CHAPTER VIII

PRODUCTION CONTROL FOR OPTIMUM RECOVERY

It has been found from the previous three chapters that the maximum allowable

oil production rate does not have significant impact on the magnitude of ultimate oil
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According %o its limitation, a set of fluids having oil with initial solution gas oil ratio of
500 SCF/STB is used.
The results of various runs with different maximum allowable rates and

different minimum flowing tubing head pressures, of 50, 100, and 150 psia, are shown
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Table 8.1 Results of various runs with different minimum flowing tubing head pressure

™ I8~ ™~
4{111a W 10051
q

Run No. | Minimum | Maximum | Ultimate oil |Time to reach Avg,
Flowing | allowable oil | recovery | ultimate oil | reservoir
Tubing rate (percent) recovery | pressure at
Head (STB/D (days) abandonment
Pressure (/‘ (psia)
(psia) |
4001 50 / - w3441 851
4002 50 - 3441 849
4003 50 ;h‘ 5 3441 850
4004 50 v B 3441 851
IAE
4005 50 > i 3441 850
4006 50 7 3441 857
4007 50 7 53 876
4008 50 30 .64 Ea4553 872
= | g InaNInenms | =
4010 Hlﬂ

4012

100

2000

10.55

3653

876

4013

100

1500

10.53

3653

877
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Table 8.1 Results of various runs with different minimum flowing tubing head pressure

(continued)
Run No. | Minimum | Maximum | Ultimate oil | Time to reach Avg.
Flowing | allowable oil | recovery | ultimate oil | reservoir
Tubing rate (percent) recovery | pressure at
Head (S \ Vy/ (days)  |abandonment
Pressure N /‘ (psia)
(psia)
4014 100 3653 879
4015 100 3953 893
4016 100 s & 4553 917
4017 150 88,210 47 3653 927
4018 150 2006— | 3653 927
TN i
4019 150 53 926
4020 150 - mj:u 939
4021 150 |, _ 500 10,38 3653 968
- Tlatal-v
4022 ol 3 | 14558 951
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in Table 3,?, It can be observed from this table that ultimate oil recovery of each

group, with the same minimum flowing tubing head pressure, is close to those of the

other groups. This implies that a control of minimum flowing tubing head pressure

does not have significant effect on the magnitude of ultimate oil recovery of a certain
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gas drive reservoir. However, the ultimate oil recovery mentioned here is at the end of
natural depletion process.

A set of simulation results which minimum flowing tubing head pressure is
limited to 50 psia reveals that oil production rates of the cases with maximum
allowable oil production rate of 1,000 STB/D or greater become similar as the well has

been producing for a certain number ofidays, as shown in Figure 8.1. For example, oil

for 360 days. Qil prod
500 STB/D or lower stért tgfdgeli “ er; \Howe :cline rates of the latter
cases are similar to thos€ of fhe gy .‘ able oil rate of 1,000 STB/D
or greater. T
GOR plots (Figure 8.2). g — w uwing bing head pressure of 50
psia show the similarl allowable oil rate of
1,000 STB/D or greateﬂ'l’he plots of GOR of the casm@thu group follow the

behavior of a ﬁ C@,] ﬂrui lower than R,; as the
well has been praogucing for short t1n1e because gas liberating from ml during this time

o R R B AFTRHA F A b

saturatmn, gas starts to move resulting in the increasing of GOR. In the case with
maximum allowable oil rate of 500 STB/D or lower, the change of GOR delays but the
shape of these curves look similar to that of the cases with maximum allowable oil

rates of 1,000 STB/D or greater.
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Although oil production rate and GOR of the cases with maximum allowable
oil rate of 1,000 STB/D or greater look similar, flowing tubing head pressure of each
case in the group is different, as shown in Figure 8.3. The case with higher maximum
allowable oil rate has rapid drop in flowing tubing head pressure than does the case
with lower maximum allowable oil rate. For example, the case with maximum
allowable oil rate of 2,725 STB/D has flowing tubing head pressure of 50 psia from the

:y y»mm allowable ol rate of 1,000

¥ ric‘ni to wmg tubing head pressure of 50

start of the production while the
STB/D has to produce for 15
psia. That is, the higher : maxizaim allowable r duction rate, the faster the
flowing tubing head pressuf€ deb pt ost of the cases in this group, however, have
reached flowing tubing hiefld gfedbufre GF 50, psia iithin Short time.

Close investigatiofis of t flc wing tubi ¢ - pressure are made. It is found
that flowing tubing head p
flowing tubing head pressure ke ‘at this rapid rate for a certain period prior

to having slower droppin neriod, GOR plot (Figure

w'ﬁ— "“!\;"
8.2) indicates that frec is-still immobile. Rate of tubing

head pressure drop i increages a again as GGR omes greater than initial gas oil ratio.

Note that this pﬂu&%w :%Jem mmgh the maximum

allr:uwabl GW ﬁ q( ﬁ ﬁgﬂﬁ zﬁﬂﬁmmmum
allowablemil rates do not illustrate enomenon since their flowing tubing head

pressure become the minimum setting before the observation of GOR change can be
made. In the 50-psia group, it is found that the rate of pressure change in the plots of
flowing tubing head pressure of the cases with maximum allowable oil rates of 1,500

STB/D or greater changes gradually.
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Plots of oil recovery against producing time shown in Figure 8.4 illustrate that
ultimate oil recovery at the abandonment of each case is approximately identical.
Although the magnitude of ultimate recovery of oil are approximately equal, but time
to reach that recovery of individual case is different. The magnitudes of ultimate oil
recovery observed from these results vary between 10.49 to 10.57%. A close

observation of time to reach ultimate oil recovery reveals that producing time prior to

reaching ultimate oil recovery in tween the cases which have

maximum allowable oil rates .;_.:::" ' @ STB/D. The cases which
( |

have maximum allowable o of 1,000 STE *\‘ﬂ reater have equal producing

time to reach ultimate oil J#€0yé 3 ~ \ nirast, the well of the case with

500 STB/D has to produgé for3 658 of 10 reaching its ultimate oil recovery.

2588 with maximum allowable

From the above observatior St s msidered that the conventional plots do not
give significant iden i:f..=?.-- uSing 10 improve time to reaciinitimate oil recovery.
Conventional plots of surfice in oil p u%ﬁum rate, GOR, flowing

tubing head pressure, and oil gecovery fraction, » These types of information are plotted

oot LA L ATV LE e
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additional plots to conventional plots are used for investigations. Additional plots are
plots of derivative of oil flow rate with respect to producing time, derivative of tubing
head pressure with respect to producing time, and derivative of GOR with respect to

producing time. These derivatives are plotted against producing time. The derivative
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plots include both first and second order derivatives. These derivative plots of surface
information are considered as possible means which can be used as an identifier for
improving oil recovery from the reservoir. The derivative is determined at one time
lag, i.e., the derivative value at time n is determined from the values at time n and n-1.

The derivative is plotted on the cartesian scale.

The first order derivative of oil production rate with respect to time plotted
is is because it is concluded from

' ée oil production rates affect oil
recovery at various tim(  gurves of the, f the first order derivative of

oil production rates wit 9 preducing time against producing time have the

against producing time is pri

the previous three chapt

and approach zero value of

he cases with different

maximum allowable ratesfiavé similgs cuive It igdifficult to notice the difference

between each curve. Therefore, i 0t can not be used for this purpose.
Figure 8.6 is ap d ivative of of|oil production rate with

\l

respect to time againstfrc 4 ﬁ ot that the second order

derivative of oil praducttgngte with respect to time plotted against producing time do

w o U AN IHEINT e
TR A

type of the derivative plot is the first order of derivative of GOR with
respect to producing time. This derivative is plotted against producing time, as shown
in Figure 8.7. The shape of the derivative plot obtained from each case is similar to
that of other cases. However, the duration of each portion of the curve to reach
specific shape or character is different. The curves of derivative of GOR for the cases

with maximum allowable oil rates of 1,000 STB/D or greater reach a specific shape at
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earlier time than those of the cases with the maximum allowable oil rate of 500 STB/D
or less. In addition, the lower the maximum allowable oil rate, the later the portion of
the specific shape is reached. The investigations of derivative plots are extended to
cover the second order derivative of GOR with respect to producing time. However,
the shape of the second order derivative of GOR plotted against producing time is

scatter, as shown in Figure 8.8. No remarlable trend can be made from this plot.

The other surface information "ll aflprobably be used for improving oil
Z tubifg Nead pressure with respect to
orderderivative of flowing tubing

e that the shape of

each line obtained from#achfCage i§ similar, Ba surve starts from the negative value

groups. The group w_hmhhas high' Ths: ",-.',_ lawable oil rate has the derivative

which approaches ze ‘-‘K

7:{ een from the curves of

17500 TB@ and greater. The second

group has the deﬁaﬁz W %@Tﬁ ?w’ve!y longer than

that of the first grpup. The curve of the case with maximum allowable oil rate of 1,000
¢ o

ST RGP Py G B o

approaches zero later than that of the second group. The derivatives of flowing tubing

the cases having maxim@ allowable rates ¢

head pressure of the cases with maximum allowable oil rates of 500 STB/D and lower
are in this group.
Another notification can be made from the plot of the first order derivative of

flowing tubing head pressure with respect to producing time. If the well has produced
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long enough to have GOR greater than R,; while its flowing tubing head pressure is still
greater than minimum value, an abrupt increase of the derivative of flowing tubing
head pressure can be observed. This abrupt increase of the derivative is found at the
point where GOR becomes greater than R, However, if the well is allowed to

produce at very high maximum allowable oil rate, the abrupt increase of the derivative

of flowing tubing head pressure wh 1 GC becomes greater than R,; is not
present. N

The second order dérivati ubing head pressure with respect to
time, shown in Figure 8407 rov@al fidt the s i&second derivative of flowing
tubing head pressure a i ~ ots of the second derivative will not
be considered further.

The results from theffiniblation 6f thelsécond group which the minimum
flowing tubing head press . similar to those of the first group

with 50 psia minimum flowing #bia 5 he behavior of oil production

rates is similar @7 “SO-psia group. shows oil production rates

within the first 300 days of production lgureB.llanwsoﬂprodncﬁnnratesup

to the mmdnnﬁ‘ﬂ‘ﬁ‘ﬁ‘Wﬂﬁw ’] ﬂ ‘j

GOR beh#vior of the cases in }tus group dugn,g the first ?oﬂ{}udays of production
s o PR FEV TN 3 FoBA bbbt ot
depletion ;mr:.ess among each case in this group. The behavior of GOR of all cases
using 100 psia as minimum flowing tubing head pressure are similar to typical GOR
behavior of a solution gas drive reservoir. This observation is similar to that of the

first group.
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Figure 8.15 is a comparison of flowing tubing head pressure of each case in this
group. The shape of flowing tubing head pressure of each case in this group is similar
to that observed from the first group which minimum flowing tubing head pressure is
set to 50 psia. The higher the maximum allowable oil rate, the faster the flowing
tubing head pressure drops.

Plot of oil recovery obtained fiom each case in this 100 psia minimum flowing

tubing head pressure is sho plot is similar to that of the first

: rg ble Qﬂﬂﬂ STB/D or greater have

ife of the reservoir, the case

group. The cases with

similar recovery fraction

with 500 STB/D and 380 / \..\\ \ compared to those of the
cases with 1,000 STBM oglty \ it e recovery of all cases are
approximately equal although { ,’: \\ n allowable oil rates lower than

ruﬂ
1,000 STB/D have longer puducitig fii :f - lo réaching abandonment.

e
Figure 8.17 represents t he plo i ives of oil production rates with
respect to producingisme against sroducing tin: sie-cases with minimum flowing

tubing head pressure 0' 00 pstz plot is similz tn@:at of the group with
minimum flowi t can not be used as an
indicator for mﬂlﬂﬂ 1mm IEGGVEI'}F ﬁ: secnnd order
R TR AR TR NI T3 oo
non umq behavior.

The plot of the first order derivatives of GOR with respect to producing time
against producing time are shown in Figure 8.19. For the cases with maximum

allowable oil rates of 1,000 STB/D or greater, time to reach specific shape of each

curve is similar. Although the cases with maximum allowable oil rates of 500 and 300
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STB/D have longer time to reach those specific shape, the curves of these two cases
are similar to that of the cases with maximum allowable oil rates of 1,000 STB/D and
greater. Since the shape of each case is similar, the first order derivative of GOR with
respect to producing time plotted against producing time can not be used as a tool for
improving time to reach ultimate oil recovery. The second order derivative of GOR.

with respect to time are plotted against prpducing time, as shown in Figure 8.20. The

shapes of these curves are not unique eitl

shape. And this type of pietted-will notbe f@f for improving time to reach
ultimate recovery. 7/

Figure 8.21 is 4 f flowing tubing head
pressure with respect \- oducing time. This figure is
similar to Figure 8.9. THe an b ‘-\- ided into three groups. The

cases with high maximum allgwz hie derivatives which approach zero

value within ver_v-short time. TI Jum allnwahle oil rate of 1,000
STB/D has the curve ;{"‘4:‘;‘5- a-abiupbinerease-duetoritic increasing of GOR. The

mmmmaﬁmumﬂﬂvabe 3nu@wmmmemwrﬁch

approach zero v ffli er cases.
ﬂ 1sa mmpansnn n e smond m::nvaﬁves qu flowing tubing
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from this ﬂgu.re that the shapes of the curves are not persuasive thus this plot is again
not used further for this purpose.

The investigations made from the first two groups having different minimum

flowing tubing head pressures reveal that the shape of the plots of surface information
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of each group is similar to that of the other group, provided that the maximum
allowable oil rates are equal. However, the difference is the duration of each portion
of the curve. For instance, each portion of the plot of the first orfer derivative of GOR
of the cases with 1,000 STB/D and 50 psia (Figure 8.7) is smaller than that of the case
with 1,000 STB/D and 100 psia (Figure 8.19).

The plot of the first order derivative of flowing tubing head pressure of both

Ywhigi' maximum allowable oil rates have

AWM
the derivatives which appm i zero valugjin é&/hﬂe the cases with very low

maximum allowable oil rate.s h ;; mach zero value in long
b }\h iés zero value in between the

two groups are similar. The cases'with

time. There is a case whig

curves of these two group. ! ﬁ*\’\\\s ) the cases with minimum
.&
flowing tubing head pressiffes tu either. \
%4 2

Figure 8.23 is a compagion ofi6: ate of the cases with minimum

e
flowing tubing head pressure is set ¢ i.is found from these cases that the oil
production rates of the chses in th

,v,"
Figure 8.24 is a piot o

t - of the first two groups.
)

; nﬁch case in this 150-psia

group. The shape of GOR gf.each case is simjlar to that of other case. It could be

seen that when ﬁ%ﬂﬂﬂﬁﬂﬂﬂ ﬂrﬁ s!upes of GOR of all
“’“h“ﬁ'Wﬂ?ﬂ"ﬁu URIAINYIAY

Flowing tubing head pressure plotted against producing time of each case in
this group is shown in Figure 8.25. The results which are similar to those of the first
two groups are obtained. The cases with high maximum allowable oil rates have very
more rapid flowing tubing head pressure drop than that of the cases with lower

maximum allowable oil rate.



Qil Production rate, STB/D

2500

2000

1500

1000 g

500 3

|
3
Sl -
0 500 1000 lﬁiﬂ 'U ” * 'Vl ﬂ%ﬁ 'W EJJD ﬂ ‘j 3500 4000 4500 5000
Produ¢ing tim
Figure 8.23 Qil pmducuu@%ﬂ:&v&eﬁ} ‘jlﬁé’%ﬁ'}@ﬂﬂlﬂﬁ ﬂvﬂg tubing head pressure of 150

psia
Maximum allowable oil rate
—#—Qo =2488 STB/D —#—Qo =2000 STB/D —A—Qo = 1500 STB/D ——Qo = 1000 STB/D —%—Qo = 500 STE/D —— Qo = 300 STB/D

601



GOR, SCF/STB

14000

12000

10000

8000

6000

4000

2000

0

0 500 1000 15:ﬂ ) ﬂ@ Y E]%(ﬁ N Eba 19 3500 4000 4500 5000

Produging time, days,_

Figure 8.24 GOR of the caasw{l;} Mﬁ&ﬂ%ﬂﬂl&mﬂﬂﬁﬂ pressure of 150 psia

Maximum allowable oil rate

011

—#—Qo = 2488 STB/D —#—Qo =2000 STB/D —&— Qo = 1500 STB/D —%—Qo = 1000 STB/D —%—Qo = 500 STB/D —8— Qo =300 STR/D



Flowing tubing head pressure, psia

AN
% ,., : EANN

\.

3500 4000 4500 5000

200

RAIN THRRIAN 1A

Figure 8.25 Flowing tubing'head pressure of the cases in the group having minimum flowing tubing head
pressure of 150 psia
Maximum allowable oil rate
—+—Qo = 2488 STB/D —#— Qo = 2000 STB/D —A— Qo = 1500 STB/D —¥— Qo = 1000 STB/D —%— Qo = 500 STB/D —8— Qo = 300 STB/D

500 100 1 i

111



112

Oil recovery fraction are plotted against producing time, as shown in Figure
8.26. The cases with maximum allowable oil rate of 1,000 STB/D or greater have
similar curves. It is seen in the first two groups, which minimum flowing tubing head
pressures are set to 50 and 100 psia respectively, and from the plot of this group that
the difference of oil recovery fractions of the cases which maximum allowable oil rates

of 1,000 STB/D or greater are very sm

Figure 8.27 represents the firs W il flow rate with respect to producing

time plotted against produéin; ryime. e shape of this derivative is
similar to those of the preyi groups. Thus.it can not be used for indicating the
time when an increasi ! rocess 18 e The second order derivative

of oil rate shown in Fj 28 gouid-net be ysed as well since the curves in that plot

The first and s rde of GOR of the cases in this group which

has minimum flowing tuhmg .;u_ ,

LT 50 psia are plotted in Figure 8.29 and

8.30, respectively. (g’ irst order derivative of GOR
curve of each case ar‘ nile VO aoups which have minimum

flowing tubing head pregsuse set to 50 andgl 00 psia. Thus the plot of the first order

s A LD LI W e e
<RI I T

The first order derivative of flowing tubing head pressure with respect to
producing time is plotted against producing time, as shown in Figure 8.31. The curves
obtained from the cases with high maximum allowable oil rates reach zero at early
stage. The cases with low maximum allowable oil rates still have the derivative

approach zero value at longer time while the case with maximum allowable oil rate of
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1,000 STB/D has the derivative approach zero value at intermediate time. The second
order derivative of flowing tubing head pressure plotted against producing time is
shown in Figure 8.32. The curves have similar characteristic to their previous
counterparts.

The investigations made from the three groups of minimum flowing tubing

head pressures show that there is a certain threshold oil production rate for this

which the well is producedt hi Ateau rate. | T eshold rate of these cases is
1,000 STB/D. Itis fu abput \ ion ofithe shape of the first

order derivative of flowi : e g the Bases with maximum allowable

this derivative. It is sea ::—7——-":—'-—_‘:"5"-_ i ion of the first order
derivative of flowing tubi@ head pres i ffecied e variation of minimum
flowing tubing head ressuré, 4ence the minifivm flowing tubing head pressure of 50
psia is used for ﬁi«ﬂ.ruvﬂi;aj:ﬂ. ﬂnncg nﬁ ﬂb‘rﬁ,s{m STB/D is also
¢ o v/

st RAREAT A N INY1A Y

Figml 8.33 represents the comparison of oil production rates varying between
500 and 1,500 STB/D. It is shown in this figure that the case with 1,500 STB/D has a
production profile with rapid decline. The cases with 800 STB/D or greater have

almost identical production profiles. Thus, it is expected that plots of other

information of the cases with 800 STB/D or greater are similar.
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A plot of GOR obtained from each maximum allowable oil rate is shown in
Figure 8.34. It is confirmed from this plot that the behavior of GOR of the cases with
800 STB/D or greater are similar. Thus, it is expected that the plots of oil recovery,
the first order derivative of GOR and the plot of derivative of flowing tubing head

pressure of the cases with 800 STB/D or greater are similar. The exception is made to

allowable oil rate has moseapid®lutp \ \\\ #ad pressure with no

The above investigatidh i ¢ ure 8.36 and Figure 8.37.
Figure 8.36 is a plot of oil rego 7 A ducing time and Figure 8.37 is
the first order derivative of spect oducing time plotted against
producing time. These two plotshave1y, 5 as found ipreﬁously. Figure 8.38
which represents a co -::-*--;_Tﬂﬂﬂiiff"”— .f owing tubing head
pressure with respect to ]mducing time, shows that the shﬂe of the curve is similar to

e N S AR ™o

reach zero of the clifves vary am::ordm%y to the mmnmm a]lowahle il rates. The
curve vl o ﬂmuem}mm TR
the case w;th higher maximum allowable oil rate. It could be noticed from this figure
that the differences of time for the derivative of flowing tubing head pressure to reach
zero between the cases with 800 STB/D or greater are not greater than 100 days. For
example, the difference in time to reach zero of the derivative of the case with 1,000

STB/D and 900 STB/D is 60 days. This is practically considered negligible.
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The derivative of flowing tubing head pressure can, therefore, be considered as
an identifier which can be used for improving time to reach ultimate oil recovery. The
application of this technique is to design an optimum plateau rate for a production
well. The procedure is to have the well produce at any predetermined plateau rate.
The first order derivative of flowing tubing head pressure with respect to producing

time is, then, plotted against producing time from the beginning of the production life.

as a threshold or opti; alatén; .l the produetion rate should be increased.
The plot of the derivatiVe gh = igated continuously. When the
production is changed, the de ater slope, i.e. the increasing rate
should be faster than the prg foy ;; - - that when the production rate is

increased, an abrupt drop of he iced. It should be further noticed that

it is possible to hav #T_— ok ] **'":iu essure increase abruptly.

=

The abrupt increase ufﬂe deriv ng mg@ad pressure occurs when
GOR is just W th E}j Gﬂl’)ﬁﬁum producing time is
needed to explain the cause of abrupt incrase of the derivative.
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