provided a proper hydraulic 

analysis of RCPC, their work does not seem to have had an influence.  

Many simulators exist to model conventional cementing, and some of them 

include capabilities of modeling RCPC in surface wells. But none of them are capable of 

modeling the complicated flow-path in offshore RCPC.  

Temperature Modeling 

There are two main temperatures which operators use to characterize cementing 

jobs: the bottom-hole circulating temperature (BHCT), and the first-sack/last-sack 

temperatures. The BHCT is the temperature at bottom-hole during circulation. It varies 

during the cement job, as cooler fluids from the surface extract heat from the well. The 

BHCT is used to characterize the overall temperature of the well. The first-sack/last-sack 

temperatures describe the temperature at the front of the cement plug and the back of the 

cement plug, respectively. Literally, they represent the temperature of the first sack of 

cement pumped down the well, and the last sack of cement pumped down the well. These 

temperatures are used to describe the temperatures that the cement experiences, and 

therefore determine the amount of retarders to add to the slurry.  

There are a large number of industrial simulators to model temperature and 

pressure during cementing. This limits the number of papers published about modeling, 

because they are proprietary methods. But the fundamentals of temperature modeling is 

the heat transfer given in any transport book (Bird, Stewart, and Lightfoot 2002). 

Bittleston published the first two-dimensional temperature simulator (1990). He 

began with an analysis of one-dimensional simulators and concluded that they are unable 

to capture the complicated heat transfer during cementing. He also provided a convenient 
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simplifications and non-dimensionalization of the governing equations. He solved this 

equation with a finite difference method, but any method can be used. For laminar flow, 

he assumes that a velocity profile is known in advance. With minor modifications, his 

method is used to model the temperature.  

Pressure Modeling 

The pressure modeling involves calculating the hydrostatic pressure and the 

frictional pressure drop across each region. The static pressure is trivial, so the problem is 

reduced to the classic problem of calculating frictional pressure drops across pipes and 

annuli from a specified flow rate. This is complicated by the non-newtonian rheology of 

drilling fluids. However, a large number of methods, both analytical and numerical, for 

calculating these pressure drops have been developed. Analytical methods are well-

known can be found in many textbooks (Chabra and Richardson 2008; Nelson and 

Guillot 2006). For more complicated situations, like flow with large temperature 

variations or flow through eccentric annuli, numerical methods must be utilized. This 

poses a challenge because most numerical methods like Finite Element Analysis (FEA) 

require continuous functions, and yield-pseudoplastic fluids exhibit a discontinuity at the 

yield stress.  

Papanastasiou developed an alternative formulation of the Bingham constitutive 

equation which approximates the “true” Bingham behavior, while ensuring continuity 

(Papanastasiou 1987). This method is directly applicable in FEA methods and allows 

pressure drops to be calculated in any arbitrary cross-sectional shape by solving the 

Navier-Stokes equations with the proper expression for the effective viscosity. 
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Finite Element Analysis 

The equations which govern the pressure and temperature are partial differential 

equations. A finite element analysis (FEA) is therefore an appropriate and powerful 

method for obtaining the solution. Rather than spending time developing a custom FEA 

solver, the COMSOL Multiphysics software package was used as the solution engine. 

This software has built-in modules for heat and momentum transfer, although the form of 

the equations had to be modified for this application.  
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Chapter 2 

Model 

Governing Equations 

The wells of interest are perfectly vertical, with no eccentric annuli. A cylindrical 

coordinate system with axial symmetry is therefore perfectly suited to this problem. The 

governing equation for temperature in the heat equation with a convective term, 

 ( )2
p k TTC v T

t
ρ   = 


∂

+ ∇


⋅ ∇
∂

 

, (1) 

where ρ  is the density, pC  is the heat capacity, k  is the thermal conductivity, v


 is the 

velocity vector, and T is the temperature (Bird, Stewart, and Lightfoot 2002). In regions 

without flow, such as the casing wall and the surrounding formation, the convective term 

is neglected, producing the classic form of heat equation 

 ( )2
p

TC
t

k Tρ   = 
 
∂

∇
∂

 . (2) 

The governing equation for pressure and velocity is the Navier-Stokes equation. 

The velocity during cementing wells is assumed to be unidirectional in the vertical 

direction. The Navier-Stokes equation under this scenario is 

 ( )z
e zvv p

t z
ρ µ∂ ∂  = − +∇ ∇ ∂ ∂ 

 , (3) 

where p  is the pressure, eµ  is the effective viscosity, and the other terms are the same as 

in the heat equation (Bird, Stewart, and Lightfoot 2002).  

The law of mass conservation, expressed as the equation of continuity, is trivially 

expressed in a unidirectional case as  
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 0zv
z

∂
=

∂
. (4) 

The Navier-Stokes equation and the equation of continuity assume fluids with constant 

density. This is the usual assumption for flow of liquids, but many of the newer 

simulators for conventional cementing treat these fluids as weakly compressible. Future 

work on this simulator should include such compressibility effects.  

Rescaling 

The wells of interest in this study have an aspect ratio on the order of 510 . This 

poses numerical difficulties with the finite element analysis. In fact, the default meshing 

algorithm in COMSOL fails on such geometries. Even if a custom algorithm is used and 

a mesh is generated, such a mesh is of such poor quality that the results are unacceptable. 

It is therefore necessary to rescale the geometry and equations to a more reasonable 

aspect ratio.  
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Figure 1. Rescaling of the Wells. 

 

Rescaling is accomplished by non-dimensionalizing the governing equations with 

a different length scale in the vertical and radial directions. Bittleston used this approach 

to rescale the heat equation in his temperature simulator (Bittleston 1990). Following this 

approach and regrouping the parameters into the traditional dimensionless groups 

produces the following rescaled heat equation with convection, 

 
2*

* *( 1) rz rv
t z Pe
θ θ θ

ψ
∂ ∂

+ = ∇
∂ ∂



, (5) 

and the heat equation without convection, 

5 

1:105
 

 
Rescale 

1:1 
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2

*

1
r

t Pe
θ θ

ψ
∂

= ∇
∂



 . (6) 

In this equation, the small terms (convection in the radial direction and conduction in the 

vertical direction) have been discarded, and all parameters are dimensionless and defined 

as follows:  

 *

max

rr
r

=  , (7) 

 *

max

zz
z

=  , (8) 

 max inrPe v
α

=  , (9) 

 ML

BH ML

T T
T T

θ −
=

−
 , (10) 

 *

max

invt t
z

=  , and (11) 

 max

max

r
z

ψ =  , (12) 

where M LT  is the geothermal temperature at the mudline, B HT is the geothermal 

temperature at the bottom of the well, and inv is the fluid velocity in the riser.  

This same method has been applied to the Navier-Stokes equations as well, taking care to 

define the rescaling in such a way that it is compatible with the rescaled heat equation. 

The resulting equation is  

 ( )
* *

*
*

* *
*

1z
r r z

B

dp
dz Re

v v
t

ρ
ψ

µ
 ∂

= − + ∇ ∇ ∂ 
. (13) 

The parameters which are not shared with the rescaled heat equation are defined as 
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 *

mud

ρρ
ρ

=  , (14) 

 maxRe mud in
B

v rρ
µ∞

=  , (15) 

 *

o

p gzp
p
ρ+

=  , and (16) 

 2
mu no d ip vρ= .  (17) 

The Bingham Reynolds number ReB , the viscosity at infinite shear µ∞ , and the non-

dimensional viscosity *µ   will be more fully explained in the section on viscosity.  

Equations  (5) and (13) are the equations which are inputted to COMSOL. 

Conveniently, they are structurally the same as the original equations, and are almost 

identical to the usual non-dimensionalized forms (Bird, Stewart, and Lightfoot 2002). 

The only significant difference is the additional scaling term ψ  and the lack of the 

vertical direction in the Laplacian operator. This allows many of the built-in methods in 

COMSOL to be used with only minor modifications.  

Equivalent Circulating Densities 

Equivalent Circulating Densities are a convenient way to express pressures 

downhole by converting the pressure units to “equivalent” density units. Mathematically, 

 equiv
P
gh

ρ =  , (18) 

where P  is the total pressure, g  is the gravitational acceleration, h  is the depth below 

the surface, and equivρ  is the equivalent circulating density.  
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The ECD is non-dimensionalized in order to match the form of the Navier-Stokes 

equations as 

 
*

*
* *equiv
P

g h
ρ =  , (19) 

where all terms are dimensionless and defined as 

 * equiv
equiv

mud

ρ
ρ

ρ
=  , (20) 

 *
2

max

in

z gg
v

=  , (21) 

 *

max

hh
z

=  , (22) 

and all other terms are the same as their definition in the Navier-Stokes equations.  

Viscosity 

Drilling fluids are usually modeled as either Bingham fluids or Herschel-Bulkley 

fluids (Hemphill, Campos, and Pilehvari 1993). The rheological data was provided to us 

from CSI Technologies as Bingham fluids. Therefore, the model was built for Bingham 

fluids.  

The Bingham model treats fluids as a solid when the shear stress is below a yield 

stress, and as a Newtonian fluid when the shear stress is greater than the yield stress. 

Mathematically, this is expressed as 

 
y

y
e

y

τ τ
µ

τ

τ
µ

τ
γ∞


>= 

 ∞ ≤

+



  , (23) 
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where yτ  is the yield stress, µ∞  is the viscosity at infinite shear (also known as the plastic 

viscosity), and γ  is the shear rate. This constitutive expression exhibits a discontinuity at 

the yield stress and a singularity below the yield stress. This renders it inapplicable in 

FEA. Papanastasiou developed an alternative constitutive equation which approximates 

the true Bingham behavior, is continuous, valid in both yielded and unyielded regions, 

and removes the singularity (Papanastasiou 1987). This constitutive relation is 

 
( )( )e1 xpy

e

nτ γ
µ µ

γ∞

− −
= +





 , (24) 

where n is a parameter which governs the accuracy of the approximation; as n →∞  this 

constitutive expression approaches the true Bingham behavior, as shown in Figure 2.  

 

Figure 2. Papanastasiou's constitutive equation compared to Bingham 
behavior ( )1, 5yµ τ∞ = = .  All units are dimensionless.  
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The Bingham-Papanastasiou expression is used in a non-dimensional equation, so it 

too must be non-dimensionalized in such a way to be compatible to the non-dimensional 

Navier-Stokes equations. The Bingham Reynolds number is defined as (Chabra and 

Richardson 2008) 

 maxe
)

R
(
in

B
ref

v r
T

ρ
µ∞

=  . (25) 

The viscosity at infinite shear, µ∞ , is the parameter which is used as a 

characteristic viscosity in this dimensionless group. This parameter varied with 

temperature, and so its value at a certain reference temperature is used. This implies using 

µ∞ as the characteristic viscosity and defining the dimensionless viscosity as 

 
( )( )* 1 exp(( )(

( ( ) (
)

)
) )

ye

ref ref ref

T nTT
T T T

τ γµ µµ
µ µ µ γ

∞

∞ ∞ ∞

− −
= = +





 , (26) 

where the temperature dependencies have been shown explicitly. The reference 

temperature in this model is taken to be the temperature at the riser inlet. 

The shear rate can also be non-dimensionalized to ease the calculation of this 

term. The final version of the non-dimensional viscosity is then 

 
( ) ( )*

*
*

r 1 exp(( )(
(

)
() ) v)

)
(

y maxe

ref ref re nf i

T nTT
T T T

τ γµ µµ
µ µ µ γ

∞

∞ ∞ ∞

− −
= = +





 . (27) 

If a Herschel-Bulkley model is desired instead of the Bingham model, then the same 

basic procedure can be used, but substituting a Herschel-Bulkley version of 

Papanastasiou’s constitutive equation. Many authors have suggested forms of this 

constitutive equation (Mendes, Dutra, and Janeiro 2004; Zhu, Kim, and Kee 2005).  
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Temperature Dependence 

As alluded to in the previous section, the viscosity is strongly dependent on 

temperature. This dependence is usually modeled with an Arrhenius expression (Houwen 

and Geehan 1986) 

 exp
B

A
T
µ

µµ
∞

∞
∞

 
=  

 
  and (28) 

 exp y

yy A
B

T
τ

ττ ∞

 
=   

 
 . (29) 

The values of the parameters can be determined by doing nonlinear regression on 

experimental data at different temperatures.  

Boundary Conditions 

Temperature 

The boundary conditions for temperature have already been established by 

Bittleston(Bittleston 1990). At the centerline of the well, a symmetry boundary condition 

is imposed 

 
0

0
r

T
r =

∂
∂

= .  (30) 

Far away from the well, it is assumed that the geothermal temperature remains 

undisturbed, 

 , , )( geothermalT r Tz t =∞=  . (31) 

Infinite distances are not possible to implement in FEA, and so infinity was approximated 

by a sufficiently large distance 

 ( , , )far geothermalT r r s t T= =  . (32) 
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At the riser inlet, the temperature is assumed to be equal to the surface temperature 

( )80 F , 

 ( , , ) surfaceT z inlet r t T= =  . (33) 

At boundaries between radially adjacent sections of the well (e.g. between the formation 

and the casing annulus) which have different governing equations (heat equation and heat 

equation with convection, for the formation and casing annulus, respectively), continuity 

of temperature and flux is imposed as 

 left rightT T=  and (34) 

 left right
l tft re igh

k kT T
r r

=
∂ ∂
∂ ∂

 . (35) 

This is the boundary condition natively implemented in COMSOL, and so no special 

programming is required.  

Bittleston’s model only dealt with single string wells, so he did not have to deal 

with vertically adjacent sections. Therefore, additional boundary conditions but be 

developed for these situations. Because vertical conduction is negligible, the only mode 

of heat transfer between vertically adjacent sections of the well is convection. This is 

implemented in the boundary conditions at the inlet and outlet of regions with fluid flow. 

Because these regions differ in size and shape, no point-wise boundary condition can be 

applied. It is therefore necessary to define a boundary condition such that the total 

amount of thermal energy is conserved from one region to the next. This is done by 

setting the inlet temperature of a region equal to the mixing-cup temperature (sometimes 

known as the bulk temperature) at the outlet of the previous region. The mixing cup 

temperature is defined as 
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 c

c

A z

mc

zA

T
T

v

v
=
∫
∫

 . (36) 

This boundary condition is also applied at the shoe, where the fluid flows from casing 

center into the casing annulus (in conventional circulation), or vice-versa (in RCPC). This 

prescribes the inlet, but a different boundary is required for an outlet. The usual 

assumption for outlet boundaries is that there is no heat conduction across the outlet 

boundary (“COMSOL Multiphysics” 2012), 

 0Tn ⋅∇− =


 , (37) 

where n


 is the normal vector of the boundary.In vertical directions without flow, a 

simple insulation boundary condition is applied, 

 0T
z

∂
=

∂
 . (38) 

The temperature boundary conditions are summarized in Figure 3. Arrows indicate flow 

direction. A is (32), B is (34) and (35), C is (30), D is (38), E is (36), and F is (37). The 

arrows indicate flow direction. 
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Figure 3. Summary of temperature boundary conditions.  

The initial condition of the temperature is the geothermal temperature of the 

surrounding formation, 

 ( , , 0) geothermalT r z t T= =  . (39) 

This does not include the effects of drilling history on the well. This simplification is 

justified because of the long conditioning time of the well, based on the pumping 

schedules provided by CSI Technologies. Because mud is circulated for two complete 

hole volumes, the effect of the initial condition is forgotten by the system before the 

cementing process begins.  

Riser 

In the riser system, there is no surrounding rock formation. Instead, heat is 

transferred between the riser wall and the surrounding ocean. This requires a different 

boundary condition at the outer radius of the riser to capture the convective effects of the 

 

Ca
sin

g 

Ca
sin

g 
An

nu
lu

s 

Fo
rm

at
io

n 

A B B B C 

D 

D 

D 

D 

E 

E 

F 

F 

Ca
sin

g 
Ce

nt
er

 

19 
 



ocean current. Here, Newton’s law of cooling and an energy balance is applied at the 

boundary, 

 ( )( )ocean
r wall

k h T TT z
r =

− = −
∂
∂

 . (40) 

Or in dimensionless form,  

 ( )
*

*
* ( )ocean

r wall

B zi
r
θ θ θ

=

=
∂

− −
∂

 , (41) 

where 

 maxhrBi
k

=  . (42) 

The heat transfer coefficient h  can be calculated from the Nusselt number (Bergman et al. 

2006) 

 
( )

4/55/81/2 1/3

1/42/3

0.62Re Pr Re0.3
282,0001 0.4 /

1
Pr

DNu = +
 

  +  
   + 

 . (43) 

This requires knowing the temperature of the ocean throughout the depth of the riser, and 

the properties of the ocean water at those temperatures. The data on the thermocline was 

provided by CSI Technologies, and the properties as a function of temperature were 

calculated from correlations (Sharqawy, V, and Zubair 2010).  

Fluid Flow 

The boundary condition for the Navier-Stokes equations at the solid wall is the 

classic no-slip condition (Bird, Stewart, and Lightfoot 2002) 

 0z wall
v =  . (44) 

At the center-line, a symmetry condition is applied (Deen 2012), 
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0

0z

r

v
r =

∂
∂

=  . (45) 

At fluid outlets, the default outflow condition in COMSOL, no viscous stress, is used 

 ( )( ) 0T
e nv vµ  ⋅ =

 
∇ + ∇



  . (46) 

The fluid outlet was also where the boundary condition on the pressure was supplied 

 0
outlet

p =  . (47) 

The pressure should match the inlet pressure of the next section of flow, if the current 

section is not the outlet of the overall well, but specifying a non-zero pressure caused 

issues the COMSOL solvers. Therefore, each outlet was set to a zero pressure, and then 

properly adjusted in post-processing.  

At the inlet of each region, the natural boundary condition was used, with a 

average velocity constraint. This forces the flow to enter as fully-developed laminar flow, 

by converting the Navier-Stokes partial differential equation to an ordinary differential 

equation on the boundary, and then solving that ODE (“COMSOL Multiphysics” 2012), 

the boundary equation is 

 ( )( )T

entr e entrp v vI p nµ ∇ ⋅ − ∇ + ∇ = −  
+

  

 





 , (48) 

where entrp  is a fictitious pressure COMSOL calculates in order to obtain the desired 

flowrate.  

 The fluid flow boundary conditions are summarized in Figure 4. A is (44), B is 

(45), C is (46) and (47), and D is (48). The arrows indicate the flow direction. 
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Figure 4. Boundary conditions for the Navier-Stokes equations.  
The initial condition for fluid flow is a steady-state solution of the Navier-Stokes 

equations. This ignores any ramping effects, but these are short compared to the lifetime 

of the well job. 

Equation Coupling 

One of the challenges in solving this problem is the coupling of the heat equation 

and the Navier-Stokes equations. The heat equation includes a velocity term from the 

Navier-Stokes equations, and the viscosity depends on the temperature.  

 

Figure 5. Coupling of the heat equation and the Navier-Stokes equations. 
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COMSOL is able to solve the equations simultaneously, but doing so can be 

computationally inefficient in some cases. Therefore, an iterative technique was used to 

generate the solution. The algorithm is as follows: 

1. Set the temperature in the well to the geothermal temperature 

2. Solve for the flow field using the temperature from step 1.  

3. Solve for the temperature using the flow field from step 2. 

4. Solve for the flow field using the temperature from step 3. 

This procedure can be repeated as long as is necessary, but those four steps are usually 

sufficient.  

Multi-Phase Flow 

The problem at hand is, fundamentally, a multi-phase flow problem. It involves 

the displacement of one fluid (drilling mud) with another (cement). The Phase Field and 

Level Set methods are the two different methods for two-phase flow in COMSOL. They 

have a large degree of similarity, so they will be discussed together. They solve the usual 

Navier-Stokes equations, with an additional equation which controls the volume fraction 

of each fluid. The details of these schemes are not relevant to the current discussion, but 

it is worth noting that they are computationally expensive, and are designed for very 

complicated interfaces, such as interfaces with viscous fingering. Such methods are used 

in the industry to calculate displacement efficiency(Nelson and Guillot 2006).  

There are a number of problems with incorperating the Phase Field or Level Set 

methods to the current model. Firstly, COMSOL does not include a method to adjust the 

additional equations to the rescaled geometry. Secondly, even if the equations could be 

rescaled to match the rescaled geometry, the accuracy of the solution would be 
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questionable, due to the much smaller characteristic length of the multi-phase flow 

equations. Conceptually, the rescaling of the geometry “zooms out” in the vertical 

direction, reducing the resolution in this direction. This is fine for the heat equation and 

Navier-Stokes equations, because gradients in this direction are negligible. However, this 

is not true for the multi-phase flow equations near the interface. To properly capture the 

dynamics of the interface, a much higher resolution is required.  

The present study is focused on predicting temperatures and pressures downhole 

during RCPC. Displacement efficiency is not a focus of this study. Additionally, 

experimental results show that RCPC does not have a negative effect on displacement 

efficiency (Griffith, Nix, and Boe 1993). Because only pressures and velocity profiles are 

the desired results from the multi-phase flow calculations, a much simpler approach can 

be developed. The basis of this approach is a few assumptions about the flow: 1. the 

problem is flow-rate constrained, rather than pressure constrained and 2. the fluid-fluid 

interface is perfectly sharp and moves with the average velocity of the fluids, as shown in 

Figure 6. This is a very common assumption in cementing simulators (Nelson and Guillot 

2006). Based on these assumptions, the location of the interface at any point in time can 

be easily calculated.  
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Figure 6. The interface between the fluids is assumed to be perfectly sharp, and moves 
with the average velocity of the fluids. 

 

The problem of multiphase flow is not limited to the Navier-Stokes equations; 

each fluid has different thermal parameters which must be included into the heat 

equation. The solution to this problem is to have spatially and temporally dependent 

thermal properties, as shown in Figure 7. While the thermal properties of the cement and 

the mud are constant, the overall properties of the system vary with space and time, 

depending on the location of the interface between the fluids. The properties have a 

discontinuity at the interface, but because vertical conduction is ignored, this poses no 

numerical difficulties. 
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Figure 7. Spatially and Temporally Dependent Thermal Properties. p  represents an 
arbitrary property. The graph on the right is the overall property plotted along 
the dashed line in the schematic on the left. 

 

A similar approach was attempted for the Navier-Stokes equations, but was 

unsuccessful due to the discontinuity. A different approach was developed to overcome 

this challenge. Because the flowrate is specified, the fluids behave independently from 

one another far away from the interface. Therefore, multiple velocity fields can be 

calculated—one for each fluid—and then the total velocity field can be calculated based 

on the location of each interface. This approach is illustrated in Figure 8. 
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Figure 8. Calculation of the combined velocity field. The “+ ” is not a true addition 
operator, but rather a combinatorial operator. 

 

 

Figure 9. Coupling of equations for multiple fluids. 
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Rather than calculate the combined pressure field explicitly, the total pressure drop across 

each region is calculated according to  

 
1

N

Total i i
i

P Pφ
=

=∆ ∆∑  , (49) 

where N  is the total number of fluids, iφ  is the fraction of the region filled with fluid i , 

and iP∆  is the total pressure drop through the region when filled with fluid i .  

 The accuracy of this approach depends upon the assumption that the existence of 

an interface has a negligible effect on the rest of the flow field. The length of the region 

around the interface which changes with the presence of the interface can be estimated 

using expressions for entrance effects. This analysis calculates the necessary distance for 

flow to go from perfectly uniform to the usual parabolic shape (for Newtonian flow). 

This is a more drastic transition than the one from the interface to fully-developed flow, 

so it provides and upper estimate for the length. The importance of edge effects has a 

well-known solution. For a Newtonian fluid, the length of the region where the flow is 

transitioning is given by 

 0.061L Re
D
= , (50) 

where Re is the Reynolds number, L is the length of the entrance region, and D is the 

pipe diameter (Wilkes and Bike). The calculated entrance lengths in the riser and 

drillpipe for the wells of interest using this equation are presented in Table 1. While the 

above equation is for Newtonian fluids, the effect of a yield stress only decreases the 

entrance length (Vradis, Dougher, and Kumar 1993), so performing the analysis as a 

Newtonian fluid with viscosity equal to the plastic viscosity is the most conservative 

estimate for the entrance length.  
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Table 1. Entrance Lengths of Mud and Cement. 

 Entrance Length (ft) Percent of Pipe Length 

 Riser Drillpipe Riser Drillpipe 

Mud 206.9 206.9 4.1% 3.0% 

Cement 30.9 36.4 0.62% 0.52% 

 

So ultimately, ignoring the flow features near the plug will introduce an error of less than 

~4%. Therefore, the effect of the interface can be safely neglected when calculating the 

overall flow. 

Solution Techniques 

The COMSOL Multiphysics software package was used to solve the equations. 

COMSOL uses a Finite Element method, and has powerful, built-in solvers. Many of the 

specific details of the solution methods are proprietary and hidden from the user, but the 

some important ones can be adjusted. The adjustments used in this model are as follows: 

• Meshing: Triangular. 

• Time-Stepping: Backward Difference Formula (BDF). In order to avoid 

unphysical oscillations in the temperature, it was necessary to limit the maximum 

BDF order to 2.  

• Numerical Solver: PARDISO or MUMPS. 

Secondary Calculations 

In addition to the primary parameters the model produces, a number of secondary 

calculations are desired; namely, the load on the pump, the presence of U-Tubing (where 
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the static pressure moves the fluid faster than the pump, also known as free fall), and the 

required back-pressure to prevent U-Tubing.  

For these calculations, it is convenient to introduce another parameter known as the lift 

pressure LP  . This is the static pressure differential between the regions where fluid 

travels towards the surface and regions where fluid travels towards bottom-hole (i.e. in 

conventional circulation, the difference between the annuli and the central regions). If 

there is only one fluid being pumped, such as during the mud conditioning phase, the lift 

pressure is zero. The lift pressure can be positive or negative; a positive number indicates 

that the pump has to provide additional work to lift the heavier fluids up against gravity, 

and a negative number indicates that gravity is assisting the flow. 

The load on the pump is simple the sum of the pressure drops across each region 

plus the lift pressure, 

 
1

N

Pump L i
i

PP P
=

= + ∆∑  . (51) 

By analyzing the calculated pump pressure during the job, U-Tubing and back pressure 

can be determined. If U-Tubing is present, the calculated pressure on the pump will 

become negative. The magnitude of the pump pressure in this situation in the back 

pressure required to alleviate the U-Tubing.  

Model Validation 

It is important to verify that the model accurately describes the system. To do this, 

the model was used to analyze conventional circulation of well 1, region 1, and then the 

results were compared to existing simulators. The simulations on commercial simulators 

were performed by CSI Technologies. 
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Temperature 

The two main temperatures of interest are the bottom-hole circulating temperature 

(BHCT) and the first-sack/last-sack temperatures. The BCHT results are compared in 

Figure 10. After the mud conditioning period, where the BHCT drops quickly, the 

maximum BHCT matches up very well with the industrial simulator maximum. Once the 

cement reaches the bottom the predicted temperature increases, due to the higher thermal 

conductivity of cement.  

 

Figure 10. COMSOL predicted bottom-hole circulating temperature compared to 
industrial simulator results. 

 
The first-sack/last-sack temperature comparison is shown in Figure 11. Industrial 

simulator results are only for the first-sack/last-sack temperature, but COMSOL is able to 

show the temperatures throughout the cement plug. The COMSOL results will be more 
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fully explained in the results section, but the first-sack/last-sack temperatures in 

COMSOL are very close to those predicted by the industrial simulator.  

 

Figure 11. Cement temperatures predicted by the COMSOL model compared to the first-
sack/last-sack temperatures in the industrial simulator. Time is at the end of 
cement placement. 

 

Pressure 

Because equivalent circulating densities are dominantly composed of static 

pressure effects, it is inadvisable to compare ECDs directly to validate friction loss 

models. Instead, pressure drops across well regions are calculated with both the 

COMSOL model and with analytical methods developed by Buckingham and Bird for 

flow in pipes and annuli, respectively (Buckingham 1921; Fredrickson and Bird 1958). 

The results for mud are shown in Table 2 and results for cement are shown in Table 3. No 

temperature effects were included, and the viscosities were equal to their values at 80°F. 
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Table 2. Pressure drops for mud though well regions calculated with the COMSOL model 
and with analytical methods  

Region COMSOL Analytical
Casing 42.32 36.00

Drill Pipe 221.65 263.70
Drill Pipe in Riser 108.38 101.50
Casing Annulus 62.92 62.10
Riser Annulus 47.16 39.50

Lower Casing Annulus 101.23 164.40
Upper Casing Annulus 104.79 169.40

∆P (psi)

 

Table 3. Pressure drops for cement though well regions calculated with the COMSOL 
model and with analytical methods.  

Region COMSOL Analytical
Casing 53.63 22.40

Drill Pipe 501.94 702.00
Drill Pipe in Riser 164.72 228.50

Lower Casing Annulus 244.78 286.80
Upper Casing Annulus 351.03 546.20

∆P (psi)

 

 

  

33 
 



Chapter 3 

 Results 

The simulator was used to analyze two different wells, with three different 

casings in each. Simulations were run in both reverse and conventional placement in 

order to clearly see how reverse placement affects the cementing process. As far as 

possible, job parameters (e.g., flowrates) were maintained between reverse and 

conventional placement.  

 

Figure 12. Geometry for Well 1, region 1. 

Temperature 

Figures Figure 11 and Figure 13 are vertical cross-sections of well 1, region 1 in 

reverse and conventional circulation, respectively, with surface plots of the temperature. 
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The arrows in the plots indicate the flowpath. While such plots are not conducive to 

quantitative analysis, they are helpful for drawing qualitative conclusions.  

 

Figure 13. Surface plot of the temperature at the end of mud circulation for well 1, region 
1 in reverse circulation.  

°F 
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Figure 14. Surface plot of the temperature at the end of mud circulation for well 1, region 
1 in conventional circulation.  

 

It is immediately evident that reverse circulation produces higher temperatures, on 

the whole. A closer examination reveals the reason. Most of the heat transfer in the well 

is occurring in the annulus, where the fluid is in direct contact with the formation. The 

central regions, the drillpipe and the casing, are effectively insulated by the fluid in the 

annulus. So in conventional circulation, the fluid picks up much less heat on the way 

down than it does in reverse circulation, producing lower temperatures. This qualitative 

analysis is verified by the quantitative BHCT data presented in Figure 15. Reverse 

circulation increases the BHCT by about 40ºF in this simulation. 

°F 
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Figure 15. Maximum Bottom-Hole Circulating Temperature (BHCT) in conventional and 
reverse circulation.  

While the BHCT may be important for characterizing the overall temperature of 

the well, the temperatures the cement experiences are equally important. In conventional 

circulation, the cement slurry passes through bottom-hole, and therefore experiences the 

BHCT. But for reverse circulation, as Griffith et al. point out, only the leading edge of the 

slurry reaches bottom-hole. Therefore, the BHCT is a less important parameter for 

reverse circulation than it is for conventional circulation.  
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Figure 16. Temperature in the cement at the end of placement. Reverse is higher than 
conventional, but less so than the BHCT.  

 

Because the cement slurry does not experience the BHCT in reverse circulation, 

the temperatures in the cement—the first-sack/last-sack temperatures—take on additional 

importance in reverse placement. Temperatures in the cement at the end of placement are 

shown in Figure 16. As with the BHCT, the temperatures in reverse circulation are higher 

than in conventional circulation. But the difference between them is less significant than 

the BHCT—only about 20ºF higher in reverse circulation. This is contrary to the claims 

of Griffith et al., who claimed that the amount of retarders could be reduced in RCPC 

because only the leading edge of the cement would experience temperatures as high as 

conventional placement.  

The shape of the temperature curves in Figure 16 merits additional discussion. In 

reverse circulation, the cement enters the annulus at the top, and then picks up heat as it 

travels down to the hotter regions of the well. Because the flow is in the same direction as 

80

90

100

110

120

130

140

150

160

16000 18000 20000 22000

Te
m

pe
ra

tu
re

  (
°F

) 

Distance Below RKB (ft) 

Conventional

Reverse

38 
 



the geothermal temperature gradient, the temperature line is fairly linear. In conventional 

circulation, the relatively cool fluid enters the annulus at the bottom of the well (the 

region with the highest formation temperature), and quickly picks up temperature as it 

travels up the annulus. As the cement reaches the cooler regions towards the top of the 

annulus, it no longer draws heat from the formation, and eventually begins to lose heat to 

the formation and decrease in temperature.  

Pressure/ECDs 

The ECD results are the most important result from the simulation, because it 

determines whether the cementing job is feasible or not, and whether RCPC is an 

improvement over conventional cementing. ECDs at two locations, bottom-hole and at 

the previous shoe, will be compared in conventional and reverse placement. These two 

locations are at the top and bottom of the open holes, so unless there is an abnormally 

weak region in the middle of the open hole, these locations provide a good indication of 

whether the job will induce fracturing.  

The maximum ECDs for well 1 are shown in Table 4. ECDs are significantly 

reduced at bottom hole, but significantly increased at the previous shoe. Table 5 shows 

the maximum ECDs for well 2. As with well 1, ECDs are reduced at bottom-hole, but 

unlike well 1, are also reduced at the previous shoe. The ECDs in conventional placement 

for well 2 are extremely high, because of extremely tight liner. While such a 

configuration may not be practically advisable, such an extreme scenario allows the 

differences between reverse and conventional placement to be seen more clearly.  
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Table 4. Maximum ECDs in well 1. ECDs reduced at bottom-hole, but increased at the 
previous shoe. 

Conventional Reverse
Bottom Hole 14.5 12.6
Prev. Shoe 12.7 13.5

Bottom Hole 14.6 14.2
Prev. Shoe 13.4 14.6

Bottom Hole 14.3 13.2
Prev. Shoe 12.8 14.4

Max ECD (ppg)

Region 1

Region2

Region 3
 

 

Table 5. Maximum ECDs in well 2. ECDs reduced at both bottom-hole and the previous 
shoe. 

Conventional Reverse
Bottom Hole 38.2 16.1
Prev. Shoe 41.8 16.6

Bottom Hole 26.1 15.8
Prev. Shoe 30.2 17.1

Bottom Hole 18.1 14.0
Prev. Shoe 18.1 14.3

Max ECD (ppg)

Region 1

Region2

Region 3
 

The fact that ECDs can be increased at the previous shoe is an important 

phenomena, and one only Kuru and Seatter predicted (Kuru and Seatter 2005). The 

reasons why ECDs at the previous shoe are increased in well 1, but decreased in well 2 

involve a more thorough hydraulic analysis, which is presented in Chapter 4.  It is clear 

that RCPC is most effective in wells with tight liner gaps, reduces ECDs at bottom-hole, 

and may also reduce ECDs at the previous shoe. 

Pump Pressure and Back Pressure 

The pump pressure, lift pressure, and back pressure for one conventional job are 

shown in Figure 17. The longest portion of the job is the mud conditioning phase, where 

drilling mud is circulated. Because there is one fluid throughout the well, the lift pressure 
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is zero, and the pump pressure is relatively constant. Once cement is being pumped, the 

lift pressure becomes negative and drives the pump pressure below zero, indicating U-

Tubing if back pressure is not applied. Once the cement reaches bottom-hole, the lift 

pressure increases dramatically, which drives the pump pressure up.  

 

Figure 17. Pump, lift and back pressure for well 1, region 2 conventional placement.  

 

The analogous graph for reverse placement is shown in Figure 18. The shape of 

the pressure curves is almost identical during mud circulation and the first part of cement 

placement. The same U-Tubing effect is seen shortly after cement placement begins. But 

because reverse placement does not require pumping the heavy cement against gravity, 

the lift pressure is always negative, which keeps the pump pressure much lower. 
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Figure 18. Pump, lift and back pressure for well 1, region 2 reverse placement.  
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Chapter 4 

Hydraulic Analysis 

The total pressure (p )T  at any point downhole is the sum of the frictional pressure 

(p )f  and hydrostatic pressure (p )s , 

 T f sp p p= +  . (52) 

Because the total pressure can be split in this manner, the frictional portion and the static 

portion will be analyzed independently.  The two main points of interest downhole are 

the bottom of the annulus of the casing being cemented, bottom-hole (BH), and the top of 

the casing annulus, where the crossover tool is located in offshore RCPC (XO).  

 

Figure 19. Generic well diagram used for hydraulic analysis.  
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Figure 19 illustrates a generic well diagram. This well can be divided into two 

broad regions: above the crossover valve, and below the crossover valve. These two 

broad regions can be further divided into central regions and annular regions. This 

grouping results in four regions: 1. the drillpipe/riser (DR) 2. the drillpipe/riser annulus 

(DRA) 3. the casing (C) and 4. the casing annulus (CA). No assumptions are made about 

the geometry of the well, existence of valves or float equipment, etc. except for the 

existence of a crossover. This allows the results obtained to be as general as possible. 

Three different flowpaths will be analyzed in this section. These flowpaths are illustrated 

in Figure 19.  

 

Figure 20.Flow-paths for offshore reverse, conventional, and traditional reverse 
circulation.  

Conventional Circulation 

The static pressure at bottom-hole is the sum of the static pressures across each 

region above it, in this case the static pressures in the annuli, 

 , , ,BH s CA s DRA sp p p= +  . (53) 

The static pressure at the crossover can be calculated similarly as 

 , ,XO s DRA sp p=  . (54) 
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The frictional pressure component at bottom-hole is the sum of the pressure drops across 

each region “downstream” of bottom-hole, 

 , , ,BH f CA f DRA fp p p= +  . (55) 

At the crossover, 

 , ,XO f DRA fp p=  . (56) 

Traditional Reverse Circulation 

In traditional reverse circulation, where fluids are pumped directly down the 

annulus, the expressions for static pressure do not change, so 

 , , ,BH s CA s DRA sp p p= +  and  (57) 

 , ,XO s DRA sp p=  . (58) 

The alternative flowpath does change the frictional pressure at each point, 

 , , ,BH f C f DR fp p p= +  and (59) 

 , , , ,XO f CA f C f DR fp p p p= + +  . (60) 

Offshore Reverse Circulation 

The same procedure can be performed for reverse circulation offshore, taking care 

to change the definitions of “above” and “downstream” to include the flowpath through 

the crossover tool suggested by Wreden et al (2014):  

 , , ,BH s CA s DR sp p p= +  , (61) 

 , ,XO s DR sp p=  , (62) 

 , , ,BH f C f DRA fp p p= +  , and (63) 

 XO, , , ,f CA f C f DPA fp p p p= + +  . (64) 
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Conventional vs. Traditional Reverse 

By defining a pressure change as the difference between traditional reverse and 

conventional circulation, convenient expressions for pressure savings can be found: 

 , 0BH sp∆ =  and (65) 

 , 0XO sP∆ =  . (66) 

Because the expressions for static pressure are identical in conventional and traditional 

reverse cementing, the static pressure has no effect on the overall pressure change from 

conventional to reverse circulation. The change in pressure is therefore solely due to the 

change in frictional pressures, expressed as 

 ( ), C, , , A,BH f f f f fDR CA DRpp p p p= + − +∆  . (67) 

Because the annular regions are typically narrower, and the casing annulus is filled with 

more viscous cement at the end of cement placement, C, , , A,f fDR C RfA D fp p p p+ << + , 

which implies that  , 0BH fp∆ <  and ECDs are reduced at bottom hole.  

The pressure savings at bottom hole are offset by a pressure increase at the 

previous shoe (making the reasonable assumption that the magnitude of ,DRA fp  is not 

greater than the sum of the other pressures), 

 , , , ,XO CA f C f DR f DRA fp p p p p= + −∆ +  , (68) 

caused by the additional flowpath length “downstream.” This is in agreement with Kuru 

(2005), who found that above a critical point the pressure would be increased. 

Conventional vs. Offshore Reverse 

The same analysis can be performed for conventional circulation and offshore 

RCPC. The expressions can be further simplified by specifically analyzing the end of 
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cement placement, where cement is localized to the casing annulus and mud is 

everywhere else:  

 , , , 0BH s DR s DRA sp pp∆ = − =  and (69) 

 XO, , , 0s DR s DRA spp p= − =∆  . (70) 

The displacement mud is the same density as the drilling mud. As before, the static 

pressure does not change the overall pressure. 

Because of the hybrid nature of the reverse flow, the expressions for the frictional 

pressure change are simplified in this case. The pressure at bottom-hole is expressed as 

 , , ,BH f C f CA fp pp = −∆  . (71) 

The pressure change at bottom hole is dependent upon the relative magnitudes of the 

pressure drop through the casing and the casing annulus. Because the casing is filled with 

mud, and the casing annulus is more narrow and filled with more viscous cement, 

, ,CA f C fp p>> . This is the cause of the pressure savings in RCPC. The pressure change at 

the crossover tool is expressed as 

 XO, , ,f CA f C fp p p∆ +=  . (72) 

As before, the pressure at the crossover tool is increased in RCPC. 

Critical Depth 

If the ECD is reduced at bottom-hole and increased at the previous shoe, then 

there is a point between those two where the pressures in conventional and reverse 

circulation are equal. This point is known as the critical depth or the critical zone (Kuru 

and Seatter 2005; Moore et al., 2005).  By taking expressions for the pressure in the 

casing annulus for both conventional and reverse circulation, an analytic expression for 
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the critical depth can be derived, assuming a constant pressure drop per unit length in the 

casing annulus f

CA

dp
dz


−


  
 

. When designing a well for reverse circulation it is important 

to ensure that the weakest part of the formation is below this critical depth in order for 

RCPC to be effective.  

Offshore Reverse 

The pressure at any height in the casing annulus in conventional placement is 

expressed as 

 ,(z) (z )f
conv DRA f PS

CA

dp
p p z

dz
= + −  . (73) 

Similarly, for offshore reverse placement, 

 , ,( ) ( )f
rev C f DRA f

CA

dp
p z p p z

dz
= + +  . (74) 

Setting the two pressures equal and solving for the critical depth cz yields 

 ,

2 2

C fXO
c

CA

z
d
p

z
p

dz

−=  . (75) 

Traditional Reverse 

As before, the pressure at any height in the casing annulus in conventional 

placement is expressed as 

 ,(z) (z )f
conv DRA f PS

CA

dp
p p z

dz
= + −  . (76) 

Similarly, for traditional reverse placement, 
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 , ,( ) ( )f
rev C f DR f

CA

dp
p z p p z

dz
= + +  . (77) 

Setting the two pressures equal and solving for the critical depth cz yields 

 , , C,

2 2

DRA f DR f fXO
c

CA

p p pz
dp

z

dz

− −
= +  . (78) 

Lift Pressure and Back Pressure 

In conventional circulation cement is pumped all the way to bottom hole through 

the casing, and then back up into the annulus. The pump must therefore exert additional 

pressure to pump the heavier cement against gravity. This additional pressure is known as 

the lift pressure ( )Lp , and is defined as the difference in hydrostatic pressure between the 

regions where flow is towards the surface and the regions where the flow is towards 

bottom-hole. In reverse circulation, the lift pressure is eliminated because the cement is 

always flowing with gravity. However, in reverse circulation it is usually necessary to 

introduce back pressure ( )Bp   in order to prevent the cement plug from coming up into 

the casing (Moore et al. 2005). This pressure is applied at the outlet, and is theoretically 

equal in magnitude to the lift pressure.  

The absence of lift pressure has led to misunderstandings and confusion about 

what causes the pressure savings in reverse circulation (Davies et al. 2004; Hernandez 

and Nguyen 2010; Hernandez and Bour 2010; Hernandez 2012). At the end of cement 

placement, the heavier cement fills the casing annulus, and the other regions are filled 

with drilling mud. The cement is heavier than the mud, and so the static pressure at the 

bottom of the annulus is greater than the static pressure at the bottom of the casing. This 
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pressure imbalance would cause flow from the annulus into the casing, unless the pump 

provides additional pressure to rectify this imbalance. So the lift or back pressure simply 

increases the pressure inside the casing to match the pressure in the annulus. It does not 

increase the pressure in the annulus, and therefore the absence of lift pressure cannot 

create ECD savings.  

Graphical Analysis 

The proceeding analysis can be visualized by plotting the pressures through the 

well in both conventional and reverse circulation. Such a plot can be easily constructed 

once the fluid densities and pressure drops across each region are known. Begin at the 

outlet, where the pressure is known (zero for conventional circulation, and equal to the 

back pressure in reverse circulation), and draw lines for the static and frictional pressures. 

The slope of the static line is equal to gρ  and the slope of the frictional line is equal to 

the pressure drop per unit length dP
dz

 
 
 

 . Then draw the total pressure line which is the 

sum of the static and frictional pressure lines. The next region is drawn similarly, but 

shifted along the pressure axis so that the outlet pressure of the current region is equal to 

the inlet pressure of the next region, so as to maintain pressure continuity. This process 

should be repeated for each region until the whole well is completed. Once diagrams for 

both conventional and reverse circulation are completed, the total pressure lines from 

each can be transferred to a single graph for comparison. The point where the total 

pressure lines in the casing annulus intersect is the critical depth. Examples of such 

diagrams are shown in Figure 19-Figure 23. 
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Figure 21. Pressure diagram for conventional circulation.  
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Figure 22. Pressure diagram for (offshore) reverse cementing. 
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Figure 23. Pressure schematic for (traditional) reverse cementing.  
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Figure 24. Total pressure for both conventional and offshore reverse cement placement.  
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Figure 25. Total pressure for both conventional and (traditional) reverse cementing.  

 

Alternative Placement of the Previous Shoe 

If the previous shoe is at the same depth as the crossover tool, then the pressure in 

RCPC will necessarily be higher than for conventional placement. However, if the 

overlap between the casing being cemented and the previous casing is large enough, then 
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the previous shoe could be lower than the critical depth. In such a configuration, the 

pressure exerted against the formation could be reduced throughout the casing annulus. In 

fact, this is the case in well 2, where the extremely tight liner gap shifts the critical depth 

above the previous shoe.  
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Chapter 5 

Conclusions 

A robust model has been developed which predicts temperatures and 

pressures/ECDs during a RCPC job. This model is built on the COMSOL Multiphysics 

software package, and uses Finite Element Analysis to simultaneously solve the heat 

equation and Navier-Stokes equations.  

This model was applied to several cementing jobs, results indicate that the 

bottom-hole circulating temperature is increased significantly in reverse cementing, and 

the first-sack/last-sack temperatures are also increased. ECDs at bottom-hole are reduced 

significantly, and ECDs at the previous shoe can either increase or decrease depending on 

the configuration of the well.  

RCPC reduces ECDs at bottom-hole by changing the flowpath and reducing the 

frictional component of the pressure at bottom-hole. The static pressure contribution does 

not change from conventional to reverse.  

In addition to the full model, simple equations to estimate the difference in 

pressure from conventional to reverse have been developed. These allow designers and 

operators to determine if RCPC will be worthwhile, and if the pressure at the previous 

shoe will increase unacceptably.  
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