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ABSTRACT

., This report describes the development of the GEOTEMP2 wellbore
1

th%rmal simulator., The major technical features include a general
|

puﬂpose air and mist drilling simulator and a two—-phase steam flow

simulator that can model either injection or production.

J
!
|
J An improved method for calculating downhole temperatures,
|

pressures, fluid densities and velocities during air drilling has been

deﬁeloped. Improvements on previous methods include:

1. A fully transient thermal analysis of the wellbore and

formation is used to determine the flowing temperatures.

2. The effects of flow acceleration are included explicitly in the

calculation.



3. The slip velocity between the gas and the cuttings is
determined by the use of a separate momentum equation for the

cuttings,

4, The possibility of critical flow in the wellbore is tested for
and appropriate changes in the volume flow rate and standpipe

pressure are made automatically

5. The standpipe and flowing pressures are predicted.

6. The analysis is conservative, The effect of the cuttings on
the wellbore flow will tend to overpredict the required volume

flow rates.

In this report, the basic equations of fluid flow for a gas with
cuttings and mist are presented along with a numerical method for their
solution. Several applications of this calculational method are given,
showing the effect of flow rate and standpipe pressure in typical air

and mist drilling situations,

The philosophy used in the development of the steam
injection/production model was not to work from first principles, as in
the gas drilling model, but rather to program the best available flow
correlations. Two—phase flow is sufficiently complicated that there
are few analytic solutions to e;en very restricted flow types. As a

result, correlations of experimental data have been the usual method




for the analysis of two-phase flow.

The section on two—phase flow details one of the better sets of
flow correlations with claimed accuracy of less than 10% error,
Equally important to the steam flow model are the thermodynamic and
transport property correlations,. These correlations are the same ones

used to generate steam tables and are very accurate.
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NOMENCLATURE

flow cross—~sectional area
coefficients in flow equation

cuttings drag coefficient

average cutting diameter
hydraulic diameter of the duct
D'Arcy friction factor
frictional pressure drop
gravity comnstant

mass flux density of air

mass flux density of vapor

mass flux density of cuttings

mass flux density of liquid water

thermal comnductivity

the bubble flow/slug flow boundary number

the transition flow/mist flow boundary number
the slug flow/transition flow boundary number
mass flow rate of air

mass flow rate of cuttings

Nusselt number

Prandtl number

Reynolds number




<l
00

<

<

air force on cuttings

coefficients in P equation

heat flux per unit length
ideal gas constant
absolute temperature
velocity of air

bubble rise velocity

the dimensionless gas velocity

the no-slip velocity

velocity of cuttings

the superficial gas velocity

the superficial liquid velocity

bubble flow actual liquid velo
gravitational pressure drop
cuttings gravity pressure drop
coefficient in Ws equation
coordinate along duct axis
ratio of particle volume to
particle cross—sectional area
slug flow liquid distribution

air density

city

coefficient



p = water vapor density

8
P, = liquid water density
Py = cutting particle density
; = in-mixture air density
;s = in-mixture cuttings density
(] = volume fraction of cuttings :
68 = volume fraction vapor .
o = water/steam surface tension
e = duct inclination from vertical
w = two—~phase average flowing density
‘cf = two-phase frictional gradient

Subscript nomenclature:
b bubble
g water vapor
s cuttings
tp two~phase
w liquid water
1 inlet conditions

2 exit conditions

e.g. Vs is the exit cuttings velocity,
2 ¥

V, is the inlet air velocity.
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INTRODUCTION

This report discusses the technical features of the wellbore
thermal simulator GEOTEMP2. GEOTEMP2 was developed from GEOTEMP under
Sandia Laboratories contract 46-5670. The original GEOTEMP was also
developed for Sandia under contract 13-0212 and reported in reference
[9). GEOTEMP represents a fairly basic wellbore thermal simulator,.

The temperatures predicted are fully transient in the wellbore and the
formation, but the fluids circulating in the wellbore are restricted to
incompressible liquids. Geothermal applications have needs beyond‘this
basic simulation ability. In particular, drilling with compressible
fluids such as air or nitrogem is common. The production of steam, a
multi-phase compressible fluid, is the principal goal of geothermal
development. The flow models discussed here were developed by Enertech
Engineering and Research Co., for use in this general purpose wellbore
thermal simulator called GEOTEMP2. Some features of GEOTEMP, an
earlier version of GEOTEMP2, have have been described in previous
papers (references [2] and [3]). The major technical features in the

new version, GEOTEMP2, are summarized in the following:
1. The flowing stream energy balance is fully transient, that is,
temperature predictions are accurate for short time intervals,

The thermal analysis is not ’'steady state'.

2. The thermal properties of the wellbore are fully described,

including the steel, cement, and fluids in real well

-10-




completions. The program is sufficiently general to describe

most wells.

The temperature calculations in the wellbore and the

surrounding formation are directly coupled.

The code has been designed with enough flexibility so that the
complete life of a well from drilling to production, shut-ins
for workovers, injection, etc. can be simulated in one

computer run.

Several different wellbore fluids can be specified, such as
drilling muds, packer fluids, cements, and production fluids.
Further, more than one fluid may be in the wellbore at the same
time, and the displacement of one fluid by another is
automatically determined. The simulation of cement operations

is one possible application,.

Two—-phase steam production and injection can be simulated with
GEOTEMP2 . Flowing stream properties and flow types (e.g. slug

flow) are determined as well as flow temperatures.

Air, nitrogen, and mist drilling can be simulated. This
analysis is described im this paper. GEOTEMP2 can switch

between air and mud drilling at any time desired.

The GEOTEMP2 thermal simulator has been thoroughly tested against

-11-



analytic solutions and field data,

Air_and Mist Drilling

Air and mist drilling have several advantages over conventional
drilling fluids for geothermal drilling. The principle advantages are
higher penetration rates, longer bit life, and no lost circulation
problems. The usual disadvantages, such as control of fluid influx anmnd ‘ B
high pressure zones, are not normally a factor in geothermal well

drilling.

To realize these advantages, it is important to maintain adequate
circulation. Determining the required volume flow rate to maintain
this 'adequate’' circulation has always been difficult. The best
available technique has been the chart developed by R. R. Angel [1].
This chart allows the estimation of volume circulation rates for

various hole sizes, drill pipe sizes, and penetration rates.

One difficulty with Angel’s result is that the equation giving the
volume flow rate must be solved by trial and error. This difficulty is
avoided by using the charts prepared by Angel, provided the case of
interest is tabulated or can be estimated from similar cases. A second
difficulty is that the drill cuttings are assumed to travel at the same
velocity as the air. Angel notes that this is not a conservative
assumption and the analysis presented here demonstrates that the flow
rates he predicts are 20 to 30 percent low. The downhole temperatures

used for Angel’s chart are assumed to be 80 degrees F at the surface,

-12-



increasing 1 degree F per 100 feet of depth. There is no convenient
way to convert to other temperatures., A final consideration is that
the Angel charts do not apply to mist drilling. The addition of water
to the air requires increases in both the volume flow rate and

standpipe pressures to maintain the same penetration rate.

In this report, the equations of compressible gas flow are solved
b# an integral equation method. This method is discussed in the

i

séction of this report titled Compressible Flow,. In this section, the
flow equations are solved and compared to known analytic solutions. In
the next section, Gas Drilling, the appropriate modifications necessary
to incorporate drill cuttings and mist in the air drilling model are
d%scussed. The model results are compared to Angel’'s analysis and a
sémple problem is used to demonstrate applications to geothermal
drilling.

Two—Phase Steam Injection/Production

‘ The last section of this report describes the two—phase flow
mgdels used to simulate the production and injection of steam. This
analysis requires three basic parts. First, a complete set of
thermodynamic and transport property correlations are needed. Steam
and water represent difficult materials to describe analytically, so
simple property correlations, as used in the gas drilling models, are
not adequate. The correlations used in GEOTEMP2 are based on the

equations used to produce Steam Tables by Keenan, Keyes, et.al.

(reference [14]). These are the best, most accurate correlations

~-13-



available that can also be computed efficiently. The correlations used

in GEOTEMP2 are fully described in Appendix D.

The second basic part of the steam models is the vertical pressure
drop correlations., The flowing presssure of a two—phase steam mixture
determines the temperature, and thus all of the heat transfer
properties. The determination of the flowing pressure is not simple,
for example, there are four recognized types of flow for two—phase
mixtures. The philosophy taken for work in this section was to program
the best available correlation rather than work from first principles,
"as in the gas drilling section. One of the best vertical flow
two—phase pressure drop correlations was developed by Orkiszewski,
(reference [10]). This correlation is di;cussed in depth in the

section Two—Phase Flow of Steam.

The last part of the two—phase steam model is the heat transfer
correlation. The Case I method developed by Duckler (reference [13])
was chosen because it was consistent with the single phase flow
correlation used by GEOTEMP2 , consistent with theoretical analysis of

two—phase flow, and relatively simple to implement.

-14-




COMPRESSIBLE FLOW MODEL

The subsonic flow of a compressible fluid can often produce
results that seem to go counter to common sense. For instance,
consider the steady flow of air in a constant area duct.As with all

|
fl&ids, there is a pressure loss due to friction, and the pressure
decreases continuously from the entrance of the duct to the exit,.

Unlike the flow of incompressible fluids, the fluid velocity increases

from the entrance of the duct to the exit.

Two facts account for this acceleration. First, the gas pressure
is proportional to the density (as in the ideal gas law P=pRT). As
thi pressure of the gas decreases, the density must decrease also.
Se;ond, since the mass flow through the duct is constant, the product
of density and velocity is constant . Thus, as the density decreases
with the pressure, the velocity must increase to maintain the mass
flow. (In supersonic flow, the dynamic pressure term reverses this

effect)

This example demonstrates a typical compressible flow
characteristic, the interrelationship of pressure and mass flow. In
air drilling, high velocities are needed at bottom hole to remove the
cuttings. High velocities result in friction pressure drops in the

drill pipe and annulus, so higher standpipe pressures may be needed to
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keep the air flowing. It would be very useful to be able to evaluate

these effects to better plan an air drilling operation.

The flow of a compressible fluid is described by the three
conservation laws of fluid mechanics: the balance of mass, momentum,
and energy. For simplicity, this discussion will only consider the
balance of mass and momentum, similar to Angel’s analysis for steady
flow. For a complete discussion of the balance laws, reference [4]

provides the general equations and many useful special applications.

Figure 1 illustrates the flow of a compressible fluid in a
constant area duct. The duct has cross—sectional area A and length
AZ. The fluid entering this section of duct has flow properties
denoted by the subscript 1, while the exit properties have the
subscript 2. The gravity force is directed against the flow and the

duct is inclined to the gravity force by the angle 0.

The balance of mass for steady flow has the form:

pVA = m = constant (1)

which says that the mass flow rate m is constant. The symbol G is
used to denote a convenient quantity called the mass flux density:
G = pV, (2)

and G is constant for constant area ducts by equatiom (1),

~16-




The balance of momentum can be expressed in the following form:

P,-P, + G[V,-V,] + F + W =0 (3)
where
Z,
- 1f
F=32{ evaz (4)
" Zl
|
and
. .,
Vv = ng cos® dZ (5)
z

1

The term F in equation (3) is the pressure drop due to frictiomnal
losses and term W is the pressure drop due to gravity loads. D is the
hydraulic diameter, which is equal to the inside diameter for tubing
and equal to the difference between the outside and inside diameters
for the annulus. The term f is the D'Arcy frictiom factor. This
factor can be evaluated from friction factor charts called Moody
diagrams (see reference 4, pages 256-257) or by use of amnalytic

expressions (see Appendix A).
An additional relationship needed to solve equation (3) is an
equation of state for the gas. For air drilling applications, air is

very nearly an ideal gas, so

P = pRT (6)

17~



is the neeeded equation. Equation (2) can be used to eliminate density

from equations (3) and (5). The temperature of the flowing fluid is

assumed to be known in this discussion. Angel assumed that the

temperature of the fluid was equal to the undisturbed geothermal

temperature. In general, the energy equation needs to be solved
simultaneously with the mass and momentum equations to obtain the .
temperature. If the temperature is known, equation (3) is now reduced

toc a non—linear integral equation for the velocity. When the velocity

has been determined, the remaining flow variables can be determined

through equations (2) and (6).

The method of weighted residuals is used to solve equation (3) for
the exit velocity. A weighting function equal to the constant 1 was
used. To apply the method, the total duct length is subdivided into

cells, Across each cell, the velocity is assumed to vary linearly:

V(Z)= V,+(V,-V ) (Z-2,)/(Z,-Z,) (7)
Equations (4) and (5) can now be evaluated in terms of the inlet flow

properties and the unknown exit velocity V,. Equation (5) integrates

to the logarithm of the ratio of V, to V however, this can be

1'

approximated by: .

I
(SN
<l

]AZ (8) »

N w

¥ = plcose[

-18-



with an error of the order of (V,-V,)/V, cubed.

The resulting equation for V, is the following quadratic:

a(V,)% + bV, + ¢ = 0 (9)
where:
= G - _l_[ 16 ]
e G 3V p,gcos@® + 2DfV1 AZ (10)
|
b = -P,-GV,+ 3[3p,sc0s0 + 2Z¢v, Jaz (11)
¢ = GRT (12)

Eduation (9) can be solved easily for the exit velocity V,:

v, = —(b+(b3—4ac)%)/2a (13)

Eiuation (13) does not have a real solution for negative values of the
determinant b2-4ac. The physical sense of a negative determinant

is that the flow has 'choked’, that is, there is not enough pressure to
support the assumed mass flow rate, Either the inlet pressure needs to
bé increased or the flow rate decreased until the determinant is

positive.

This numerical model was tested against analytic solutions of the
compressible flow equations. There are three ways of obtaining closed
form solutions of the compressible flow equations. The first method is
to neglect heat transfer in the energy equation, which can then be

directly integrated. The momentum equation can then be reduced to an

-19-



equation in a single variable and solved. The second method is to
neglect the frictional pressure drop term in the momentum equation,

The energy equation can now be reduced to a single variable and solved.
The third method is to define the temperature to be constant and solve
the momentum equation. ( A fourth method would be to define the
density to be constant, but the physical signifigance of this solution
would be even less than the other three.) It is clear that these
methods do not provide a way to include all dissipative effects in one

closed form solution.

The model comparisons all have the following basic data in common:

Inlet pressure: 700 KPa
Inlet temperature: 26.85 C
Inlet velocity: 15 M/S

Duct length: 5000 M

These conditions were chosen to be characteristic of air drilling
operations. Two numerical solutions were prepared for each test case:
two 2500 M elements for one case and five 1000 M elements for a second
comparison case. The first case demonstrates the performance of the
numerical model for a relatively coarse subdivision,. The second case

is intended to show convergence to the analytic solution with increased

number of subdivisions.

Figures 2,3, and 4 compare the velocity, pressure, and temperature

predictions of the numerical model to the adiabatic flow with friction

-20-




solution. The numerical model underpredicts the velocity changes by
about 1% for the coarse subdivision and improves to 1/2% for the finer
subdivision, This response is typical of this type of numerical
solution and is usually attributed to the reduced number of degrees of
freedom compared to the full continuum solution. As a direct result of
underpredicting the velocity changes, the pressure drop in the duct is
also underpredicted. Figure 3 shows the duct pressures predicted by
the?numerical model to be about 1% high for the coarse subdivision,
conyerging to the analytical solution for finer subdivisions., Figure 4
shows the temperature changes to be underpredicted, consistent with the
results for the velocities and pressures, As in the other cases, the

err@r for even the coarsest subdivision is very low.
|

| Figures 5,6,and 7 compare the velocity, pressure, and temperature

pr#dictions of the numerical model to the analytic solution for

i
frictionless flow with heat transfer. It should not be surprising that
the numerical model matches the analytic solution almost perfectly,
since the frictiomal pressure drop term has been deleted. The very
slight error in the pressure predictions is due to numerical roumnd off,.
The mathematical expression of the analytic solution is equivalent to

the numerical solution in this case, but the closed form solution had

to be solved numerically, resulting in small round off errors.

Figures 8 and 9 compare the velocity and pressure predictions of
the numerical model to the analytical solution for isothermal flow with
friction, The results are comparable with the adiabatic flow solution

because the energy equation in that case has been replaced by defining

~21-



the temperature to be constant, The momentum equation remains

unchanged. The model predictions for the velocities and pressures are

of the same accuracy as the adiabatic model results. Gemnerally, the

model results were very accurate, even for relatively coarse

subdivisions, The model underpredicted velocity changes but converged

to the analytic solution for finer subdivisions of the duct length.

-22-
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Constant Area Flow Cell
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Figure 2, Flow Velocities: Adiabatic Flow with Friction
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PRESSURE, KPA

Figure
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Flow Pressure: Adiabatic Flow with Friction
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Figure

4. Flow Temperature:
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Figure 5. Flow Velocities: Frictionless Flow with Heat Transfer
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PRESSURE, KPA
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Figure 6. Flow Pressures: Frictionless Flow with Heat Transfer
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‘ii Figure 7. Flow Temperature: Frictionless Flow with Heat Transfer
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Figure

8. Flow Velocities:
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Figure 9. Flow Pressures: Isothermal Flow with Friction
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GAS DRILLING

The simulation of the flow of a compressible gas is only part of
the analysis necessary to model air and mist drilling. The air or mist
drilling problem is really a multi-phase flow situation, where the drill "

cuttings represent one phase, the air represents a second phase, and

N

water droplets (mist), & third phase.

The addition of the effect of cuttings and mist to the equations
already developed requires two changes. First, the effect of the
cuttings and mist on momentum equation (3) must be accounted for, and
second, the forces exerted on the cuttings and mist must be determined.
The principles of multi-phase flow can be applied to both of these

effects.

Two basic ideas are sufficient to develop the modified momentum
equation, First, the mass flow rate of the cuttings is easy to
determine, it's just the product of the penetration rate, the hole
area, and the density of the rock. Assuming that the cuttings velocity
is known, then a ’'density’ for the cuttings mass flow rate can be

determined:

p VA=mn = GsA (14) ,

This density represents the total mass of cuttings in a volume of the

duct divided by the volume of the duct. The ratio of this density to
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the actual density of the rock is the volume fraction of the cuttings,

6= o /p (15)

The density Bs defined above is called the in-mixture density

of the cuttings. The remainder of the volume is assumed to be filled

by ,the air, with an in-mixture density defined:

p = (1-8)p (16)

With these definitions, the cuttings transport equivalents to equations
j

l
(3?,(4), and (5) can be written:

i
1

| AP + GAV + G AV + F + W = 0 (17)
| s s s
1 £ %2

F=35 [ v+ev ez (18)
] 2D s s
| “1
|
I
! zZ, - -
oW o= I (p + p )cosa dZ (19)
? z, s

A hore detailed discussion of the ideas used in the development of

these equations can be found in references [5], [6], and [7].

The final missing piece is the relationship between the velocity
of the air and the velocity of the cuttings. There is a large
literature on the data necessary to determine this relationship. For

example, in the petroleum engineering literature, there is the work of
t
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Gray [8]. There is also a large literature on terminal settling

velocities for solid particles (see reference [5], chapter 1, section

3). The basic equation needed is given by Gray in equation (15) of the
appendix to reference [8]. Rewritten in terms of flow variables

previously defined, this equation becomes:

G AV + W - P =20 (20)
s s s 9
where .
z, : .
Ws = j (p —- ps)égcosa dz (21)
Z,
c L%, )2dZ
P = D SIZ p(V Vs (22)

1

The term Ws is the buoyant weight of the cuttings. The term P is
the aerodynamic force exerted on the cuttings by the air, with
CD the drag coefficient and & the ratio of the average particle

volume to its cross—sectional area. Values of CD can be found

for various types of rock in references [5] and [8]. The function

used to evaluate CD in GEOTEMP2 is given in appendix A and is

valid from Reynolds numbers characteristic of Stokes flow to fully
turbulent flow. The term 8 was evaluated for an average cutting
diameter of 3/8 of an inch. This size is considered to be typical of

cuttings at the bit. Higher up the hole, these cuttings get broken

3

into smaller pieces. Because there is no way of predicting the change
in average particle size as the cuttings move up the annulus, the

average diameter is held fixed at 3/8 of an inch. This assumption
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causes the model to overpredict the relative velocity between the air
and the cuttings through equation (22). This assumption is
conservative because higher air velocities are now needed to 1ift the
cuttings., The assumption used by Angel is that the particle velocity
and the air velocity are equal and he notes that this is not

conservative.

| The same technique is used to solve equations (17) through (22)
that was used to solve equations (3) through (5). VWhen an equation
similar to equation (7) is defined for the solids, equations (21) and

(22) can be integrated, giving:
|

1
| Ws = W, - E(woAV1/v51—918°°s“ AZAV/V ) (23)
|
where
5 W, = (ps - p,)bgcosa AZ (24)
; 1
ahd
P =P, + P, (AV_-AV) (25)
s
where
P, = C.GG_{(V -V )2AZ/ (28 V_V, ) (26)
D s s, s s,
and
= 3I_ys3 2y2
P, CDGGs(Vslvl)AZ/(4 BVSYI). (27)
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Equations (23) and (24) are now substituted into equatiom (20), so that
Vs can be solved for in terms of V. Vs is then eliminated from

equation (17), resulting in an equation similar to (9).

The addition of mist to the flowing equations is much simpler than
adding the cuttings. The water droplets in a mist are very small, and
as a result, the relative velocity between the air and the mist
droplets is small. The usual assumption used in ‘two—phase flow
analysis is that the air and mist move at the same velocity, and
simulations using equation (22) verify this. Egquations (17) through
(19) are suitable to model mist flow with the following changes: the
mass flow and density of the mist replace those for the cuttings and

the velocities of the mist and the air are set equal,.

The flow equations developed here were incorporated into the
GEOTEMP2 wellbore thermal simulator to give a simultaneous solution of
the mass, momentum, and energy equations. The technique for solving
the energy equation is described in references [2] and [9]. The
momentum equations (17) and (20) are solved simultaneously with the
energy equation described in reference [9], plus the addition of the
kinetic and potential energy terms neglected in the original GEOTEMP
formulation. As a test of the code, the following case presented in

Angel's paper was calculated for a direct comparison:

5 inch drillpipe

8-3/4 inch hole
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90 ft/hr drilling rate

3000 ft/min equivalent gas velocity.

The results of the comparison are presented in Figure 10. The cuttings
model predicts higher volume flow rates than Angel’s model, which was
expected because of the conservative nature of the cuttings model. The
cuttings model also shows, however, that the flow rates specified by
Angel are adequate to clean the hole, even though they do not satisfy
th; 3000 ft/min requirement. Figure 11 shows the temperatures
pr%dicted by the cuttings model. The temperatures are reasonably near

J

thﬁ undisturbed geothermal temperature, which justifies the temperature

as§umptions used by Angel.

To illustrate the operation of the air drilling model in GEOTEMP2,
a sample problem similar to the previous test case is examined in
detail in the following discussion. The air drilling simulation is

defined by these parameters:

5 inch drill pipe

8-3/4 inch hole

3 3/4 inch bit nozzles
600’ 8 inch drill collars
90 ft/hr drilling rate

mist drilling-2 bbl/hr water added

The bottom hole assembly is illustrated in Figure 12. Two cases are
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considered here. The first case is air drilling to 9000 ft. The

second case duplicates the first case up to the depth of 5400 ft. At

this point, mist drilling is started and continued to 9000 ft, This é
case was run to get a direct comparison between air and mis; drilling

requirements,

The volume flow rate requirements are shown in Figure 13. The
volumes used for the air drilling case are based on the Angel charts,
and were adequate to clean the hole. However, in the mist drilling
case, significant increases in the volume flow rate were needed when
water was added to the air. Figure 14 shows the standpipe pressures
needed to maintain the flow rates. A large increase in pressure was
needed when mist was used as a drilling fluid. Figure 15 shows the
predicted bottom hole velocities for these cases. The predicted
cuttings velocitie§ are much lower than the air velocities.
Interestingly, the cuttings velocities increase for mist drilling.
Because of the higher pressures needed for mist drilling, the bottom
hole air density is higher. As a result, the buoyant weight of the

cuttings is lower, resulting in a slightly higher velocity.
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Figure 10.
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Figure 11. Downhole Temperatures Predicted by Cuttings Model
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Figure 12. Bottom Hole Assembly: Sample Problem
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VOLUME FLOW RATE, 100 SCF/MIN

Figure 13. Volume Flow Rates:

Air and Mist Drilling
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STANDPIPE PRESSURE, PSIA
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FT/SEC

Figure 15. Bottom Hole Velocities: Air and Mist Drilling é
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TWO-PHASE FLOW OF STEAM

The full general analysis of the flow of two—-phase mixtures does
not at present exist. One of the difficulties in achieving such a
general analysis is the very different types of flow situations that
mu;t be accounted for. For instance, the difference in geometry and
vehocity of the two phases strongly influence the pressure drop in the

tubing. The geometry and velocity of the phases can be very different

for the four different flow types or 'regimes',

Vertical two—phase flow is catagorized by these regimes of flow
geometry and velocity. There are four generally accepted catagories of
two—phase flow: bubble, slug, transition (frothy), and annular-mist.

Fijgure 16A illustrates a typical bubble flow situation. The pipe is

aymost completely filled with liquid and the gas phase is small. The
ga; is distributed as small, randomly sized bubbles which rise at
vﬁuocities dependent on their size. The gas phase has little effect on
the frictional pressure drop caused by the liquid velocity. Figure 16B
iﬂlustrates slug flow, In this regime, the gas phase takes on more
importance. The gas bubbles coalesce and form stable bubbles that span
the diameter of the pipe. Slugs of liquid precede and follow these
lthe gas bubbles., The bubble velocity is greater than the liquid

vélocity. Both the gas and liquid phases have significant effects on

the pressure gradient, Figure 16C illustrates 'transition’ flow. The
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change from continuous liquid phase to continuous gas phase occurs in

this regime. Although the liquid effects are important, the gas phase

dominates the behavior. Figure 16D illustates annular-mist flow. The
gas phase is completely dominant and the liquid phase is carried as

droplets.

Bubble flow and annular-mist flow are conceptually fairly simple
and can be modeled by methods similar to those used in the gas drilling
section of this report, Slug flow is more difficult and transition
flow is intractable. The usual method for dealing with slug and
transition flow is the use of experiments to develop empirical
correlations. Further, experiments are also used to verify the bubble

flow and mist flow calculations.

The philosophy in developing a steam injection/steam production
model for GEOTEMP2 has been not to work from first principles but
rather to find the best available set of cafrelations and program them
as part of the code. One set of two—phase flow correlations in common
use in the petroleum industry was developed by Orkiszewski [reference
10]. Orkiszewski tested most of the published two—phase correlations
against field data from 148 wells. He was able to select correlations
that matched data within 10% for all the flow regimes previously
discussed. Espanol, Holmes, and Brown confirmed Orkiszewski’'s results *

with independent data [reference 111].

-

The Orkiszewski correlations are applied in GEOTEMP2 in the
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following way. For the inlet conditions to a flow element (Figure 1),
the flow regime is identified. The appropriate correlations are then
used to determine the frictional and gravitational pressure drop across
the element. The exit pressure is determined, and then the saturated
temperature is determined from thermodynamic correlations ( Appendix
C). The energy equation is then solved to determine the phase change
in the flow element. For single component calculations, pressure and
temperature are independent variables, and the momentum and energy

equations are solved simultaneously, as in the previous section.

!
i
Determination of Flow Regime

The flow regime limits are defined by four dimensionless numbers:

| (L)B = the bubble flow/slug flow boundary

J (L)s = the slug flow/transition flow boundary

; (L)M = the transition flow/mist flow boundary

f ;g = the dimensionless gas velocity

wh;re

(L), = 1.071 - (0.2218 V_2/p) . (L) > 0.13 (28)
(L) = 50 + 36$gvs'/vsg (29)
(L)y = 75 + 84(3 Vg /v »0 73 (30)
38 = ng(p'/ga)'zs (31)
VSs = Gs/ps (32)
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(33)

(34)

The notation has been slightly modified from Orkiszewski’s original

paper to avoid confusion with the previously established notation and

to be consistent with the guantities normally used in the pressure drop

calculations. For instance, Orkizewski expresses many of his equations

in terms of volumetric flow rates., By dividing the volumetric flow

rates by the cross—sectional area A, the quantites ng, \'s
the superficial gas velocity, superficial liquid velocity,
'no-slip' velocity, are obtained. Another change has been
substitute the subscript w (water) for 1 (liquid) to avoid

with the subscript number 1. Note that the densities used

Sw

, and V
ns

and

to

confusion

in equations

(31)-(33) are not the in-mixture densities defined in the gas drilling

section, but are the pure component densities. The designation

"superficial’ indicates that the velocities defined in equatioms (32)

and (33) are not the actual velocities of the vapor and liquid phases.

The no—-slip velocity, as it's name indicates, is the velocity that the

mixture would move with if there was no relative movement between

rhases. NOTE: Equation (28) as defined by Orkizewski is not

dimensionless unless the coefficient .,2218 has units sec?/ft,

The limits for the various flow regimes are defined in the

following way:
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e et e e 22 e B e ————

Bubble ng/vns < (L)B

Slug Vog/Vae > (L)g $g ¢ (L)g
Transition (L)M > ;g > (L)S

Mist 38 > (L)

P;éssu;e Drop Correlations for Two—Phase Flow

i

The basic equation used to predict pressure drops is the equation

o)
©
e P

the total change in momentum for the mixture:
AP + G AV + G AV = F + ¥ (35)
| - LA
whére:
j Z,
W= I wgcos® dZ (36)
! z,
and
1
l z,
F = I Te dZ (37)
Z

The terms AVg and AV' are the changes in the density weighted
i
average velocities of the gas and liquid phases of the mixture.

1

Th; velocity change terms in equation (35) can be neglected for all
flow regimes except mist flow, The terms w and v are the mixture
density and frictional pressure drop terms respectively. They will be
defined by correlations for each flow regime. The integrals in
equations (36) and (37) could be evaluated by the same method described

in the compressible flow section. In this application, the integrand
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is considered constant over the interval AZ, which is
consistent with Orkizewski’s finite difference solution of equation

(35).

. Bubble flow correlations

The void fraction of the gas, 63, in bubble flow can be

expressed:

v \'A Vv
[1 + =P o _nsy2_ 4;83)'5] (38)
& b Yo b

o
]
N

where v, is the bubble rise velocity (a recommended value for v

b b

is .8 ft/sec). The average flowing density v can now be determined:

0 = (1—6g) Py * 63 Py (39)
The frictional gradient term tf is:
T, = fp v2/2D (40)
f v w
where:
v = VS'/(l—ég). (41)

Although the correlations for bubble flow pressure drop are simple,
they are relatively precise. Orkizewski was able to obtain a standard

deviation of 5.1% for pure bubble flow situations.
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II. Slug Flow Correlations

As previously discussed, slug flow is more complex than bubble
flow. It should not come as a surprise that the correlations used to
describe slug flow are complicated, The average flowing density o

and the friction pressure drop gradients have the following forms:

- _B ¥ b
w Vv _ + v o, (42)
| ns b
i
! A v
1f 2 Sw b
o= 35%Vasl T v * 7 ] (43)
ns b
wﬂere b is the bubble rise velocity and y is the liquid

dﬂstribution coefficient., Several correlations are used to describe
|

i
t&ese variables. First, two special Reynolds numbers are defined that

are used in these correlations:

N = p DV s/uw = slug Reynolds number (44)

|

|

\

!
and

NReb= wavb/pw = bubble Reynolds number (45)

The bubble velocity is now determined from the following relations:

(0.546 + B )(gD) > if Ny, < 3000 (46)
°b

<
]

(0.35 + B )(gD)*> if Np, > 8000 (47)
°b

<
[}

and
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v = %a + (a®+ 13.594 /p D°3)'> for 3000 ¢ N. ¢ 8000 (48)
v W Reb

-6
»
8.74*10 NRes (49)

™
]

and

(0.251 + B)(gb)°> (50)

Q
[]

Note that equation (48) requires centipoise as the viscosity unit,
lbm /ft3 as the density unit and feet as the length unit for correct
results. For other systems of units modify 13.59 accordingly.

The liquid distribution coefficient y is determined from the
following correlations (see Figure 17):

for vns < 10

y = 0.013 log(u')/Dl'sa

-0.681 + 0.232 1log Vns - 0.428 log D (51)
for V > 10
ns

y = 0.045 log(u')/D0'792

0.709 - 0.162 logVns— 0.888 log D (52)
constrained by

Yy 2 —-0.065 Vns

and for V > 10
ns

The friction factor f is evaluated using the correlation given in

Appendix A using the slug flow Reynolds number.
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IIX. Transition Flow Correlations

All of the above correlations are based on simplified analytic
models. The experimental data are then used to correlate the
coefficients in these simplified models. In the case of tranmsition
flow, there aren‘t even any simplified analytic models to work from.

The‘most successful correlations for transition flow have been
|

conceptually the simplest: a linear interpolation between the slug

{
i

i
flo# correlations and the mist flow correlations, The linear weighting

1
is based on the regime boundary numbers (equations (28)-(30)) and the
dim;nsionless gas velocity (equation (31)). The average flowing

(L))~ v v - (L)
- M g
© T (L)S["”slug* Ly~ (L)S["’]mist (53)

|
denkity term is computed:
|
|
|

The!friction gradient term is weighted in the same way,.
|
|
|
|

1vV. Mist Flow Correlations

% The bubble flow correlations treated the two—phase mixture as a
slightly modified single component flow, Mist flow represents a
sim&lar situation, except the single component is a gas rather than a
liquid. Thus, the mist flow correlations have very much the same form
as the bubble flow correlations. The average flowing density is given
by the same equation as the bubble flow equation (39). In mist flow,

however, the gas and liquid phases move at essentially the same

velocity, so the equation for the gas volume fraction becomes:
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68 = ng/vns : (54)

The friction loss gradient is defined:

Te = fpsVSS/2D (55)

and the friction factor is evaluated at the gas Reynolds number

_ 2
NReg = pgDVss/u8 (56)

Modifications to the relative roughness due to the wetting of the pipe

wall are discussed in Appendix A.

Phase Change and the Energy Eguation

The flow of two—phase steam is assumed to be at thermodynamic
equilibrium in this analysis. To assume a non-equilibrium situation
would not be consistent with the philosophy of this development because
it would go beyond conventional practice. Further, novel developments
of that type would require experimental verification that is not

currently available.

The consequence of assuming thermodynamic equilibrium in a
two—phase saturated mixture i; that the pressure and temperature are
not independent. The solution of the momentum equation provides the
exit pressure of a flow element. The exit temperature is thus defined
through the saturated pressure—temperature relationship (Appendix C).

For the energy equation not to be overconstrained, there must be an
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additional degree of freedom, and that is change of phase.

The energy equation for a two-phase mixture of steam and water has
the following form:

Al(R + V2/2)6 + (b + V2/2)G 1 + gcos8G AZ -fQ/AdZ = 0 (57)
w w w g g g t AZ

wﬁere h is the specific enthalpy, Q is the heat flux per unit length of
|
pipe. and the prefix A denotes the change in properties from inlet to

exit of a flow element. Equation (57) can be expanded and solved for

|
the phase change to obtain the following:

I AG = (AU, + AU_+ AU )/An (58)
: T q 8 P
wljmre
. 6 =G - AG (59)
} g, £,
1
G = G_ + AG (60)
j VIz W1
2 2
AU, = G A(h + V7/2) + G A(h + V7/2) (61)
T g, g g v, w w
AU = -faQ/A a4z (62)
1 AZ
AU8 = GtgcosOAZ (63)
and
Au =nh - h + (V2 -v% )2 (64)
P gz wz gz '3

Equations (61)-(64) are determined by the inlet and outlet temperatures

already determined. Thus, the phase change is computed directly from
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equation (58). The exit mass flux densities are then determined from

equations (59) and (60).

Two—Phase Heat Transfer

The selection of two—phase heat transfer correlations involved
satisfying several objectives. First, the correlation should be
consistent with the single phase correlations already in GEOTEMP2.
Second, the correlations should make sense theoretically. Further, the
correlations should extrapolate smoothly to avoid unreasonable results

when used near the limits of applicability.

DeGance and Atherton (reference [12]) recommend the anmalysis done
by Duckler (reference [13]) for developing two-phase correlations.
Duckler used dimensional analysis to determine the most reasonable way
to develope these correlations. The simplest and most general method

Duckler calls 'Case I’ similarity.

In 'Case I' similarity, the Reynolds and Prandtl numbers are
determined by using density weighted averages, These two—phase

dimensionless numbers are determined in the following way.

NRetp= ptansD/ptp (65)

NPrtp= ptpCtp/Ktp (66)
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where:

= + -—
ptp lpw (1 ).)p8 (67)
= + -
Bep lpw (1 k)ug (68)
C = AC_ + (1-r)C (69)
tp w 8
K = Ak + (1-1)K (70)
tp w 8
with
oA =V IV (71)
| Sw’ "ns
Tﬁe term C is defined as the specific heat at constant pressure and the
t%rm K is the thermal conductivity, subscipts denoting the material.
i
Tﬁe two—phase Nusselt number is determined as a function of the
%

tﬁo-phase Reynolds and Prandtl numbers using the same correlation used

bf GEOTEMP2 for single phase flows:

{

N = 0.023 N2-80 0.35 (72)
Nu Re Pr
tp tp tp

[
The quantity Q in equation (62) can now be evaluated

Q = nK,_ N AT (73)
tp Nutp

{
where AT denotes the temperature difference between the two-phase

fluid and the pipe wall,
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APPENDIX A

FRICTION FACTOR AND DRAG COEFFICIENT

FRICTION FACTOR

The friction factor equation used in the development of standard

friction factor charts was developed by Colebrook (see Figure 18).
|

\
This equation accounts for the differences in surface finish of pipes

through a factor called the relative roughness. Unfortunately,
Colebrook’'s equation must be solved numerically for the friction

factor. The D'Arcy friction factor is evaluated in GEOTEMP2 through an
analytic expression developed by Wood (reference [5], page 166).

1
W#od's equation deviates by as much as 4% from Colebrook's equation,

i
|

b#t uncertainties in predicting relative roughness are at least this

large, so the the two equations should be considered equivalent. The
|

f#iction factor f is given by:

. f=4(a+ b NS (A-1)
j Re
wilere
a = .026 £¢°2%°% 4+ 0.133 ¢ (A-2)
b = 22, £2-44 (A-3)
¢ = 1.62 ¢0-134 (A-4)

and
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¢t = k/D = relative roughness (A-5)

The following values for k were used in GEOTEMP2:

k (Meters) Material

.00305 open hole
.000152 galvanized iron
.0000457 steel pipe

In two-phase mist flow, the relative roughness is modified in

the following way to account for the liquid phase wetting the

pipe wall:
k/D = 34 o/(p v>D) for N_ < 0.005 (A-6)
g 8 w
k/D = 174.8 o(N )0°302/(p vZD) for N > 0.005 (A-7)
w g g w
where
N = 4.52%10 (v p /.d)zp /p (A-8)
w : g W g 'w

and k/D is restricted to 0.500 > k/D > 0.005 . Equation A-8 should be
evaluated for density units of lbm/ft3, viscosity units of centipoise,
surface tension (o) units of lbm/sec and velocity units of ft/sec.

The laminar flow friction factor is also computed in GEOTEMP2:

fL = 64/NRe (A-9)

and the greater value of equations (1) and (9) is used by GEOTEMP2.
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DRAG COEFFICIENT

The drag coefficient used to determine cuttings transport was

derived from the terminal settling velocity correlation developed by

Swanson (reference [5], page 8):

_ 2
CD = [a(l + 6.93bu8/p8dvn)]
where
(p - p ) 1/2
= [4 45 '8
vn [Sgd P ]

4

Swanson determined the following values of a and b:

a b material
1.2717 2.80
1.082 3.11 cubical galena
.942 3.217
1.870 2.56 irregular KC1
1.072 2.18

The coefficients for irregular quartz were used in GEOTEMP2.
quantity d in equations (A-10) and (A-11)

The value of 3/8 of an inch was used in GEOTEMP2.

irregular quartz

spherical glass

irregular sphalerite
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THERMODYNAMIC AND

Air and nitrogen a
ranges of pressure and
operations, this is an
implementation is easy

|

eéuations of state are

P = pRT

=2

]

[}
-]

~

wﬁere R is called the i

constant pressure. The

Air:
|
1

R = 287.06 J/kg-K

Cp = 1004.0 J/kg-K

Nitrogen:
R = 296.80 J/kg-K

Cp = 1038.3 J/kg-K

Note that for the units

APPENDIX B

TRANSPORT PROPERTIES OF AIR AND NITROGEN

re modeled as ideal gases in GEOTEMP2, For the
temperature normally expected in gas drilling
excellent assumption, Further, the numerical
and efficient. The ideal gas thermodynamic

summarized in the following:

(B-1)

(B-2)

deal gas constant and Cp is the specific heat at

following values were used in GEOTEMP2:

given, density p is in kilograms per cubic

meter and temperature T is in Kelvins.

-65-



The viscosity values used in GEOTEMP2 were determined by the

following correlation recommended in reference [4]:

- T (B-3)
B = K ¥A,/T+A,/T*+A,/T°+A /T*
with the following values for the coefficients:
.
A, A *10° 2 A,*104 A,*1076 A,*1078 _
9
Air 0.552795 2.810892 -13.508340 39.353086 -41.419387
Nitrogen 0.579561  2.847486  -13.232490 37.106107 =-37.549675

The thermal conductivity is defined through the following relation:
K = Cpp/NPr (B-4)
where the Prandtl number NPr is defined for gases through the Eucken

equation:

N 4v/(9y - 5). (B-5)

Pr
The term v in equation (B-5) is the ratio of specific heats of the

gas, and in the case of both air and nitrogen, y equals 1.400
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APPENDIX C

THERMODYNAMIC AND TRANSPORT PROPERTIES OF STEAM AND WATER

THERMODYNAMIC PROPERTIES

All steam thermodynamic properties used in GEOTEMP2 are derived

fﬁom the following fundamental equation which expresses the

|
i

characteristic function a, called the specific Helmholtz free emnergy,

in terms of the independant variables density p and temperature T:

a = a,(T) + RT(1lnp +pQ(p,T))

where

InT + Cs(lnT)/t

[
a, = Eci/t‘"1+ c,
i1

7
Q= (t-7 )}(t—t .)J—zB.
C.=1 aj J

and

8 20
B, = 2 A. . (p-p .)1-1+ exp(-Ep)} Aijp
= i=9

i-9

In equations (C-1) through (C-4), T denotes

denotes 1000/T, p denotes density in grams per cubic centimeter,

.46151 J/g-K, =

1.544912, E = 4.8, and
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temperature

(c-1)

(c-2)

(c-3)

(C-4)

in Kelvins, =«

R =



for j =1 T . =T P 0.634

aj c aj

]

for j > 1 = 2.5 1.0

The coefficients for a, in joules per gram are as follows:

C, = 1857.065 C, = 36.6649 C, = 46.
C, = 3229.12 C, =-20.5516 C, =-1011.249
C, =-419.465 C, = 4.85233

and the coefficients Aij are listed in Table I.

The advantage of using a fundamental equation is that all
thermodynamic properties can be obtained through derivatives of the
characteristic function. Because differentiation, unlike integration,

results in no undetermined functions or constants, the information

~yielded is complete and unambiguous.

The basic thermodynamic relations require:

P = pz[gf]t (c-5)
and
e = [éggzl]p (c-6)

The specific enthalpy can then be derived from the basic definition h

= u + P/p.
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ilj
1
2
3
4
5

J

i
7
8
9

10/

i/j

1

2

10

1
29.492937
-132.13917
274.64632
-360.93828
342 .18431
-244.,50042
155.18535
5.9728487
-410.30848

-416.05860

5
-6.3972405
26.409282
~47.740374

56.323130

136.87317

645.81880

TABLE I.

2
-5.1985860
7.7779182
-33.301902
-16.254622
-177.31074
127.48742
137.46153
155.97836
337.31180

-209.88866

6
~3.9661401
15.453061
-29.142470
29.568796

0.0

79.847970

399.175170

COEFFICIENTS Aij

3
6.8335354
-26.149751
65.326396

-26.181978

-137.46618

-733.96848

7
-0.69048554
2.7407416

~-5.1028070

3.9636085

13.041253

71.531353

69—

4

-0.1564104

-0.72546108

-9.2734289

4.3125840

6.7874983

10.401717



SATURATED THERMODYNAMIC PROPERTIES

The thermodynamic region where liquid water and vapor coexist is

called the two—phase region and the states of the liquid and vapor are
called saturated—-liquid and saturated-vapor states. Gibb'’s rule of
equilibrium requires that pressure and temperature cannot be
independent variables in the two—phase region, thus the saturated

pressure Ps is given by the following equation in temperature: -

i-1, (c-17)

8
P =P explt*10 > (¢t —t)}F.(o.ss-o.01t)
s c c ;&1

where Ps is the vapor pressure, t saturation temperature in degrees
Celsius, Pc is the critical pressure (220.88 bars), tc critical

temperature (374.136 Celsius), v = 1000/T, and Fi as follows:

F, = -741.9242 F, = -29.72100
F, = -11.55286 F, = —0.8685635
F, = 0.1094098 F, = 0.439993

F, = 0.2520658 F, = 0.05218684

Conversely, the saturated temperature as a function of saturated

pressure may be needed. The saturated temperature is approximated by:

T =T /[1.73010 - £ _(P)] (c—-8)
s c s

where
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[
£ = }Bi(lnpllnpc)"l (C-9)
i%1

where
, By = -.45800227 B, = 1.0158658 B, = .53542626
i
B, = .07074624 B, = -.26191199 B, = 0.10003160
‘ The final saturated temperature is converged on through use of equation

(C-7). Equation (C-8) is reasonably accurate, so numerical convergence

isﬁvery fast,

The following two correlations were developed to give saturated
vabor and saturated liquid densities. These correlations, combined

wi#h equations (C-1),(C-6), and (C-7), will then give all other

|
saturated liquid and vapor thermodymamic properties. Saturated vapor

density is given by the following equation:
|

| ] _
% Poaty ~ Ps/(TRsat) (C-10)

where

R = R

x..5
sat 2 + R, (1-T)

and

~
[}

(Ts - To)/(Tc - To)

x = 2,6 -.6T
r

=
]

, = 352.551 R, = 107.779

2
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Saturated liquid density is given by the following correlation:

Psat1 = P¢ * (po - pc)U(T) (C-11)

where

u(T) = (1-r§)’5

and
y = 1.6160 cxp(.40873 T3)
p_ = 317.00903 p_ = 1000.0

Density units are kilograms per cubic meter and temperature is in

Kelvins.
TRANSPORT PROPERTIES

Viscosity for saturated steam is given by the following

correlations:

For T ¢ 573.15 Kelvins:

" = [.407t_ + 80.4 - p 7 (C-12)

(1.8580 - .0059t )l1#*10
satv v [

sat

where tc = T - 273.15
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and for T > 573.15 Kelvins:

Heatv [.407tc + 80.4 - .088po

7

+ (2.444 - .00117p ) (t_ - 300)]1*10 (c-13)

where Py = P v(573.15) and P is the critical density.

sat

Viscosity units are Pascal-seconds. Viscosity of saturated water is

v

gi*en in the following correlations:
i
|

for T ¢ 573.15

u = [241.4%10(247-8/(T-140)) 1,477 (C-14)
satl
and for T > 573.15
| Poae1™ [uv(pa- pw) + u‘(p'- pv)]/(pa- pv) (C-15)
|
wh?re
|
| B, = usat1(573'15) from equation (C-14)
Hy "satv(T)
i = (573.15)
Pa T Psatl ‘
pw = psntl(T)
and
Py psatv(T)

with viscosity units of Pascal-seconds and density units of kilograms

per cubic meter.
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Thermal conductivity of saturated steam is given by the

following correlation:

- s
= * -
S (K +K,)*10 (C-16)
where:
K, = 17.6 + 5.87%10 2t + 1.04%10 4¢2 - 4.51%10°8¢3 (C-17)
' @
with t = T - 273.15, and
-5 2 -3
K, = p (103.51 + 0.4198t ~ 2.771%10 “t“)*10
2 satv
8 2 4.2
* -
+2.1482%10°p /¢t (C-~18)

The units for K are Watts per meter—Kelvin and the units for p are
kilograms per cubic meter. The folloﬁing correlation was used for

saturated liquid thermal conductivity:

2
a

4

-.92247 + 2.8395Ta - 1,800T + .52577Ti - .07344Ta (C-19)

Ksatl=

where Ta = T/273.15.

The surface tension between water and steam, o, is given by the

following corelation:

¢ = 7.8609exp(-77.225/Ap) (C-20)
where !
Ap = ( y*#10 "
B 7 THsac1” Msatv _
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Surface tension units are Newtons per square meter, vicosity

units are Pascal-seconds.

3
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APPENDIX D

AREA CHANGES IN COMPRESSIBLE FLOVW

Because GEOTEMP2 allows discontinuous area changes in the flow
tubing (for changes in pipe size), it is mecessary to account for the
changes in pressure, velocity, and temperature due to this area change,
Figure 19 ilustrates the problem to be solved: a compressible gas
enters through tubing with area A, with pressure P,, velocity V,, and
temperature T,, changes area abruptly to area A,, and exits with
pressure P,, velocity V,, and temperature T,. The equations necessary
to solve this problem are the conservation of mass, momentum, and

energy across the area discontinuity:

@ o= p,A,V,= p,A,V,= G,A, (D-1)
A (P, + p,V2) = AL(B, + p, VD) = P, (A, A (D-2)
and
2h, + V2 - 2n, - V2 =0 (D-3)
The term Pb is called the base pressure and for subsonic flow Pb = P,.
With this substitution, equation (D-2) reduces to: !
P, - P+ G,(V, -V,) (D-4) !
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The final items needed to solve these equations are constitutive

equations for the pressure and enthalpy. As an example, the ideal

gas equations are a particularly simple set, with

P = pRT (D-5)

=
]

(@]

-

(D-6)

|
|
|
where R and C pare constants., Since the area changes in GEOTEMP2

applications are small, linearized versions of more general equations
\

I

of state could be used in the same way as equations (D-5) and (D-6).
\

|
The general case would have to be solved numerically. The exit
|
)
e

temperature can be solved for in terms of the exit velocity by using

quations (D-3) and (D-6):

2

1

T, = (2h, + V

2
-V C . D-17
. /c (D~7)

Equation (D-4) is reduced by equation (D-5) to:

|
| G,RT, - PV, + G,V,(V, - V) =0 (D-8)

With equation (D-7) substituted into (D-8), the resulting
equation is a quadratic in terms of V,. The two roots of
the equation represent subsonic and supersonic solutions to the

set of equations. The supersonic solution is rejected because it
violates the original assumptions about the problem. Imaginary roots

imply that the flow chokes going through this area change. Either a
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higher inlet pressure or lower flow rate will be required for a real

solution,
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Tubing Area Changes

Figure 19.
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