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ABSTRACT

The discovery of deeper production and higher pressﬁres has
resulted In the need for control‘equipment for preserving and protecting
these great reservoirs of energy; and, in the case of high pressure
condensate wells, has resulted in the need for means for preventing
freezing or hydrate solidificgtion caused by throttling the production.
De;elopment of a successful removable subsurface regulator has enshled
operators to reduce dangerously high surface flowing pressures to safe
workable limits; end, by moving the point of principel pressure reduction
from the surface to wermer subsurface levels, has resulted in complete
elimination of freezing conditions in flow linés. Development and opera-
tion of the regulastor are described, and charts and tables for use in
determining proper depths and pressure reductions for preventing freezing
are shown. Other results, heretofore considered subordinate, snch as
_reduction end stabilization of condensate ratios, and retarding of water
encroachment, have been observed. Possibillity of the use of subsurface

regulators to establish eonditions in the tubing string most favorable



for condensate precipitation is noted. Further technical ressarch

is desired relative to the use of subsurface regulators for controlling
temperatures and pressures in the flow string to obtain conditions
most conducive to condensate precipitatiorn and an increased c¢ondensate

recovery.
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TABLE 5

CORRECTION FACTORS FOR DETERMINING THE PRESSURE IMMEDIATELY
ABOVE OR BELOW A BOTTOM HOLE REGULATOR

Insatrustions:

To determine the theoretical upsiresm flowlng
prepsureé at the regulator before installation, multiply the
actual surface flowing pressure (at the desired rate of
witbdrawal) by the corrsotion factor indicated for the depth
at which the regolator is to be set mnd for the gravity of
the gas.

To determine the theoretlcsl downstresm flowlng
pressure at the regulator before instellstion, multiply the
proposed surface flowing pressure by the correction factor
indicated for the depth at which the regulator is to be set
and for the gravity of the gas.

Well CORRECTION FACTOR
Depth .6 Gravity .7 Gravity .8 Gravity
1,000 1.02) 1.025 1.029
1,500 1.032 1.037 1.043
2,000 1.043 1.050_ 1.057
2,500 1.05) 1.063 1.071
3,000 1.0645 1.075 1.087
3,500 1.0705 1.08% 1.102
4,000 1.085 1.100 1.196
4,500 L.099 1.16 1.132
5,000 1.110 1.130 1.349
5,500 1.120 1.1 1.163
6,000 1.132 1.155 1.18
6,500 1.143 1.175 1.195
7,000 1.155 1.184 1.211

- 7,500 1.171 1.195 1.227
8,000 1.18 1.210 1,241
8,500 1.190 1.230 1.260 -
9,000 1.202 1.240 1.273
9,500 1.215 1.250 1,285

10,000 1.225 1.265 1,305

To eimplify this operation an average surface
presgure of 2200 p.s.l. was used. Using Bureau of Minee
Konograph 7 meant extending tebles for both depth and
pressure.




INTRODUCTION

Ever since thé tapping of the first oil and ges reservoir that
carried considerable pressure, operators have encountsred freezing problems
caused by the formation of hydrates on the downstream side of the surface
controls. Until recent years, this trouble was merely a seasonzl headachs
that usually started with the first cold spell in the fall. Surface
hot water heaters, although troublesome and dangerous, proved to be a
remedy for this early trouble, and freezing lines became & seasonal
pain and not a serious problem.

. During the past few years, however, the discovery of many deep
pools has brought to the surface much greater pressures, and has resulted
in the need for stronger equipment and safer and better methods for
handling this great energy. The cogtrol and protection of these
reservoirs of energy, as well as the combatting of freezing caused by
throttling the production, today constitute problems of great importance,
problems that will continus to become more critical as deeper and higher

pressure production is found.



The removable subsurface regulator was designed primarily to help
solve these problems.

The purpose of this paper is to describe the theory and mechanism
of the subsurface reguiator, the progress already made by its use, and the
- important part it is believed the regulator is destined to pley in ths
control of high pressure wells in the future.

EARTLY HISTORY OF REGULATCR

Prior to the development of the subsurfece regulator, bottom hole
choking was used rather_extensively to reduce surface flowing pressures and
to eliminate freezing. These iﬁ;tallations, although they did the job
successfully, had one serious deficiency - the choke had a bean with a
fixed orifice and only one rate of flow could be had without pulling the
choke and changing the size of the bean. Due to the fact that.the rates
of production sometimes had to be changed fregquently t; meet varying
demands, pulling the choke to change the bean size became, in many instances,
quite & task. The operation also required shutting in the well, which

was not always convenlent.



With the objeétive of eliminating these deficiencies, work was
begun on a removable subsurface regulator. Regulators of several types
were built and a series of laboratory and field tests started. The results
of most of these were discouraging, primarily beceause steels suitable for
withstanding the abuse caused by chattering, cutting, and corrosion were
not svailable. During these tesﬁs of the first forms of the regulator,
some of the valve elements became so badly cut by erosion and corrosion as
to be useless after only a few days. Other types of valves fluttered and
chattered like machine guns; and, in still other types, the valve elements
broke into two or more pieces.

It was not uﬁtil after the tool was redesigned altogether to
eliminate chattering, and after the discovery of the resistance of K Monel
to corrosion and of Kennametal to flow cutting, that the regulator really
began to show practlcal results.

Because K Monel and Kennsmetal have pleyed such a vital pert in
prolonging the life of the regulator, it is proper that theae materials

be briefly described. K Monel is a corrosion resistant wrought elloy of



nickel, copper and aluminum. The metel is non-ferrous but responds very
favorably to heat treatment, its hardness being raised from 150 Brinell
to 280 Brinell. Tts resistance to the action of minersl end organic acids,
elkalis, and salts mskes it a most desirable materiel for the regulator
valve elements. A very unusual physical property of K Monel is that its
beat treatment is distinctly different from thet used for steels. The
generel procedure for hardening this metal is to heat it to 1100 degrees F,
end then cool it at a rate not exceeding 15 degrees F per hour. Softening
for machinability is performed by heating the K Monel to about 1500
degrees F and quenching in water.

Kennametel is a bard cemented carbide composition most commonly
used in cutting tools for machining tough steesls. The physical property
of this materisl that makes it so desirable for use in forming the
ground seats of the regulator valve elements is its resistance to flow
cutting end sand blasting. It was not wmtil aefter all other meteriels
hed failed that the idea of placing Kennametal inserts in the vulnerable

sections of the regulator valve elements was conceived. The results of



its use were far beyond expectations and it has slmost completely solved
the abrasion problem. The.Kennametal inserts mu;t be ground with diamond-
impregnated bakelite wheels end lapped with diamond dust to meke &
perfect ground seat.
EXPLANATTON OF REGULATOR MECHANTSM

The removable subsurface regulator consists of two principel
perts, the locking mandrel assembly and the regmlating essembly. The
locking mendrel asgembly is the seme as has been widely used for removable
subsurface chokés end safety valves, and hardly needs a detailed explana-
tion. However, for the benefit of those not familiasr with the locking
device; as shown in Figure 1, it is a msndrel and slip type lock which
may be run and pulled under pressure on an ordinary steel measuring line.
Sealing cups are used on the device to effect a shut-off between the
mandrel and the.tubing. This same locking mandrel assembly hes been used
in more than 8000 subsurface instellations.

The regulating assembly utilizes a spring-loeded "floating’ or
movable tubular ;alve geat s the flow controlling element. The design

1g guch that a mechanical load, applied by means of s heavy colled sprinmg,



acts to force the valve seat doﬁnwardly toward a closed position; whereas,
the differentiael pressure across the regulator acts agsinst the area of
tge velve seat to force it upwardly toward an open position. Consequently,
two opposing forces are trying to actuste the valve. The mechanical force
of the spring and the downsiream pressure are acting to close the ;alve;
whereas, upstream or bottom hole pressure is acting to close the valve.
Therefore, the position of the vaelve seat is determined by the prevailing
force or forces. Since the mechanical force can be controlled and any
desired load impressed on the spring to force the valve closed, & definite
and predetermined pressure reduction across the regulator can be had merely
by adjusting the amount of initiel compression under which the spring is
placed.

For example; if & well has a surface tubing flowing pressure of
2500 p.s.1., and it is desired to lower thls pressure to 1000 p.s.i., an
adjusting ring is used to compress the calibrated regulating spring which
will impress a downward load on the valve seat equsl to 1500 p.s.i. This

force acts te close the wvalve; consequently, when the tubing gate valve 1s

elosed, the pressure above the regulator will build up to slightly more



then 1000 p.s.i. and stop, provided there are no leaks in the tubing above
the regulator. The velve closes bescause the forces of the spring load

of 1500 p.s.l. apd the downstream pressure of slightly more than 1000

p.s.i. overcome the opposing force of the 2500 p.s.i. bottom hole pressure.
When the surfece choke is opened, the pressure above the regulator gredually
pulls down to slightly less than 1000 p.s.i., and the reguletor opens.

This action 1s caused by the upward force of the 2500 p.s.i. béttom hole
pressure oyercoming the downward forces of the downstream tubing pressure
end the compressed spring.

Tge amount the regulator valve opens depends altogether npon the
size of the surface-choke used. The larger the surface choke, the greater
will be the pull down of the downstream tubing pressure; therefore, the
differentiel force scross the reguletor acting to open the valve will be
greater end the regulator ;alve will be opened wider. Likewlise, the
smallexr the sgrface choke used, the less the regulator valve will be
opened. The operation of the regulator, therefore, is entirely automatic

and a variable rate of flow, at a substantislly constant low delivery
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pressure, can be had merely by adjusting the surface choke.

Tﬂe range of production thaet can be had through a removable
subsurface regulator is ordinarily from zero to 9,000,000 cu. ft. daily;
however, the maximum volume is governed by the ability of the well to
produce after its flowing pressure has been reduced.

It is the general practice to limit the pressure drop teken
acrogss any one regulator to & maximm of 1500 p.s.i. If a greater pres-
sure reduction is deslired, two or more regulators are installed at intervals
of from 500 to 1000 feet and the pressure drop divided between them. This
is dpne to eliminste, es much as possible, the terrific abuse caused by
the abrasive action of flow under differential pressures exceeding 1500
p-8.1.

A complete‘regulator, having 1ts various parts numbered, is shown
in Figure 1. As has been explained, the movable valve seat (15) is
forced down orte the valve (17) by the regulating spring (1), which is
compressed between the adjusting ring (13) and the velve seat guide (16);
and, by the use of adjusting rings of various lengths, any degired dif-

ferentisl msy be had across the regulator. The chevron packing (12)



in the velve cage (11) prevents flow around the valve seat and forces
all production through its bore. The valve (17) is mounted ia the housing
(19) and a small valve spring (18), compressed between the valve housing
Plug (20) and the head of the valve, holds the valve in position for
coaction with the valve seat (15). The valve housing (19) limits both
the downward travel of the valve seat and the upward travel of the valve.

Under ordinary producing conditions, the valve (17) is held in
1ts uppermost position by the differential pressure and the small valve
spring (18), as shown in Figure 1; however, the construction permits the
velve to move down to an open position when the pressure above the
regulator is greater than the pressure below it. This featumg mekes 1t
possible tg pump downwardly through the regulator should it become neces-
sary to kill the well.

THEORY INVOLVED IN USE OF SUBSURFACE REGULATOR TO ELIMTNATE THE FORMATION

OF HYDRATES

Hydrates found in the flow lines of high-pressure condensate

wells are white’crystalline compounds of water and gas which soldidify



under pressure at temperatures which are considerably above the freezing
point of water. The formation of these hydrates on the downstream side
of 2 choke or regulator is caused by the temperature loss of the flow
stream due to pressure reduction aend, of course, to the presence of water
condensate., The other principal changes in the physical properties of
the flow stream due to pressure reduction actually have a tendency to
retard the formation of hydrates. These changes of properties are:
() the increased tendency of water condensate to vaporize wnder lower
pressures, and (b) lowered solidifying temperature of the hydrates. The
adventeges of these favorable property changes are, however, completely
offset and overcome by the prevailing effect of the temperature reduction.
Therefore, the most practicable and satlisfactory way to eliminate
freezing, or the formatio; of hydrates, is to raise the temperature of the
flow stream before its pressure is reduced, and thus, to compensate the
temperature loss dus to pressure reduction. Or, conversely, to reduce the
pressure of the flow stream at a point at which the temperature of the
stream is sufficiently high to compensate the temperature loss due to the

pressure reduction.



The two most common methods of eliminating freezing, or the forma-—
tion of hydrates, involve the use of surface beaters or the installation of
subsurface regulators.

Where surface beaters are used, the ges is heated on the upstream
side of the surface choke by means of a hot water manifold heated with an
open furnsce, and the entire pressure reduction is mede at the surface.

In wells having subsurface regulator instaslletions, the point of
principal pressure reduction is moved from the surface to an umdergroumd
level, where the upstream gas temperaturs is sufficiently high to permlt
the temperature drop that accompanies the pressure reductlon without the
formation of solidified hydrates. Actually, both methods asccomplish the
seme result; however, the subsurface regulator takes an economical short-
cut by utilizing the inexhsustible natural supply of earth heat to achieve

the desired result.

Determining the minimum depth at which the regulator can be set
to completely eliminate freezing is the only problem of any importance
connected with the use of a subsurface regulater. Since formation pres-

gures increase with depth, the principal problem is to select a depth that



provides a temperature adequately high to allow the loss in heat caused
by the pressure reduction across the regulstor without solidification of
the hydrates.

Sufficient data and formulse are now availzble to determine whether
freezing is likely to occur when a certain pressure reduction is made at a
certaln depth. To make the computation, it is necessary to know the following:

1. Temperature gradient of well.
2. Gravity of flow stream.
3. Upstream and downstream flowing pressures at regulator.
L. Temperature loss through regulator.
5. ' Temperature and pressure conditions faverable for the
formation of solidified hydrates.
The procedure customarily followed is:

1. Decide upon the gurface flowing-pressure and the rates of flow desired.
This determination will, of course, be affected by the
gathering system line pressure.

2. Determine the upstréam and the downstream flowing-pressures at

the depth at which the reguletor is to be set.



theoreticel upstream and downstream pressures across the
subsurface regulator before it has been set. The upstream
pressure, which will be present immediately below the reg-
ulator, is calculated by multiplying the actuel surface
flowing pressure (before the regulator is installed) at
the desired rate of flow by a correction factor éetermined
for the depth at which the regulator is to be set and for
the_gravity of the gas. The downstream pressure lmmediately
above the regulator is foumd hy multiplying the proposed or
desired surface flowing-pressure by the same carrection
factor.

3. From the upstream and downstream flowing pressures determined in
step 2, the pressure reduction to be made by the regulator is
calenlated.

Subtracting the downstream flowing-pressure from the up-

stream flowlng-pressure will give the pressure reduction



which the regulator must be adjusted to meke. A calibration

chart for the reguleting spring will indicate the size of

the adjusting ring which will give the desired pressure

reduction.

4+ Determine the upstream temperature of the flow stream at the

depth at which the regulator is to be set from the temperature
gradient of the well.
Table 2 lists the bottom-hole temperature and temperature

gradient of the prineipal fields throughout Texes and the

; Gulf Comst. Tempsrature gradients are expressed in feet

per one degree F increase in temperature, and are readily

caleulsted by dividing the total depth of the well by the

temperature range, determined by subtracting the mean annual

" temperature (80 degrees F) from the bottom-hole temperature.

5. Using the pressure reduction found in step 3 and the upstream

flowing pressure, determine the resultant temperature drop at

the regulator.

Black, Sivalls and Bryson's curve, entitled "Temperature

e
4
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Effects of Throttling Gas Produced from Distillate Wells™,
Figure 3, contains the best date yet found on temperature
loss due to pressure reduction. This curve has proven
consistently correct and in good agreement with other
observed data. Using the known determinants, it is possible
to find from the‘curve the temperature reduction of the gas
as 1t passes through the regulstor.

Subtract the temperature reduction, just determired, from the

upstream tempersture of the flow stream, determined in step 4,

to find the downstream temperature of the flow stream,

Knowing the downstream temperature of the flow stream and the

downstream flowing pressure just above the regulator, determine

the probabllity of freezing.
Hammerschmidtis curve, Figure 4, on Hydrate Formation
Temperature, provides probably the most widely used date
for determining the temperatures amd pressures favorable
for the.freezing of weter condensats in flow lines. Using

the kmown determinants, it is possible to determine from



this curve the probability of freezing, or the formation
of solidified hydrstes.

If freezing is indicated, either a lower depth with its corres-
pondingly higher temperature should be chosen for setting the regulator or,
1f such is impossible or impracticable, the pressure reduction should be
divided between two or more regnlastors set at intervals of frbm 500 feet
to 1000 feet apart in the well. This spacing permits the earth heat to
raise the temperature of the flow stream between the points of pressure
reduction, to compensate the heat loss incident to each succeeding reduction
of pressure.

As an extreme example; in one installation in West Texas, where
bottom~hole temperatures are abmnormally low, even a very small pressure
reduction was sufficlient to cause freezing whén the entire drop was taken
across a single regulator. After dividing the desired pressure reduction
between two regulators% staged at intervals of 500 feet, freezing weas
completely eliminated.

IMPORTANT CONSIDERATIONS TN ADJUSTING REGULATOR FOR DESTRED FLOWING PRESSURE

The two most important factors to be considered in determining



the adjustment of a regulator required to give a desired surface flowing
pressure are:
1. The maximum rete at which the well is to be flowed, and the
natural "pull down" of the flowing pressure at this rate of

flow.

2. The change in the weight of the flow stream column above the
regulator due to pressure reduction.

The "pull down® of pressures is directly dependent upon the pro-
ductivity factor of the well and is particularly important where wide
variations are to be made in the rate of production. If the well has the
capacity to produce at the maximm rate, as well as at the minimum rate,
without an epprecisble change in the flowing pressure at the surface; then,
this factor can be neglected. However, if the well surface flowing pressure
drops several hundred p.s.l. when the well is flowed at the meximum rate;
then, this factor is most critical end mnst be taken into consideration
in determining the proper delivery or surface flowing pressure.

The "pull down™ pressure drop 19 neither absorbed nor retarded

by the regulator installation; consequently, this drop must be added to



that caused by the regulator, amnd cannot be ignored in adjusting the
regulator to obtain the desired pressure reduction.

For example; 1f a well flows one million cu. ft. per day at a
surface flowing pressure of 2500 p.s.i., and three million cu. ft. per
day at a surface flowing pressure of 2000 p.s.i.; and, it is desired to
lower these pressures 1500 p.e.i.; then, the corresponding flowing pressures
will be 1000 p.s.i. and 500 p.s.i. respectively. However, if the gathering
system>should carry & line pressure of 500 p.s.i.»or higher, then it would
be impossible to produce at the rate of three million cu. ft. per day because
éhe surface flowing pressure would not be sufficiently high. Therefore, in
order to make this higher volume available, it 1s necessary to decrease
the pressure reduction for which the regulator is to be adjusted. If the
pressure drop across thé regulator is reduced to approximately 1200 p.s.1l.,
the flowing.pressures become 1300 p.s.i. and 700 p.s.i. respectively, and
the mexdmum rate of flow can be bed. These surface flowing pressures,
although slightly higher than first desired, are adequately high to cause
flow into the‘500 é.s.i. gathering line, and yet are sufficiently low to

prevent freezing at the surface choke. Therefore, in walls in which the



flowing pressures have a tendency to "pull down"”, it is sometimes necessary
to sazcrifice maximum pressure reduction in order to have high volumes of
flow available.

To determine ;he correct adjustment of the regulator for producing
the desired surface flowing pressure, the weight of the columm above the
regulator must be considered. This is necessary in order to determine the
upstream flowing pressure immediately below the regulator and the downstream
flowing pressure lmmediately above the regulator. These determinations
ere necessary because these pressures, together with the regulating spring,
actuate the regulator valve. As has already been explained, the pressures
may easily be determined by use of Table 5. Knowing the theoretical
upstream end dowmstream pressures at the regulator, it is a simple task
to subtract the downstream pressure from the upstream pressure to determine
the pressure reduction for which the regulator should be adjusted. A
calibration chart for the regulating spring is used to indicate the size

. o % C /I )
of the adjusting ring fwhich must be used Jto secure this particular pressure

reduction.



RESULTS

The primery objective of the subsurface regulator was to provide
for variable rates of flow under conditions which would eliminate freezing
in flow lines and reduce dangerously high surface flowing pressures to
safe workable limits.

This objective has been successfully and completely attained.

In many instances, the use of expensive and elaborate surface
heaters has been entirely eliminated by the simple instellation of one
or more subsurface regulators. Surface flowing pressures ranging up to
5000 p.s.i. have been reduced to 1500 p.s.i. and leas. In all cases,
the meximum flowing pressure has beer removed from the surface connections
or controls to a safe subsurface depth of several thousand feet. It was
principelly for these purposes that more than three hundred and fifty
subsurface regulators were installed in less than two years.

Other results, such as the reduction of condensate ratlos and
reterding of water encroachment, have been considered lncidental or
subordinate and have not been given the amoumt of atiention they deserve.

In most cases in the past, the subsurface regulator installations



have not materially affected condensate ratios, although several cases in
which there was an increase in condeﬁsate recovery have been observed.
These increases might possibly have been dus to the long distance between
pressure reduction stages; that is, between the subsurface regulator, the
surface choke, and the separator. Or, a combination of the lengthy travel
with varying conditions of tempereture and pressure exlstant between these
stages may have been favorable for condensate precipitatiom.

To the writer'!s lmowledge, no subsgurface regulator installation
has been made for the single purpose of increasing condensete recovery;
consequently, the effects on the ratios were obtalned accidentally and
were not precalculated. However, 1t is believed that it may be possible,
through the use of cne or more subsurface regulators, to establish the
temperature and pressure conditions in the tubing which would be most
favorable for the ."dropping-out"™, or precipitation, of condensate and,
therefore, to provide for most efficlent condensate recovery.

In practically all installations, it has been noticed that the

regulator has stabilized ratios to a great extent. Thls has probably



been caused by the maintenance of a relatively constant bottom hole
pressure, which could not be pulled lower than the amount of pressure
differential for which the reguletor was adjusted. At least the same
amount of pressure as the differential for which the regulator is
adjusted must be present below the regulator before the regulator valve
can be opened.
CONCLUSIONS

Since the first removable subsurface regulator went on the mark;t,
less than two years ago, more than 350 successful installations havs been
made. Thess installations were made in 103 different fields, including
practically every high pressure field throughout the world. The rapid
acceptance the industry has given this new method of pressure control
convinces the writer that subsurface control is yet in its infancy, and
thet it is destined to play a still greater role with the advent of still
desper production and higher pressures.

While the data presented here are very general, they are sufficient
to give the operator a practical conception of the chenges in the physical

properties of the flow stream caused by subsurface pressure reduction; and,



have already proven to be of great value in the igstallation and use of
subsurface reguletors in the various fields.

It is the writer's hope that this paper will encourage further
technical reser;h.relative to the use of subsurface regulators for the
control of temperatures and pressures in the well flow string to obtain
conditions most conducive to condensate precipitation, and, therefore, to
greater and more efficient recoveries of condensate.
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