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ABSTRACT

A capilla:y three tube viscometer has been designed which allows
the measurement of rheological properties of time dependent non-Newtomian
fluids in laminar flow at high temperature and pressure. The objective
of this investigation is fo determine the temperature stability of clay-
water suspensions containing various drilling fluid additives. The
additives studied consisted of viscosifiers, filtrate reducers, and
chemical thinners. The temperature range studied_is from room temperature
to 550 degrees Fahrenheit. The system pressure is consistently maintaiged
above the vapor ﬁ;essure.

The Bentonite and water standardized base mud used is equivalent
to a 25 PPB fluid. Stabilization of the base mud 1is necessary to obtain
steady stéte laminar flow conditions and to obtain reliable ﬁemperature
thinning effects with each temperature interval under investigation.
Generally the temperature levels are maintained for one hour until SSOOF

is attained. The last interval is then maintained until system fluid

- degradation occurs.

Rheological measurements are obtained from differential pressure
transducers located in a three diameter tube test section and externally
at ambient conditions from a Baroid Rotational Viscometer. The power

law model for non-Newtonian fluids is used to correlate the data.

-
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INTRODUCTION

The current trend of geothermal well drilling has prompted the
Department of Energy to embark on a research program to determine the
availability of fluids which can tolerate the high temperatures and
pressures encountered. Temperature degradation of fluids is considered
of primary concern because of the costs involved in maintaining well-
bore hydraulics, hole s;ability and reducing reservoir damage.

Previous investigations into the thermal stability of drilling
fluids have been concerned with élay properties such as visc;sity; gel
strength and flocculatiom. Rogers35, Annis? , and Hiller17, utilized
modifiéd rotational viscometers to anal&ze'clay water suspensions in
the 250 to 350 degree Fahrenheit range. These studies indicated that
the stability of the fluid is dependent on the temperature, time of
exposure and the degree of h?dration of'the‘qlay platelets. Annis
further emphasized that various electrolytes énd certain molecules
directly inflﬁence thé fluid behavior at high temperature. |

Recent studies have developed flow networks which apply high and
low Shear rates to fﬁrther analyze fluid behavior. Capillary tube
viscometers were used by Piitchardé, and Krueger27 to evaluate certain
clay water suspensioﬁs. Pritchard séudied lignosulfonate chemical
behavior utilizing t;e aging cell method to expose the chemical to

temperature. The aged lignosulfonate was then added to the base fluid
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and evaluated in the capillary tube viscometer. Krueger used a pipe
viscometer to shear age his fluids and pressure drop data was obtained
for correlating the shear history of the test fluid. These apparatus
rely on Qall shear and givé values of viscosity with known shear rates.
The;e designs were primarily concerned with simulating down hole con-
ditions. |

The presené configuration has the capability of measuring pres-
sure dropnfrom fluid flow under extreme conditions. The temperature
range attainable is limited to 550°F. The pressure may be maintained
from atmospheric to 3,000 psi. The flow loop countains shear valves
which simulate bit jet shear rates of, 10,000 sec™! to 50,000 sec”?,
and are adjustable. The test section shear rates range from 20 sec™!
to 1,400 sec” ). The differential‘pressure measurements are accurate
to + .1 psi, with 50 psi maximum.

The'stabilization of the test fluid is of primary importance
in attaining steady state conditions for testing. Clay hydration
effects the fluid consistency and is time dependent. Therefore a
proper hydration period is necessary to stabilize all clay suspensions.
Chemical reaction rates also are time dependent. These conditions
must be maintained constant or minimized to such a point as to elimi-
nate their effects. The steady flow conditions allows classification
of the test fluid, evaluation of shear history, and an understanding of
cemperatufe thinning or thickening tendencies. Some non-Newtonian fluid
classification methods will be discussed’first. The equipmeﬁt and test
procedure is then presented. Fluid preparation and various stabiliza-

tion techniques are included. Finally the laboratory results and evalu-

‘ation of the flow tests are presented.
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THREE TUBE VISCOMETER TESTS

FLUID CLASSIFICATION

Current classification schemes divide fluids into two major
categories, Newtonian and non-Newtohian. This distinction is based on
response characteristics noted under a raﬁge of shear stresses. The
shear stress will equal some function of the shear rate. Aziz and
Grovierlszindicate as many as eleven different parameters may effect
fluid characteristics. They also indicgte that each parameter may
also depend on other parameters. Most of the parameters involve
macromolecules and particles whiﬁh compose the fluid. They further
state that fluids are élassified into various rheological types on the
basis of graphiéal analysis.

Neﬁtonian fluids are identified on Cartesian coordinates with
a; arithmetic plot of shear stress vs shear rate. The data will be
linear through the origin for a‘given temperature and pressure. The

slope of the rheogram will be the viscosity. The viscosity will be

constant for an increase or decrease in shear rate.

“Non-Newtonjian fluids do not exhibit a constant proportionality
between shear stress and shear rate at constant temperature and pres-
sure. The ratio of shear stress to shear rate is termed apparent

viscosity.
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The power law model fits many non-Newtonian fluids at inter-
mediate‘sheaf rate ranges but fails at both low and very high shear
rate ranges. The fluid will usually exhibit Newtonian characteristics,
at the high and low shear rates.

The power law behavior index, n, indicates variance from
Newtonian behavior. Therefore the farther from unity the more non-~
Newtonian the fluid has become.

Tﬁe power law constant, K, is a consistency index. Both parame-
ters are related to the fluid macromolecules and other solid-liquid
interactions. ]bn a logrithmic plot the'intercept at unity shear rate
is équated to the consistency index. The greater the consistency ingex
value, K, the more viscous the fluid.

If the apparent viscosity.should decrease with increasing shear

rate the fluid is termed pseudoplastic. This is provided the fluid is

in a stable condition and the proper shear ranges are obtained.

The power law model is widely used in industry to analyze drilling

fluids. Mathematically it can be written as:

1 er @y’
yx dy
du

where T is shear stress and <= is shear rate.

yx dy

Dilatant fluids exhibit an increase in apparent viscosity with
increased shear rates. These type fluids may exist only in certain
concentration ranges. The degree of dilatancy is directly related to
fluid interaction with the particles. The limiting concentration range

depends on the particle concentration ranges and physical characteristics



of the fluid. Generally fluids become pseudoplastic when concentration

ranges are lower or higher than the limiting concentrationm.

The majority of clay suspensions exhibit a yield stress. There
are basically three fluid types in this category, Bingham plastic, yield
-pseudopiastic and yield dilatant. These fluids require a finite shear
stress in excess of thg yield stress to initiate flow. - The rheological

equation takes the form:

This»is often referred to as the Herschel-Bulkley quel.

'Bingha; fluids exhibit a linear relationship betwgen shear stress
and shear rate after overcoming thé yield stress. Parameters fof Bingham
fluids may be obtained from ihe slope and intercept of a st:aight line
relationship between shear stress and shear rate. The yield point is
equated to the intercept at zero shear rate and the plastic visgosity
equals the slope of the straight line. Usually the model provides a
.~ reasonable fit in the laminar flow range, exﬁecially at low shear rates.
Clay‘water'suspensions fit within a fange of fluid co§cent;ations.'

Yield pseudoﬁlastics vary from pseudoplastics in yield stress‘
requirements only. The Stress curve exhibits‘a convex appearance. Many
clay water Suspensions‘behave as yield pseudoplastics especially at
intermediate levels of concentratioﬁ.

Yield dilatant flui.ds are similar to dilatant fluids except .for

the yieid stress. The concave character of the shear curve is identical

in nature to the dilatant fluids.
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Time dependent fluids are defined as fluids which undergo a
thickening or thinning with time when held at a cdnstant shear stress.
This investigatién;has considered all fluids as powér law.
The test procedure allows a period of time to shear age the fluid. Many
time dependent characteristics are eliminated. field stress analysis

is neglected other than in rheometer data.

EXPERIMENTAL EQUIPMENT

A diagram of the flow loop used in this study is illustrated in
Figure 1. The flov loop has the cﬁpability of shearing the test fluids
in a similar range to that recorded in an actual wellbore.

The test section is designed to eliminate ehﬁrance effects and
reduce turbulence formation at the frgssure taps. Thé current configu~
ration of the test section measures data in the 20 sec™! to 1,400 sec”!

fange. The test section consists of 3 stainless steel tubes. Each tube

is insulated to maintain the test temperature. Stainless steel tees are

placed in the lines to facilitate installing pressure taps. The pressure
tapé consist of»s;ainless steel fittings and a capillary line leading to
each preésure transducer. The capiliary lines are{used to dissipate
heat  to émbient even at the 550°F test temperature. Test section dimen-
sions are recorded in Table 1.

System pressure is maintained at 3,000 psi with spfing loaded
shear valves supplied by Dresser Magcobar. The shear valve; produce
sufficient backpressure to prevent vaporization in the test section. The

valves shear the fluids in the 10,000 sec™? to 50,000 sec™! range. A

diagram of the shear valve is included in Figure 2.
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TABLE 1

TEST SECTION DIMENSIONS

diameter

Diameter | Resistance | Equivalent| Calculated| Actual | Actual
Ratio Coefficient| Entrance | Calming Caiming | Tap
: Length Length Length | Distance
Sudden enTarge-
ment between %" | " " P
be .o‘asn aﬂd 3/41: 0-29 0.84 1.68 9.1 24 4.33
X .065" tube
Sudden contrac-
tion between 3/4" : " " '
x .065" and 3/8" 0'45 0435 0-70 5.8 24 3'25
K .049" tube
Sudden- contrac- : ’ . : .
tion between 3/8"| 0.65 0.25 0.50 2.7 24" 3.25
X .049" and 1/4" v
X .035" tube
Sharp edged : o | .
entrance 0 0.50 1.0 30 x - S
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The flow loop temperature is obtained by the use of electrical
tubular heaters attached to the )% inch flow tubing. The tubulars are
rated at 2 KW each_and are 90 inches long. There are 9 tubular heaters

in the flow loop. Three temperature controllers monitor and maintain-

_fluid'temperatuie in the loop. The system is capable of attaining 550°F.

Flow 1is mainﬁained with a’Wallace and Tiernan metering pump.
The pump is a positive displacement pump without suction. Therefore a
feed ﬁump and variable speed electrical drive motor were required to
maintain’flﬁwvfrom‘the reservoir to the metering pump liquid ends. The
feed pump included a bypass loop and valve to :eturﬁ fluid to the reser-
voir, this allowed pressure coutrol to the metering Qump.' The bypass

network also allows extra mud mixing capabilit;es.

FLUID PREPARATION .

Two standard base muds were prepared. The base fluids consisted
of a 25 1b/bbl Bentonite suspension and a 25 1b/bbl Bentonite suspension
with 20,000 ppm sodium chloride. These base fluids were prepared in the

flow loop to reduce aeration and to allow an even consistency by exposing

‘thejfluia to Siﬁilaf shear histories. The pH was constantly monitored,

in the reservoir, and maintained at 10 + 0.5 pH'with‘a,sddium hydroxide

solution. The flow loop is able to shear age the fluid quite effectively.

The mixing period is not sﬁffiéient_to age the‘fluid for testing. It

was sufficient to evenly distribute the clays and chemicals throughout

the liquid phase. ¢
Thé mixing. procedure requires shear aging the fluid for four

hours at room temperatdre. The system pressure was maintained at 1,500 psi.
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The pressure drops were monitored as an indication of consistemcy. The

clays and chemicals were added to the reservoir and constantly agitated

 with a mechanical stirrer as well as by the feed pump bypass. Fluid

mixing procedures at times produced fluids which varied in consistency.
This condition was reduced by determining the loop cycle time. - The cléys
and chemicals were added evenly by dividing additions in portions of 50

grams. Two to five cyéles were'ﬁecessary depending on the viscous na-

ture of the test fluid. The base fiuidé wete originally allewed to

hydrate prior to additions of any chemicals, the hydration period allowed
the clays sufficient time to disperse. If the chemicals weré added on
the second day of tésting,_the fluids at times were not homogeneous and

required additional shear aging or exposure .to heat before proper stabi-

- lization was obtained. At the end of the mixing périod the fluid was

displaced from thé flow lbop'and Stored in air tight containers for 16
to 20 hours. | |

The hydration period is primarily for liquid-solid adsorption
or chemical~dis§ersion; The cia&s are sensitive.to iiquid contact and
disperse with fime; The éhemicals_may tend to.adsbrb water or may beA
solﬁble. It is aISO;apparent that‘the chemical may react with the clays
during this périod;' Reduction in dispersion of the clays resulted from
the simultaneous aging of the clay and additive.

The pressure transducer cﬁpillaries were-sensitive to plugging.

Once the test fluid vas displaced the capillary lines were flushed with

~ fresh water and a calibration check was performed. The pump was also

serviced dufingithis'period, this maintenance was necessary to reduce -

the pbssibility of pump leakage or check valve'failu;e. If the clay

N
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suspension were allowed to remain in the system the check valve effi-

vciency of the metering pumps was reduced. The loop was then flushed for

one hour atVZSOOF with 2 10 to 12 pH éaustic solution. The caustic solu-
tion was not recirculated but dumped after periodic checks for impurities.
The following day the filtration cells were installed and the
corrosion coupons were weighed and placed in the corrosion cells. The
test fluid is used to displace the caustic soluﬁion. The fluid was then
circulated at‘room temperature for thirty minutes. The Baroid variable
speed rheometer is ﬁseﬁ to measure the rheology at IQOOF. Thesé data
wefe then compared with the flow loop differential pressure drop across
the %" tubg. If the viscosities célculated were consisﬁently in the
same range, the test was initiated.\ If the data were notvconsistant and -
no plggging of capillary lines was apparent, a note was recorded with .

the data and the test resumed.
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TEST PROCEDURE

Testing was initiated once  the mixing and hydration periods
were complete and fluid rheology had been checked‘and recofded. The
temﬁerature intervals were 250°F, 350°F, 450%F, and 550°F. The temper-
ature dintervals are maintained for one hour. If the fluid remains
stable after ome hgur of 550°F the test was c0ntinuéd until system'fail-
ure.or fluid degraéation occurs.

Occasionally the Wallace and Tiernman triplex metering pump,

limited the testing period. The slurries tested, at times, scoured the

- plungers and packing such that leakage occured.  The pump liquid end

check valves also can produce a time limitation on the test. The fluids

viscosity and solids content affected the performance of the ball check
(

valve. The valves tend to stick either open or closed. Once a check

"valve became inoperative the flow rate varied requiring repair of the

stuck check valve and reevaluation of the volumetric flow rate.
fAbsoluﬁe pressufé data was recorded every 15 minutes. Thé
absolute pressure was considered excessive if it exceeded 3,000 psi.
Pumpingjpressu:e is maintained with the shear vaives.“ The required
tension to obtain the test ?ressure of 1,500 psi for the fluid had to

be monitored because of temperature thinning effects. If the fluid

exhibited temperature thinning and the pump pressure reduction was below

.test pressure the shear valve tension was increased. The shear valves

13
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were only adjusted when the loop temperature was below 350°F. Therefore
any temperature thinning effects at 450°F and 550°F and subsequent
pressu:é reduction were not corrected. This is ;ue mainly to séfety
requirements. Normally test fluid reactions above 350°F would cause a
_ viscosity increase (pressure increase) due to clay flocculation or
chemical reactions. Therefore over pressuring was considered as a
chemical flocculation.condition. The fluids are then considered to
have degraded due to.the test temperature. The absolute pressure was
also used to correlate the differential pressure data. Two to three
hundred psi fluctuations could occur at the higher temperatures (350°F -
550°F) .

Differential pressure drops were recorded évery 15 minutes along
with the absolute pressure. In certain casés of capillary tube plugging .
the différential p&éssure déta reflects unreliable data. Therefore data,
is eliminated where it is. due positively to.éapillary tube plugging.

Effects of fluid vaporizatiop problems.due to fluid flashing was
considered at high temperatureﬁ -Vaporization developed whenever pump
efficiency deteriorated. .The vapor pressure of water at 550°F is 1,050
psi. _When pump pressure is reduced below this value, the liquid is
partially vaporized and this reduces the reliability of the test data.
The £luid may deposit solids on the tube walls re#trictingkfléw and in-
creasing the pressure drcps-attained. The vapor phase eliminates the
assumption of no slippage at ;he'tube_w;lls due to the velocity gradient
of the vapor phase. Erratic pressure fluctuations are the result of the

increased velocity of the vapor phase and concurrent flow of the remaining

slurry. Whenever vaporization became excessive the test was terminated.
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Rheological data was recorded every 30 minutes. The Baroid
variable speed rheometer measurements obtained included a range of RPM
values including initial and ten minute gel stfength readings. ’The rheometer
data was obtained at 120°F. This data was used to oBtain the plastic
viscosity, yield point and apparent viscosity values. The gel strength
information also served as an indication of fluid stability.

Fluid pH was recorded every 15 minutes. The returning fluid
pH is recorded and the input fluid pH is maintained at 10 + 0.5 pH.

When caustic additions became excessive, due to high temperature reac-
tion;, dry cauétic was added to the reservoir in gram increments. Finally,
at the 550°F test interval caustic additionms were terminated because of

the excessive additions required.

FILTRATE REDUCERS, VISCOSIFIERS, AND CHEMICAL THINNERS

Five filtrate reducers were tested. The tests were made under
the same conditions as the companion tests performed by Magcobar services.
The fluidé tested consisted of a gum, a starch, and 3 cellulose products,
' CMC, HEC, and polyanionic cellulose. Theése fluids are primarily filtrate
reduceré~bup also act as viscosifiérs. The CMC aﬁd polyanionic cellulose
also function as shale control inhibitors. |

Drilling fluids containing guar gum are usually fresh water low
solids fluids. Guar gum also works better at low pH and low salinity.
Gypsum and calcium reduce its effectiveness. Gums chemically consist of
aﬁ acid nucieus coupléd with sugars. The sugar molecules require bacteri;
cidal chemicals to retard fermentation. These fluids form viscous col-

loidal solutioné by dissolving in water. . Gums are'ofganic carbohydrates
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derived from organic materials. They are susceptible to temperature
‘degradation at low values of approximately 250°F. (RogersBs). Although
Guar gum is less effective in high salinity water it has been used in
these enviromments quite effectively. These Guar gum treated fluids are
also good in- areas where high hardness water exists.

The modified polysaccaride is a pregelatinized starch with a-
biocide blended into it to retard fermentation. Its primary function
is a filtrate reducer. Most starches absorb water. This reduces the
free water available in the fluid and the molecules tend to lodge in
filtrate pores to reduce the fluid loss. Modified polysaccaride may
be used in all 19w solids drilling fluids. They are not susceptible to
salinity or pH limitations. .

The cellulose products tested are altered naturally occuring
prodﬁcts. They are generally long chain molecules which have been
polymerized. The three forms tested consisted of carboxymethyl cellulose,
hydroxethyl cellulose, and polyanionic cellulose. They may lower fluid
loss by plugging poreé, or filming clay particles. The cellulose is
insoluble in water but when treated with alkaline materials forms
viscous colloidal mixtures.

QIC comes in three grades definable by viscosity effects. Our
tests utilized, regular viscosity grade CMC. CMC is primarily a filtrate
reducer and viscosifier but also acts as a shale control imhibitor. It
is sensitive to high salinity. ‘Generally, less than 30,000 ppm sodium
chloride is desired. CMC fluids are not'sénsitive to the pH range used.
The amount of salihity and ions present in the fluid influence ﬁhe amount

of treatment required to obtain desired fluid loss and viscosity effects.
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Normally, caustic soda and a chemical thinner are added to achieve vis-
cosity, gel strength and pH control. Gypsum, calcium and formation shales
cause contamination and reduce the effectiveness of the treatment. CMC
has low fermentation degradation and may not require bactericides.

i Bydroxyethyl cellulose, HEC, is similar to CMC but several dis-
tinctions exist. High pH is not desirable when using HEC. It is gener-~
ally used as a viscosifier but is an excellant filtrate reducer. It is
not semsitive to salinity and can be used in saturated salt water solu-
tions. Gypsum, and calcium reduce the treatment effectiveness.

Polyanionic cellulose; is a multdi low solids drilling
fluid additive. It acts as a filtrate reducer, shale control inhibitor
and a viscosifier. It is not sensitive tb salinity,‘pH, gypsum, or
calcium conditions.

Previous investigations have indicated that most organic filtrate
reducers are not effectiveiabOVe 250°F for extended periods of time. They
also must be monitored for treatment concentration because they are vis-
cosifiers and overtreatment changes viscosiﬁy drastically. Polyanionic
cellulose and HEC ére siﬁilarly problematic because excessive shearing

]

causes a dramatic viscosity change.

LIGNOSULFONATES AND LIGNITES

wa lignosulfoﬁateé and two commercially available lignitic
materials were tested. These fluids are primarily chemical thinners but
have other beneficial qualities. They generally react better at,pH values
above 9.5 pH but are efficient at any range of pH.

Ferrochrome lignosulfonates are excellent thinners, shale
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inhibitors and fluid filtrate reducers. Gel strength is considerably

reduced and controlled by these additives.

The lignosulfonates act on clays by reducing ionic attractive:
forces. Therefore, they effectively reduce the flocculation tendencies
of bentonitic clays and are known to raise the thefgal flocculation
stability.

The lignite-lignosulfonate fresh wéter.muds tested are con-
sidered to be especially economic. They are dependent on the combined
properties of lignite to reduce filtrate loss and lignosulfonate to
act as a chemical thinner.

Partially refined lignites are generally recommended for high
temperature stability. Hardness ions reduce base exchange capacity of
lignites thereby reducing their effectiveness.. Salt concentration also

reduces efficiency by reducing solubility and causing a flocculation

effect.

TEST RESULTS

Three phases of fluid testing were required to determine temé-
erature.degradation characteristics of common drilling fluid additives;
Thé first phase consisted of a high temperature test oQ a water mineral
oil mix to establish flow loop reliability. The second phase qpnsisted
of testing a bentonite suspension for flocculation tendencies at high
temperature. The third phase involved testing of the various viscosifiers,

filtrate reducets, and chemical thinners.
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Phase 1

The pure water viscosity range was below the accuracy of the
differential tranducers. The fluid as tested contained mineral oil.

The o0il raised the viscosity sufficiently to obtain reliable data.

Phase 11

The clay water suspension tested was mixed in the loop apd
tested in one day. Clay hydration was minimized to reduce the viscosity
and allow a more pumpable fluid.

The Bentonite slurfy viscosity increased with each temperature
interval. The tube viscometer and the Baroid rheometer data correlated.
The rheology data did not react as expected with increased temperature.
Plastic viscosity increased with increased temperature. The yield point
increased to a peak, and gradually leveled off. The plastic viscosity
inc;easé and yieid point characteristics coﬁld be attributed to a re-
duction in the liquid concentration caused by pump lezkage. _

Failure of the system occured between 400 - 450°F when the |
high température shear-valve‘plugged. Actual flocculation témperature
of the bentonite slurry is que;tionable. Failure of the shear vaive was

attributed to a rubber seal being installed when a viton seal was re-

- quired. The seal is in contact with a moving rod which applies spring

pressure to the ball and seat. The rod is required to pulsate as fluid
pressure lifts the ball off of the seat. The shear valve was repaired
and reinstalled on the inlet side of the water cooler. This location re-

duced the exposure temperature of the shear valve as much as 200°F. No

further failures were attributable to this seal.
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Pump check valve efficiency and plunger packing leakage altered
the flow velocity. Thg complication of altered liquid-solids ratio made
consistency determination a variable.

‘ The test section pressure measurements were sufficient ;n the
1/4" 0.D. and 3/8" 0.D. tubes but the 3/4" 0.D. tube pressure drops were.
consistently high. Reynolds number calculations indicate the fluid was
in tﬁe laminar ‘flow regime. It was concluded that channeling of the
test fluid was occu;ing in the 3/4“ tube. The reduced diameter caused

by the settlingktendency of the fluid caused the high pressure drops.

This condition was observed in all tests involving clay slurries.

Phase III

The first chemical test consisted of a carboxymethyl cellulose
slurry. The‘bas; fluid was not prehydrated but was sheared for 2 hours
in the flow loop. Test results indicated the fluid viscosity varied
slightly between loop and rheometer méasurements. The rheometer data
indicated_é reduction in plastic viscosity and a similar decrease in
yiéld point. Tube viscémeter data indicate a stable fluid up to 550°F,
that is no high viscosity. Once the temperature was raised to 550°F the
fluid exhibited a decfeasing viscosity. Certain periods were affected -
by pressure reductions below the Vapor pressure resulting in high differ-
ential pressure.fluctuations. The fluid was discolored from light gr;y
to a brown gray. Caustic additions were excessive at the 450°F and 550°F
interval. Gel strength data indicates a significant decrease after one
hour of exposure to 5§0°F. There was no indication of a flocculation con-

dition except when vaporization problems and caustic additions were not
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maintained. The pump continued to cause problems with leakage and no
fluid was added to the reservoir other than caustic solution. The
test was terminated when vaporization problems persisted due to gradual

pump failure.

?olyanionic Cellulose

Prior to initiating the test the fluid was heated to 250°F for
one.hour. This reduced the rheology data enough for measurement on the
rotationalvviscometer. The fluid remained stable after one and a half
hour; at 550°F. Caustic additions were similar to the CMC test but,
caustic additions were not discontinued during this test. Flow loop
viscosity decreased with temperature interval until‘SSOOF. The rheometer
data showed a decreasing plastic viscosity and a fluctuating yield point.

Tube plugging in the 3/8" 0.D. section capillary reduced reli-
ability of diffe:ential pressure measurements.after 15 minutes at 550°F.
At this point the pump also caused vaporization and pump leakage became

excessive. The test was terminated when a thermocouple malfunctioned.

HEC

This tés; was terminated during the mixing period.” Excessive

viscosities were encountered after 0.5 1b/bbl HEC was added and exceeded

. viscosity limitations after one 1b/bbl. The fluid had been exposed to

250°F fdr two hours and 45 minutes in an attempt to reduce the consistency
and stabilize the fluid. Once the system plugged circulation could not

be regained.
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Guar Gum
This test is the first two day test, initiated to allow pump
periodic maintenance. The pump leakage generally developed after a

certain time interval, approximately 4.0 hours. Since 4 hours could be

used to mix and a minimum of &4 hours is required to test, the test pro-

cedure was altered. The final test period lasted for six hours in this
experiment, some problems were ekperienced because of the cheék valve
sticking, but the pump leakage did not become severe until after 5 hours.
Some vapor pressure problems resulted from the check valves and finally
caused termination of this test,

This fluid exhibited good thermal stabilitf. Some unexplainable
rheological data were exhibited probably due to the variations in pump
pressure and flow velocity. The pH value was low after 450°F and're-
quired excessive amounts of caustic to regain reservoir conditions to
10 + 0.5 @H. The returning pH values recorded indicate the variation
and concentration absorbed by the system. Gel strengths appe&r to in-
crease but at the higher temperatures they decrease. The rotational
viscometer data are significantly affected by the caustic consumption.
The 600 RPM value after 15 minutes of expésure to 450°F exhibited an
increase in viscésity, yield point and 10 minute gel strength. The

pH value was reduced from approximately 10 + 1.0 to 8.9 pH and varied

from 7.6 to 8.9 pH. The plastic viscosity fluctuates between'the'ZSOOF

interval and the first 450°F measurement. Also the yield point increased
from 30 1b/100 sq. ft. to 39 1b/100 sq. ft. and then decreases to 20 and

21 1b/100 sq. ft. with returning pH still 10 + 0.5 at 350°F. The 450°F

. interval causes a yield point increase to 43 1b/100 sq. ft. with returning

pH of 8.9.
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The pH decreases further when exposed to 510°F. Plastic
viscosity became unity with a yield point of 4 1b/100 sq. ft. pH con-
sistently returned between 6.4 and 7.7/pH. Initial and 10 minute gel

strengths decreased to 1.5 1b/100 sq. ft.

Modified Polysaccaride

This £luid was difficult to mix without causing severe check
valve problems. The pump check valves were easily plugged by this fluid

and the 1/4" capillary tube to the AP transducers was later found plugged.

" This resulted in erratic fluctuations in differential pressure. Test

section differential pressures fluctuated as much as 15.0 psi. The

flow rate varied from 7.0 ml/sec to 16.0 ml/sec. Puﬁp pressures varied
from 500 psi to 1,300 psi. The mixing period lasted 3.5 hours. The
hydration period was 20 hours. The fluid flow appears to have been
stable in the 3/8" 0.D. tube. The fluid visually exhibited aeration
chafacteristics after 30 minutes at 450°F of exposure. No determination
as to the composition of the gaseous space could be ascertained. The
fluid became a froth plugging the system and terminating the test.

‘The 450°F test interval again reflects an important character-
istic of pH variation, after 15 minutes.of 450°F températures, the pE
had dropped from 9.5 down to 6.4 to 6.8 pH.

The fluid remains fairly stable through the 350°F teét interval.
Plastic viscosity remained constant at 7 c¢cp. the yield point varied
§lightly from 7 to 16 1b/100 sq. ft. This may be attributed to the pH
again. This fluid exhibited a capacity for more caustic than previous

fluids tested.
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Ferrochrome Lignosulfonate

This test indicatéd that lignosulfonates degrade rapidly after
exposure to 450°F. This fluid plugged the system after 45 minutes at
530°F. The particular mixing procedure foll§wed, as discussed under
"Fluid Preparation", produced initial viscosities in the 6.5 cp range.
Higher initial viscosities were oBtained in preliminary tests where
the bentonite was completely hydrated before the addition of the ligno-
' sulfonates.

It should be noted that once the slurry is exposed to elevated
temﬁeratures the performance of lignosulfonates is the saﬁe (an increase
in viscosity) regardless of the initial mixing sequence,

The rheological data from the returning fluid indicates insta-
bility of the ferrochrome lignosulfonate after exposure to 450°F. The
pressure indications from the loop signified the fluids were temperature
sensitive immediately after exposure to 450°F. The viscosity increase
was quite significant. The difference between the two measurements,
rheometer and flow loop, indicates the need of dynamic measurements.

The 10 minuté gel strength has significantly increased from 2 1b/100

sq. ft. @ 450°F after 30 minutes exposure to 40 lb/iOO sq. ft. @ 450°F

after one hour. The initial énd 10 minute gel strength increased dramatically
after 30 minutes of 530°F exposure to 13 and 108 1b/100 sq. ft. respec~
tively. The yield point remained constant until 450°F when it gradually
increased to 6 1b/100 sq. ft. The 550°F temperature interval developed

a 22.4,1b/10075q. ft. yield point. pH conditions were virtually uncon-

trollable after exposure to 350°F temperature.
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Plastic viscbsity remained relatively stable until 450°F was
attained. A slight increase in the plastic viscosity is indicated during
the hour of exposure to 450°F temperature, Thé plastic viscosity then
decreased when exposed to 530°F in:e:val when capillary lines experienced
plugging and finally the shear valve plugged. A flow loop viscosity in-
crease was noted immediately upon exposure to 450°F. The viscosity'rose
to 29 cp within 7 minutes on the 1/4"™ 0.D. tube. with 30 minutes of
exposure the 1/4" 0.D., tube viscosity was approximately 52 cp. After

45 minutes of exposure the viscosity had risen to 121 cp.

Chrome Lignosulfonate

Pump check valves were modified prior to iﬁitiating this test.
It was determined that replacing the check valves prior to testing would
increase test time. This partially reduced the check valve sticking
tendency for this test.

Rheology data reflect a consistent fluid until the final check
at 450°F. Ten minute gel strength increased in this interval from
2 1b/100 sq. ft. to 24 1b/100 sq. ft. No significant plastic viscosity
decreasé occured and only a slight increase-in yield point developed.
Flow loop viscosity increased after 45 minutes of exposure to 450°F heat.
The dramatic increase experienced by the ferrochrome lignosulfonate
experiment was less proﬂounced for chrome lignosulfonate.

This experiment was terminated due to a high degree of pressure
fluctuation in all tubes. The 3/8" 0.D. ﬁube capillary line piugged and
the 1/4" 0,D. differential pressure fluctuated excessively;

The pH consumption appeared minimal in relation to the ferrochrome

lignosuifonate.

~
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Chrome Lignosulfonate With Modified Lignite A

Random plugging of the check valves reduced the efficiency of
data collected. Monitoring of absolute pressure and flow rate enabled
data to be collectéd. This fluid responded similarly to the chrome
lignosulfonate with modified lignite B fluid except when exposed to
450°F temperatufé. This test was-termin;ted due to fluid thickness
and excessive pressure fluctuation.

No indication of fluid degradation may be ascertained from the
rheometer. Plastic viscosity and pH remain fairly constant and yield
point data actually decreased. Rheometer data indicated a reduced
viscosity for each temperature interval similar to previous tests. No
rheometer data was obtained after the viscosity increase noted in the
tube viscometer ai 450°F. Returning fluid developed a froth within 15

minutes after exposure to 450°F.

Chrome Lignosulfonate With Modified Lignite B

This test was similar to'the lignosulfonates but the fluid
caused a variety of system malfunctions. The pump fluctuations due to
check valve plugging reduced the reliability of the data. Flow velocity
at times approached a static cdndition, but vaporization was not con-
sidered a problem because the éressure remained above the flash point.
The test was terminated At 450°F after 30 minutes when the pump check
valves plugged and circulation could not be regained.

The rheology data indicate a reduced viscosity with each temp:
erature increment. The gel strquth is slightly increased after exposure

to 250°F heat for one hour, but no further increase is noted during the

350°F interval.
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The yield point does not reflect the viscosity increase attained

in the tube viscometer. The pH decreases upon exposure to 350°F.
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TABLE 2

BAROID RHEOMETER DATA

BENTONITE - @ 120° SR = 511 sec~!
Mg PV YP :
After Temperature Apparent Plastic Yield Initial Gel 10 Minute
o Exposure Viscosity Viscosity Point Gel
("Fahrenheit) {Centipoise) (Centipoise) (1b/100 sqg.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
200 18 11 7 A 10
300 22 11.0 11.0 3 -
330 19.5 12.5 7 1.5 2
400 24 16 8 1.5 -

+ 28




TABLE 3

1/4" TUBE VISCOMETER DATA

25 PPB BENTONITE SR = 1,440 Sec™!
Temperature pH AP Shear Stress He Effective Power Law Coefficients
(OFahrenheit) (PSI) (dyne/cm?) Viscosity n : k'
‘ ' (Centipoise)
200 9.5 2.6 206 ' 14 0.569 2,98
350 9.5 7.0 555 38 0.077 284
445 — 18.0 1,427 99 0.046 939
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TABLE 4

BAROID RHEOMETER DATA

2 PPB CMC @ 120°F SR = 511 sec™?
W, PV YP
After Temperature Apparent Plastic Yield - Initial Gel 10 Minute

o Exposure Viscosity Viscosity Point Gel

( Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75. 14 4 10 20 30
120 .36 18 14 15 41
250 23 11 12 5 28
350 - 13 10 3 2 12
450 10 5 5 . 3 2
550 8 S 2 6 v 10 15

550 ~ 4 1 .3 2 2

i3




TABLE 5
1/4" TUBE VISCOMETER DATA

2 PPB CMC SR = 820 Sec~!

He Effective

Coefficients |

Temperature pH AP Shear Stress Viscosity Power Law
(°Fahrenheit) (Psi) (dyne/cmz) (Centipoise) n k
75 9.9 2.8 ' 222 27 0.731 1.547
250 9.5 1.7 134 16 0.246 22.470
350 9.5 2.0 158 19 0.154 49.370
450 8.7 1.8 142 ) ‘17 0.123 55.120
550 8.2 0.042

0.6 47 5 1.046
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TABLE .6

BAROID RHEOMETER DATA

ZVPPB POLYANIONIC CELLULOSE

@ 120°F SR = 511 Sec™!

: U, PV YP
After Temperature Apparent Plastic Yield Initial Gel 10 Minute
Exposure Viscosity Viscosity Point : Gel
(®°Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
350 70 23 . 47 155 230
450 34 1 33 40 85
550 7 ' 3 4 8 18
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TABLE 7

1/4" TUBE VISCOMETER DATA

2 PPB POLYANIONIC CELLULOSE

SR = 1,147 Sec™!

He Effective
Temperature pH AP Shear Stress . Viscosity Power Law Coefficients
(°Fahrenheit) (Psi) (dyne/cm?) (Centipoise) n k
75 8.7 4.5 356 31 0.407 17.800
250 9.6 14.0 1,110 97 0.223 200.600
450 7.5 1.8 143 12 0.200 130.410
550 7.6 1.6 127 11 0.561 2.206
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TABLE 8 N

BAROID RHEOMETER DATA

GUAR GUM @ 120°F SR = 511 Sec™!
Ma PV YP
After Temperature Apparent Plastic Yield Initial Gel 10 Minute
o Exposure Viscosity Viscosity Point Gel
(“Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75 . 41 11 30 . 17 22
250 50 11 39 17 30
350 24 3 21 23 65
450 21.5 5 16.5 11 it
510 5 1 4 3 3.5
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TABLE 9

1/4" TUBE VISCOMETER DATA

2 PPB GUAR GUM SR = 1,224 Sec™!
) Ha Effecitve
gemperature y pH AP Shear Stress Viscosity Power Law Coefficients
(" Fahrenheit) (Psi) (dyne/cm?) (Centipoise) n k
75 9.7 4.8 380 31 0.670 2.99
250 10.6 3.4 270 22 0.075 142.5
350 10.4 3.2 254 20 0.486 7.15
450 1.7 0.6 47 4 ©0.583 0.676 ,
510 6.5 2.0 158 ’ 12 s e
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TABLE 10

BAROID RHEOMETER DATA

» "5 PPB Mod. Polysaccaride @ 120°F SR = 511 Sec™!
M, PV YP
After Temperature Apparent Plastic Yield Initial Gel 10 Minute

oI:‘.xposure Viscosity Viscosity Point ‘ Gel

( Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75 89 12 77 41 66
250 - 17 8 9 5.5 * 50
350 14 7 7 6 62
450 : 48 4 44 25 20
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TABLE 11

3/8' TUBE VISCOMETER DATA

5 PPB Mod. Polysaccaride SR = 820 Sec™!
He Effective
'gemperature. pH AP Shear Stress Viscosity Power Law Coefficients
(" Fahrenheit) (Psi) (dyne/cmz) {Centipoise) n k
75 9.7 7.0 555 67 0.221 102.2
250 9.5 4.8 380 46 0.265 51.4
450 6.8 2.0 159 | L - 2 —

50
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TABLE 12
BAROID RHEOMETER DATA

6 PPB FERROCHROME LIGNOSULFONATE @ 120°F SR = 511 Sec™!

. H, PV YP :
After Temperature Apparent Plastic Yield Initial Gel 10 Minute
oExposure Viscosity Viscosity Point Gel
( Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75 6 5 1 1 1
250 6.5 4.5 2 1 1
350 6.5 5 1.5 1 1
450 12.6 6.5 6 1.5 40
530 25.5 3.0 22.5 13 108
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TABLE 13

1/4" TUBE VISCOMETER DATA

6 PPB FERROCHROME LIGNOSULFONATE ~ 1,210 Sec™}
. U, Effective
'gemperature pH Ap Shear Stress Viscosity Power Law Coefficients
(" Fahrenheit) (Psi) (dyne/cm?) (Centipoise) n k
350 8.8 0.25 19.8 1.6 — -—
450 7.0 8.5 674.0 56.0 —m —
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TABLE 14

BAROID RHEOMETER DATA

6 PPB CHROME LIGNOSULFONATE ] 120°F SR = 511 Sec™!
‘ Wa v - YP
After Temperature Apparent Plastic . Yield Initial Gel 10 Minute

oExposure ~ Viscosity Viscosity Point ) Gel
("Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)

75 : 12.5 9.5 3 1 1

250 - 13.0 8 5 _ 1 1.5

350 11.0 7 4 1.5 1.5

450 14.5 6.5 8 3 : 24
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TABLE 15

1/4" TUBE VISCOMETER DATA

6 PPB CHROME LIGNOSULFONATE SR = 1,420 Sec™!
: He Effective ‘
Temperature pH AP Shear Stress Viscosity Power Law Coefficients
(°Fahrenheit) (Psi) (dyne/cm?) {(Centipoise) n k
450 0.336 8.09

7.3 1.1 92.7 6
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TABLE 16

BAROID RHEOMETER DATA

6 PPB CHROME LIGNOSULFONATE

6 PPB MODIFIED LIGNITE A

@ 120°F SR = 511 Sec™!

, Ha PV Yr
After Temperature Apparent Plastic Yield Initial Gel 10 Minute
0Exposure Viscosity Viscosity Point ‘ Gel
(" Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75 42.5 26 16.5 4.5 14
T 250 38.5 30 18.5 3 3
350 .35 29.5 5.5 3.5 3.5
450 27 20.5 6.5 3 3
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~ TABLE 17
1/4" TUBE VISCOMETER DATA
6 PPB CHROME LIGNOSULFONATE SR = 760 Sec”!

6 PPB MODIFIED LIGNITE A

A He Effective
Temperature pH AP ) Shear Stress Viscosity Power Law Coefficlents
(OFahrenheit) (Psi) (dyne/cem?) {(Centipoise) n k
75 9.6 5.4‘ 428 » 56 0.761 2.59
250 9.8 1.5 - 118 15 0.143 40.08
350 9.1 0.8 60 ' 8 0.172 16.73
450 ——— 4.0 317 42 0.734 2.28
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TABLE 18

BAROID RHEOMETER DATA

6 PPB CHROME LIGNOSULFONATE

6 PPB MODIFIED LIGNITE B

@ 120°F SR = 511 Sec™!

After Temperature Apparent Plastic Yield Initial Gel 10 Minute
0Exposure Viscosity Viscosity . Point Gel
(" Fahrenheit) (Centipoise) (Centipoise) (1b/100 sq.ft.) (1b/100 sq.ft.) (1b/100 sq.ft.)
75 12.5 10 2.5 1.0 1.0
250 13.0 8.5 4,5 1.0 2.5
350 8.0 2.5 1.0 2.5

5.5
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TABLE 19

1/4" TUBE VISCOMETER DATA

6 PPB CHROME LIGNOSULFONATE SR = 760 Sec™!

. 6 PPB'MODIFIED LIGNITE B

e Effective
Temperature pH AP Shear Stress Viscosity Power Law Coefficients
(°Fahrenheit) (Psi) (dyne/cmz) (Centipoise) n k
250 9.8 0.64 50.7 6.5 0.575 1.113
350 7.5 3.1 245.0 32.0 0.083 126.540
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MUD VISCOSITY DATA TO 400°F USING MAGCOBAR FLOW LOOP

In order to obtain experience with flow loops and some early
data it was decided to use the 400° flow loop owned by Magcobar (Houston).

These tests were carried out while the 0.U. flow loop was being built.

HIGH TEMPERATURE DATA

The viscésity of nine muds were measured atAZOO-AOOOF using a

‘modified Magcobar flow loop and at 115°F using the Fann rheometer. The

data shown in Figures 36 through 44 and Tables 20 tﬂrough 28 suggest
that (a) Lignosulfonates experienée thickening at about 325°F, (b) Poly-
anionic cellulose and modified polysaccaride become thickened at about
275°F, (c) Starch experiences a gradual thickening with temperature,

(d) HEC, Guar gum, and Xanthum gum experience a gradual thinning with
teméerature increases, and (e) CMC becomes thickened until 250°F is
reached, then thins béck with temperaturé increases. Although 29 flow
loop tests were rum, only 9 tests produced adequate data. Problems due

to tube plugging and pump failures made the other 20 sets of test data

. questionable,

LOW TEMPERATURE DATA

The 115°F apparent viscosity measured on the mud as it returned

from the flow loop displayed the same viscosity-temperature trends as did
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| the flow loop for the chrome lignosulfonates, polyanionic cellulose, HEC,
starch, modified polysaccaride, guar gum, and xanthum gum, but opposite
effects were observed for CMC and ferrochrome lignbsulfonates. The
attached data summary sheets describe the muds tested and test observa-

tions.

EQUIPMENT USED

Figure 35.is a diagram of thé modified Magcobar flow loop.
Modifications consisted of inst#lling pressure taps across a 10 inch
section of the high temperature part of the flow loop. Effective vis-
cosities (Mg), were calculated using the pressure drop across this section,
AP in psi, the flow rate through the section, Q in él/sec, and the equa-

'tion,

- AP
He = 270 6—’ cp

at average shear rate 8V/D where,

8V _ _DAP
D ~ 4HeL

After the mud was heated and tested at a given temperature it was cooled
back to 115°F and its apparent viscosity (H,) measured using the Fann

rheometer and the equation,

YP

Ha = PV + 5.42 5 cp

This equation allows the calculation of the mud viscosity at approximately

the same shear rate as the mud experienced in the flow loop test section.



A\AI\AAAAAAAA .
'IVIV VVVVVVVVVV*

A — ar—d POV

Heat Controls

- - AN A ANDADADDDA -
: \VAS VAR VAR I vALYAS VAL VAL VALY S AL A" AL 0

' Electric Heaters
High Temperature ectric Heate

Corrosion Tests

High Temperature Shear Valve

‘l: 4 l'ultp

‘Diaphragm
) \ . ..0!..01‘.“-‘ esness ‘
\ _ a8 Mud to Mud Heat Exchanger Low Temperature
’ : ..‘Ona>— oooooo u--»-oo-ou sea, corros'on Tms
N, Diaphragm N ——", ‘
..(} - 1, (/P T : .‘.,..........4 {.....lgD -
@'—' -' | ; | ' 3, B
N2 A A Low . 'f-...;;( {.uu)—-;... ., .. i, p
' Temperature] + o TN A
‘ Filtration Mud to Water Heat Exchanger A
g . sotssenesmmuls seseesesee e’ 1 ]
VHigh/ lﬂ / . : :—- (’P A '_O
Temperature ' A . : - \ ‘ JLI Mud *
Slrl'ti:auon : \ ; ,2 X)';« Sampling l Reservoir
'} Valve
A A D)€ | - Pump
H T T . ")
Caoling H,0 — Diaphragm Motor
——-Healing Mud 7~ @
......... s+ Cooling Mud FIGURE 37 Mud Pressure
_____ Water _ Safety Switchgauge
MODIFIED MAGCOBAR FLOW LOOP :

71



72

DATA SUMMARY SHEET

TEST NO, _1

CONDITIONS OF TEST:

Base Mud Dionized Water + 25 PPB Bentonite
Test Chemical"Added, Quantity ' 6 PPB Ferrochrome Lignosulfonate
Shear Rate Range, Sec™! 1,035 to 1,302

- OBSERVATIONS: |

When the test temperature reached 325°F the viscosity started in-

creasing rapidly, as shown in Test No. 1, the Fann rheometer data

did not display the thickening above 325°F.
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DATA SUMMARY SHEET

TEST NO. 2

CONDITIONS OF TEST:

Base Mud Dionized Water + 25 PPB Bentonite
Test Chemical Added, Quantity 6 PPB Chromé Lignosulfonate
Shear Rate Range, Sec™! : 1,017 to 1,348

OBSERVATIONS: |

As with ferrochrome lignosulfonate the viscosity started increasing

when the temperature reached 325°F; however the mud did not have as

excessive thickening at 375°F.
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DATA SUMMARY SHEET

TEST NO. 3
CONDITIONS OF TEST:

BaSe.Mud

Test Chemical Added, Quantity
Shear Rate Range, Sec™!

OBSERVATIONS :

Dionized Water + 11.5 PPB NaCl +
25 PPB Bentonite

2 PPB Polyanionic Cellulése

781 to 1,905

The flow loop and the Fann rheometer showed viscosity increases at

250°F and 275°F respectivgly, The flow loop shows a maximum vis-

cosity of 55 cp reached after 350°F.
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DATA SUMMARY SHEET

TEST NO. 4

CONDITIONS OF TEST:

Base Mud Dionized Water + 11.5 PPB NaCl +
25 PPB Bentonite
Test Chemical Added, Quantity 6 PPB Modified Polysaccaride
Shear Rate Range, Sec™! . 896 to 1,558
OBSERVATIONS:

This chemical shows a viscosity reduction at 275°F with no excessive

thickening up to 375°F.
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DATA SUMMARY SHEET

TEST NO. 5
CONDITIONS OF TEST:

Base Mud Dionized Water + 11.5 PPB Salt +

25 PPB Bentonite

Test Chemical Added, Quantity 6 PPB Starch

Shear Rate Range, Sec™! 1,177 to 2,012

OBSERVATIONS:

As temperature increases, the viscosity of .the system goes up

gradually.
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DATA SUMMARY SHEET

TEST NO. 6
CONDITIONS OF TEST:

Base Mud Dionized Water

Test Chemical Added, Quantity 2 PPB Hydroxyethyl Cellulose

Shear Rate Range, Sec™!

OBSERVATIONS:

Increase in temperature produces a reduction in viscosity in both

the flow tube data and the Fann rheometer data.
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; : ' DATA SUMMARY SHEET

. TEST NO. 7

CONDITIONS OF TEST:

Base Mud | Dionized Water

Test Chemical Added;'Quantity 2.3 PPB Guar Gum

Shear Rate Range, Se;’l' | 811 to 1,675
OBSERVATIONS:

As with HEC the viscosity of Guar gum decreases with temperature.
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DATA SUMMARY SHEET

TEST NO. 8

CONDITONS OF TEST:

Base Mud : Dionized Water

Test Chemical Added, Quantity .2.3 PPB Xanthum Gum

Shear Rate Range, Sec™? 811 to 1,398
OBSERVATIONS;

The viscosity of Xanthum gum - water solution decreases with temp-

erature. At about 250°F the viscosity.stabilizes.
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DATA SUMMARY SHEET

TEST NO. 9

CONDITIONS OF TEST:

Base Mud : Dionized Water + 11.5 PPB ﬁaCl +
" 25 PPB Bentonite
Test Chemical Added, Quantity 2 PPB CMC
Shear Rate Range, Sec™! . 235 to 1,605
OBSERVATIONS:

CMC in a salt water mud thickens until 250-275°F is reachéd, then

it thins back. The Fann rheometer data shows a very different re-

sponse than the flow loop.
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SYSTEM DESIGN FOR HIGH TEMPERATURE TESTING AND STABILIZATION

OF DRILLING FLUIDS
CHAPTER I
INTRODUCTION

The effects of high temperature on drilling fluid properties
become very serious as deep wells or gebthermal‘wells are drilled. Some
drilling f£luid compounds such as phosphates and tannin become thermally
unstable and degrade at relatively low temperature, approximately 200°F.
Even the more temperature-resistant and widel§ used thinnérs such as
chrome lignosulfonate can show instability after proionged exposure to
temperatures much beyond 300°F. Generally, mud degradation indicates
decomposition, increasing corrosivity, flocculation, which in turn re-
sults in filtrate loss, or a combination of these. It is important to
realize at what temperatures mud chemicals start to loose their function
and how serious the adverée effects are, in order to reduce drilling
costs and to prevent the potential hazards of pressure surges. In the
search for temperature—étable materials, ﬁuch effort has been made to
establish adequate laboratory procedures for detgrmining thermél stabil-

ities of drilling fluids althodghbno standardized procedure or apparatus

has been widely accepted.
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There are two general approaches to this problem: the aging
ceil method and circulation method. To age or stabilize the mud, the
former requires time-consuming manipulation in the laboratory while the
latter takes much shorter time and less effort to obtain properly aged
muds. Other advantages of the latter method are the capabilities of

continuous monitoring of mud properties and laboratory simulation of the

-muds produced during field drilling.

In this study a circulation system is designed for studying such
mud properties as viscosity, filtration and corrosion up to 550°F. The
mud sample is pumped through a flow looP consisting of heating, test and
cooling sections. The fluid is subject to intensive shearing by spring-
loaded valves to promote mud aging and maintain a sufficient pressure to retard
boiling. The cycle is repeated about once in two minutes depending on flow rate.
The cool advancing mud is heated by the hot returning mud’in a mud-to-mud.
heat exchanger of paralleled tubes. Electric heater elements and in
a molten salt heat exchanger. The hot mud is coole& by water which is
flowing in the annulus of a double pipe heat exchanger. Pressure drops
between taps along the lengths of three different sized -tubes are measured
in a test section to determine rheological parametérs at elevated temp-
eratures for non-Newtonian drilling fluids.

In a similar Magcobar system, only one pressure drop measure-
ment is made to determine the effective viscosity of test fluids. Vis-
cosities at two iﬁtermediate shear rates and one low shear rate are of
concern in this system to obtain a more cg;plete picture of rheological

properties. By using strip recorders, temperature and pressure recordings

are made in a continuous manner so that (1) the system temperatures can
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be well monitored and ﬁéntrolled, and (2) aging histories of different
fluids can be compared directly and analyzed.

This Appendix will emphasizé general‘design considerations and
desién calculations of heat kransfer units and tube viscometer sectionms.
Thermal properties ok drilling fluids at elevated temperatures are
estimated tentatively for use in heat transfer calculations. Brief
discussions of fouling pfoblems and application of non~Newtonian rheology

to flocculation characteristics are also included.



CHAPTER II

RELATED PROBLEMS

Because of the complex interrelated effects of temperature and
aging time on mud properties it is necessary to distinguish the individ-
ual effects of: |

1. tempera:uré at which the test mud has been aged,

2. time taken to stabilize the test mud,

3. temperature at which the properties are measured after or

during aging,

4. the manner the test mud has been aged, and

5. mud type, pH, concentration, electrolyte content and other

mud characteristics.

Drilling fluids usually show fairly well defined temperatures
at which abrupt‘increases of yield points, excessive fluid losses and
abnormal corrosion start to occur,bbut it is still difficult to define
the maximum operating temperatures at which the fluids retain their use-
fulness. As for rheological properties, the low shear rate viscosity
cannot be deduced from the knowledge of high shear rate viscosity at
elevated témperatures. High shear rate viscosity may be only slightly

affected by the soaring yield point caused by flocculation, while the

low shear rate viscosity is controlled predominantly by it, (Chapter IV).
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Therefore, it seems ﬁecessary to refer the temperature limits of drilling

fluids to particular shear rates.



CHAPTER III

PRELIMINARY DESIGN CONSIDERATIONS

There are a wide variety of drilling fluids to be tested with
this system. It is important to design a flexiblé and really capable
system to meet the requirements of all types of test fluids with coﬁ-
siderably different viscosities, mud weights and other characteristics.
It is also possible that circulation rate or pressufe may be varied in

the experiments. However, the maximum achievable temperature of the

system, or the maximum heat transfer rates of the heating and cooling

sections, depends on the mud properties. For example, the viscous energy
dissipation of seriously flocculated muds could significantly affect the

heat transfer characteristics. The variation of viscosity with temp-

erature influences convective heat transfer, especially for the units

with high'héat flux densities such as the electrical heating section.
In othér words, the s&éteﬁ capacity deﬁénds on.fluid properties them-
selves which are unfortunately unknown in the -designing stage.

A cbﬁputer program was written to read in~all possible combina-
tions of mud properties, and to calculate the desired sizes of heat
transfer units for éach combination, as will besdiscussed in Chapter VII.
The calculations result'in a range of sizes fo: the desired system capacity.

The largest reasonable value in the range* is considered as the desired

‘answver.
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Another problem with drilling fluids is its fouling and probable
corrosive characteristics. Special attention is needed in the heat ex-
changer design:

1. Test fluids should be in the "tube" side of heat exchangers,

not the shell side.
2. Forvmaintenaﬁce convenience, mud tubes should be relativel}
straight. .

3. Provision should be made to keep the temperature distribu-
tions around the mud tubes as even as possible, due to the
high heat flux densities generategd by electrical heater

elements connected to the tubes.



CHAPTER IV

BEHAVICR OF DRILLING FLUIDS AT ELEVATED TEMPERATURES

The rheological and filtration properties of drilling fluids
Vafe closely associatedrwith flocculation. Flocculation at elevated -
temperatufes, therefore, make'viscosity and filtration the most prominent
parameters to be affected by temperature. .Viscosity usuélly shows a
marked variation with temperature. Yield point, may'also vary erratically
before reachigg a critical teméerature. Beyond this point, mud particles
react violently and ﬁhe yield'point.can rise considerably.

Figure 47 shows some examples of temperature dependen; drilling
fluids in terms of flow behavior index n. The diversity‘of the parametef
introduces difficulties in the sizing of heat transfer units.

| Apparent viscositiés at high and low shear raées reveal very
differeﬁt characteristics’withkva;&iﬁg témpefature. Low shear rate vis-
cosity‘will reflecﬁ thefabruﬁt.increésg of yield’point aﬁproéching the
flocculation temperature. The h;gﬁér‘the shegr'rate, the less the flocf
éulation éffe;tioﬁ thg aﬁparenﬁ‘Viscésity. :

At very,high shear rates power ia& fluids exhibit only minor
changes:in épparent viscosity. ~ Under these limited dopditidns an equiv-
alent PV (plastic‘viscosity) and YP (yield point) can be defined for the
powef léw fluid. A power law'fluid by definitioﬁ does not héve any yield

point, consequéntly this calculated YP is only a convenience.
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The advantages of using n from the power law model,

du
T -= K Pumbeerk
yx (dy

are:
1. It is dimensionless and can be compared directly among
samples,
2. It's magnitude indicates the relative influence of the
.high and low shear rate viscosities, since apparent vis-

cosity for a power law fluid is

. du n-1
ua K (dy

*3:; It will reveal the extent of departure from Newtonian

characteristics.

As for the temperature effects on filtration properties of
drilliﬁg fluids, the API fluid losses usually show increases after aging
at elevated temperatures. Dynamic filtration also reveals a similar
trend, at least in the temperature ranges in which previous studies A
have beeﬁ done. Theoretically, dynamic‘fluid loss is approximately
proportional to the shear stress at the surface of a filter cake and
in inverse proportioﬁ to the filtréﬁe‘viscosity. As temperature in-
creases, filtrate viséoSity will,usually‘sﬁow a decrease andyﬁhié tends
t6 incréasevﬁhe filtrate loss. On the other hand, shear stresses may.
increase or decrease with temperature and shear ratef"In conclusion,
dynamic filtratioﬁ tends to increase with temperature ih the majority
of cases, although theoretically there are‘soﬁe possibilities of the

reversed trend.
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Serious corrosion problems arise with increased temperatures.
‘While deteriorating at elevated temperatures, lignosulfonates can re-

lease hydrogen sulfide and cause steel embrittlement.



CHAPTER V

SELECTION OF HEAT TRANSFER UNITS

There are many alternatives to achieve the required temperature

for the system. A choice among steam, external electrical heating, inter-

nal electrical heating and heat transfer liquids were considered. The

following‘shows advantages and -disadvantages of each unit:

1,

Steam

High pressure superheated steam ié available at temp-
erature of 700°F'énd 400 psi pressure. High pressure steam
is ﬁsually desirable in heat transfer operations if it is
saturated. However, this steam has excessive superheat
which requires extended surfaces such as longitudinal fins

in a2 double pipe to improve heat transfer performance. The

kmain problem with using steam at the University of Oklahoma

- was the high cost of installing piping énd flashihg system

to reduce the steam to atmospheric pressure. It was

therefore not adopted.

External Electric Heating
'itiis so‘éallEdiexterhal because an electric element is
silver soldered along the side of a mud tube and heat is

provided from the‘outside,'as compared to the next arrange-

ment. Electric heating was first used by Magcobar to heat
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drilling mudvsamples, it has the following advantages:

a., It is highly efficient as far as the thermodynamical
effectiveness is concerned. Almost all the heat
eﬁergy generated in the resi;tance wire is absorbed
by the fluid, provided the system is insulated;

b. The controi of‘heat flux and therefore, of the maximum
system temperature is relatively simple.

¢, Very high heat flux density is obtainable.

d. It's modular nature provides flexibility and makes

further extension of the unit relatively easy.
FIGURE 39

POSSIBLE ARRANGEMENT OF HEATER ELEMENT AND TUBING IN CROSS SECTIION TO

ENHANCE EEAT TRANSFER BY NATURAL CONVECTION

 CONVECTIVE
FILM

Eeater element . Heater element P Eeater element

above the tube o below the tube 457 tilted

. Poor im @ ' | Fair in ' : Good in
Convection Convection Convection

(2) .(b) : . ()
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A drawback associated with external heating is the
uneven temperature distribution around the'v tube periphery,
due to excessive heat flux density near the tube wall
adjacent to the heater element. It has caused serious
fouling or ;plugging' in the tube.  Frequent tube reaming
is necessary if plugging cannot be avoided. Adoption of thick
wall tubing like 5/16" x .064" (0.1845" ID) and the arrange-
ment as shown in Figure 48, may help ease the problem. Natural
convection caused by a large temperature difference around
the tube could aid the forced convection by this arrangement
and oppose it by.positioﬁing the tube below the heater element.
) Although thicker tube walls provide higher conduction resis-
-tance, the controlling factor in heat transfer rates is
determined by ;he fluid instead of the metal walls.,

Internal Electric: Heating

The problem of the uneven temperature distributions ﬁay
be solved by the following arrangement. A large electrical
current is applied directly across the part of the tube to
be heated. The electric power is dissipated in the stainless
steel tubing which acts as a resistance elemght. The .longer
the heating section, the lower ;he amperage and>the higher
the voltagé. Both ‘ends of ﬁhe tubing are silver-soldered to
copﬁer blocks as shown in Kreith et al 25 The copper blocks
on both ends‘aré connected to the cu#rent source.  The rest
- of the EIOW'loo; is.éroteCted and electrically insuiated at

the two connections -to the heating section by special insula-

tion washers.:
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-Drilling fluids afe more or less electrolytic liquids.
Their electrical resistiviﬁies are‘probably of the same
drder as sea water, i.e. 21 ohm-cm, compared to 74 x 10~
ohm-cm of stainless steel. The extreme difference indicates
most of the current would be carried by the metal, not by the
electrolyte. It is, therefore, feasible to adopt this setup,
especially for shorter heating lengths such as 10 feet for
protection and control reasons. |

Longer lengths are applicable only when the joints
between tubes are‘Qell soldered, to permit good electrical
conduction between them. This arrangement has not been
adopted becaﬁse of difficulties in applying it to longer
heating length.

Beat Transfer Liquids

The use of heat transfer liquid has the advantage of
providing a uniform temperature distribution for‘the mud to
be heated. 1Its disadvantage is the additional complications
of the.ciréuit for the heat transfer liquid.

A éhoice among heat transfer liquids such as liquid
metals, organic and inorganic salts was considered. An
irorganic salt pixture called Hitec (e.i. Du Pont De Nemours &
Co. Inc.) wés selected f§r this application‘because of the
following merits: |

a. Negligibie vapor pressure aﬁ operating temperature, which

 permits its use in an atmospheric system or open bath.

b. Superior thermal properties for heat tramsfer.
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c. Stable and nontoxic at high temperatures.
d. Low corrosion to s;eel and many‘other popular metals.

A problem associated with Hitec 1is caused by its
relatively high meltiﬁg point (288°F in pure state). Fully
covered insulation should be provided to prevent it from
being solidized. Exposure to the ambient temperature and
the presence of joints and fittings, which are the causes of
local hot spots and potential leaking, can be reduced by
adopting the least-exposed shell of a single large~diameter
cylinder for salt accoﬁmodation.f A vertical arrangement of
the cylinder is helpful in improving natural convection in
the salt side of the heat exchanger and in siﬁplifying
fabrication. Natural comvection in such a closed-end
enclosure has been studied extensively in thermosyphon
systems.19 30 ‘The natural convection which plays an important
role in heat transfer due to excellent thermal properties,
could be aided by the external forces provided by either of
 the follo&ihgrﬁethods:

a,’ Circulation in ﬁhe cylinder is imparted by a gear
pump which is installed at the boﬁtomf A ¥" tube is
Vled from‘the'dischafge end of. the pump to the s#lt bath,
where'# manifﬁld is used to prevent channelizing of the
flow. Circulation is aided by‘an %xial-floé agitator
‘attached to a’ﬁo:or shaft which drives the pump at the
bottom. The intermal éiréulation removes. the heat frbm

the electrical elements located around the inside



circumference of the cylinder and transmits it to the
tube bundle near the center. Some uncertainties
associated with this arrangement are:

1. The forced convection may not aid but oppose the
natural convection, because the latter is a complex
phenomenom influenced by several parameters, as
discussed iﬁ Chapter IX.

2. Channelizing of the circuiation cannot be elimi-
nated and it reduces efficiency of the downward
flow in the central core, (Fig.50).

3. The pressure created by the agitator is usuzlly
limited to a few psi, which is not sufficient to
overcome the high pressure drop across the tube
bundle. The local velocity far away f;om the
manifold would become too low. The turbulence
produced by its motion may‘alsobdestroy the
delicate pattern of the hatural convection.

4. The circulation is essentially parallel to the
boundary layer near the tube walls. Lack of
radial cﬁﬁvegtion reStricts the efficiency of
heﬁt transfer. | |

Some improvements can be made by the following
arraﬁgement:
b, A smaliér‘Cylindér such as a 2" pipe with both ends
ksealed is placed in‘thé Qerﬁieal'cyiinde:. ‘A few
tubes along with the same number of immersion heating

elements are installed alternately around the inner
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cylinder in a circle with a small clearance from its

surfacé. As shown in Figure 51, a velocity field is

generated by the rotation of the cylinder which is

driven by a.fractional horsepower motor at the top of the

stationary sleeve. The cross flow to the mud tubes

and heater elements greatly enhances heat transferi

This arrangement shows the advantages in simplicity

and efficiency. Attachment of a few "low" fins on the

cylinder surface further proﬁbtes the convection, with

an increase in motor rating.

Among ﬁhe above arrangements, only the extermal electric
heating and the rotating cylinder ﬁnits are considered, along

with the mud-to-mud heat exchanger. They will be discussed

in more detail later and be compared in Table 22.



CHAPTER VI

EVALUATION OF THERMAL PARAMETERS OF DRILLING FLUIDS

Heat capacity and thermal conductivity are two major thermal

parameters in heat transfer. Their variations with temperature are

relatively insignificant in the design calculations. Data on the thermal

properties of drilling fluids is lacking in the literature. Some assump-

~ tions need to be made for estimation of these parameters used in the heat

transfer calculations. Some established correlations for suspensions of

inactive particles are available:

1.

Heat capacity of a suspension liquid is the weighted
average of the values for the individual ;o&ponents-zg 39
This statement fits better for the suspensions consisting of
éomponents with nearly equal heat capacities or ﬁegligible
amounts of the otherwise dissimilar;valued components. For
examplé; heat:capacities of vater, barite and bentonite are

1.004, 0,113, and 0.224'BTU/lb°F respectively. The 12 ppg

base mud with 4% bentonite yields a value of 0.646 BTU/1b°F.

- Other examﬁles for different mud weights are compared in

Table 21. Thermal parameters‘of the major constituents in
drilling muds are shown in Table 20. The contributions
ﬁade'by other additives in the results are small

due to negligible amounts in the nuds.
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" TABLE 20

THERMAL PARAMETERS OF MAJOR CONSTITUENTS IN DRILLING FLUIDS

Heat Capac1ty | Thermal Conductivity
Constituent BTU/1b°F BTU/hft°F
Barite - 0.113 @ 208°F 0.872 @ 212°F (11
Bentonite 0.22 &
Water  1.004 @ 200%F 29 0.393 @ 200°F (34

TABLE 21

COMPARISON OF CALCULATED THERMAL PARAMETERS OF DRILLING FLUIDS .

BASED ON MUD WEIGHT (For 20 gph Flow Rate)

L 3

| Mud Weight Heat Capacity Wx Cp x 20 Thermal Conductivity
W Cp o Ko
PPE BTU/1b°F BTU/h°F BTU/hft°F
9 | 0,916 | 164.5 0.401
12 0.646 . 155.0 0.447
15 0.485 145.5 0.489
18 0.377 113.1 0.544
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2. Thermal conductivity of a binary suspension of inactive

particles is expressed below: 2

2k +k -2x (ky-k)
ke =k 3y T F xv(kl = kD)
P’ v P
where ks’ k1, kp’ are the thermal conductivities of the
suspension, liquid phase and suspended particles respectively
and X, is the volume fraction of solid in the suspension.

3. Thermal expansion plays a significant role in natural
convection problems. The coefficients of thermal expansion
of suspensions of inactive particles can be approximately
derived from those of base liquids by aSSumiﬁg negligible
changes in the volume of solid particles with temperature:

Bm = Bw (1 - xv)
where Bm and Bw are the coefficients of thermal expansidn of
the mud and water respectively, x, is the volume fraction of
solid particles in the mud;

4, ~ Capacity rate is the product of heat capacity and mass
flow rate. As shown in Table 21, capacity rates of weighted
muds decrease with mud ﬁéigh:.' Therefore, the design:
calculations will be based on lower mud‘weight of 9 ppsg.

Thé above thebretical relatibns for inert suspensions are not
necessarily Qalid for drilling fluids of reactive particles. Experiments

should be conducted if sctual thermal parameters need to be known.
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TABLE 22

COMPARISON OF HEAT TRANSFER UNITS EMPLOYED

Length (ft)

Mhd-to—Mhd Electrical Molten Salt Water
Exchanger ° Heater Exchanger Cooler
2 parallel Tubes silver |Rotating Annular
Unit tubes silver |soldered with |cylinder with |water
Arrangement soldered side|electrical molten salt jacket
by side tubular in the
elements annulus
Terminal Temp. . B _
of the fluid (°F) 115-300 300-550 375-550 365-115
Calculated
Heat Requirement 30,433 41,250 28,875 41,125
(BTU/h)
Heat Loss From 3800 800 1500 . —
the unit (BTU/h) | (uninsulated)| (insulated)
Designed
Heat Requirement 34,233 42,050 30,375 41,125
(BTU/Nh)
Medium Drilling ~ | Electrical |
{Heat Transfered Mud tubular Hitec Water-
With elements
Terminal’Temp.o‘ ’ , )
of the medium( F)} 550-365 About 650 4bout 750 78-92
Convective : '
JFilm Coefficient 112 101 160 - 112
(BTU/hft? °F) |
Overall Film ix '
Coefficiegt 59 —— 133%=% 77%%
(RTU/hft? °F) ‘ :
Required 49 64 % 30 95**1

* Based on 75% of the maximum wattage
** Assuming fouling factor of 0.001 hft®F/BTU

*&k%

Based on a flow rate of 6 gpm



CHAPTER VII
SIZING OF THE MUD-TO-MUD HEAT EXCHANGER

The system requires heating and cooling of the test fluid re-
petitively. The optimum design is to take advantage of the heated returning
mud to heat the cool advancing mud, in the view point of power consumption.
Both streams‘have nearly equal capacity rates. It is generally a good
practice to have both capacity rates equal if they are not too smz2ll to
retard the heat transfer., In the NIU (Number of Traﬁsfer Units) method of
heat exchanger design,'effectiveness, which is the ratio of actual heat
transfer rate to the thermodynamically maximum possible heat transfer rate,

21

- shows 507% for unity NTU, To determine the outlet temperature of the mud-

to-mud ekchanger, it is reasonable to assume 50% effectiveness, beyond which
the effectiveness curve starts to approach an asymtotical limit. That means
an additional length of transfer units has less efficiency and increasing

‘pumping pressure. To shorten the startﬁp time, it is also desirable to

1limit the length of this section, from the heat balance:

1 R

ch (ty - t7) '= W‘cp (tl -‘-tz)r ' | (2)

t
. 0
- The inlet temperatures t;, ti; , of the two streams are known to. be 110 F and

550°F respectively. The effectiveness 50% repreeents outlet temperatures
" of 330°F in both streams.

Next, to find convective film_coefficients of drilling fluids,
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Oliver and Jenson's empirical correlation for power law fluids in horizontal

tubes is used:36
hd W C_ u_ Bgp2d3ac 0.7 1/3 vy 0.14
—=1.75|—=2 + .0083 ( 2 ' ) (——b-)
k kL k- p-2 oy
) a w

where hd/k is the mean Nusselt number, WCp/kL the Graetz number, Cpualk
the Prandtl number, ﬁgﬁzdaAt/uaz the Grashof number and the fluid comsistency
vy =K Cégjs-})é Bn.l.ls The first term on the right-hand side represents
forced convection, while the second term natural convection. The ratio
Yb/Yw allows correction for the variation of viscosity with temperature.
Natural convection usually plays a significant role in flow at
relatively low velocities. Large temperature ;ifferences and large unit
dimensions are indicated by the Grashof number. It is necessary to evaluate
the relative magnitudes of the two éonvections for different flow rates,
viscosities and mud weights. From the dimensional analysis of the Navier-
Stokes equation, the ratio of Gr/Re? (Gr is the Grashof number, Re the
Reynolds number) is fbund to be a qualitative indicator of the significance
of the buoyancy force in heat transfer 1% The ratio Gr/Re? is equal to
[(ﬂzllé gc) : (BgdsAt/in] from which it shows that viscosity and mud weight
play noAroles in'determining the relative sigﬁifitanée dfrthertwo convections.
The diaﬁeter and flow rates hévé prdfound influénce“on the contribution of '
;'naturalrcqpvéCtian; Tabie 23,‘indicates.negligible»naturalA¢bn§éction in the
' presence of~£orced_convecti§n except forvthe Easgs of low flow rates and
large temperature differences,between the fluid ﬁnd the wall according to
whether Gf/Re2 is of‘the 6rdgr,of one.” Precaution should be taken for the

probable high local temperaﬁuré'cn the'tﬁbe'wall close to the connected

electrical heater element. Omission of buoyancy'forces will lead to
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overestimation and yield more comservative results. Ignoring the natural

convection, the equation becomes:

wecC Y, 0.14
1/3 ( 2)1/3 b)

hd
== 1.75 8 — (Yw

(3

where al/3 is‘a constant depending on flow behavior index n, as given in
Skelland.36 There are three unknowns in this equation, the average film
‘coefficient'g, total heated length L, and wall temperature ?w at which Yo
is given. Solution of these unknowns calls for triai and error.‘-For the
mud-to-mud exchanger, t, is approximated by the average of the temperatures
of both streams because of the sym@etfic geometry and equal capacity rates.
One restriction of using Equation 3 is the condition of a uniform temp-
erature along the tube wall. The v;rying w;ll temperature in the mud-to-
‘mud exchanger requires an iterdtion scheme accomplished by using digital
computer:

(1) Divide the required heat flux q and the range between the
outlet and inlet temperatures t, - t, into n segménts in
each of which temperature is considered unifbrm, and Eq. (3)
becomes applicable. |

" (2) Assumé a total leﬁgth L of the heat exchanger.
() Letil'=0 -

(4) Evaluaté the average’temperaturesVof'both streams and at the
tube wall in each temperatﬁre segment by starting from the
the inleﬁ temperature of the cold stream,an& the ouﬁlet temp-
erature of the hot stream. | ' | P

(5)  Calculzte Yb'/Yw' from the‘pdwer law par;meters K and n which
are inferpolated‘by cubic spiiné. |

(6) GCalculate the Graetz number W Cp/kL.



(N
(8)

(9

(10)

11

12)

(13)
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f
Calculate the film coefficients h and h by Eq. (3).

Calculate the overall film coefficient U by:

L )
1/U=1/h + A/A N +xWA/kwAw + R, %)

where Rf is the thermal resistance produced by fouling

(Chapter VIII).
Determine the logarithmic mean temperature difference (LMID)
by:

] - ?
(€; -t = (£ -1ty
LMID = - (5)
(tl - tz)
ln ——4mm——
t2 =t

J '
with t;, ty, t; , t, , replaced by the terminal temperatures

of the temperature segment. For the mud-to-mud exchanger,
. 1
LMID is just t, - t,.

Calculate the required length L. for the temperature segment

by:

Ll‘:c/zg-mm"“" : (6)
Let:

L' =L'+1L

L = L' n/i

where i is iteration number of the ith’temperaturevsegmenc.
Replace’thé i in Step,(Z) by (L,+ Lt)/z and repeat the
calculation loop starting from Step (6) until'the difference
L-1, is sufficiently small.

Let L" = 1",
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(14) Proceed to the next temperature segment and repeat the
calculation from.Step (2) with L‘obtained from Step (12)
in the last iteration.

(15) Print L" which is the final result after all temperature
segments are calculated.

The flow chart of the above scheme is showwn in Appendix A.
TABLE 23

SIGNIFICANCE OF NATURAL CONVECTION BASED UPON THE GR/REZ RATIO

At 50°F 200°F

Flow Rate o Bem | (8cp)
20 gph 6x103 3x 10 "2
8 gph 4 x 10 "2 1.6 x 10 %

Table 5 shows the results for a particular mud data. The effects of mud
parameters and circulation rates 6n the heat transfer rate and the required
heating length were investigated. The calculatgd.film coefficient h
‘ranges from 53 to‘250 BTU/h ft? °F and the theoretical length requirements
scatter from 58 ft to 43 ft. Because the standard deviation of Eq. (3) was
’claimed to be about 15%, safety factor 15% may be added to yield 536 ft.

The ratio of wall thickness to the mean wall area x /A in Eq. (4)
‘needs to be estlmated for the geometry of two brazed tubes in the mud—to-
mud exchanger. Since the thermaL;conductivity of silver solder (210 BTU/h |
£t° F) is considerably higher than that of stainiess steel (10 BTU/h £t° F),

the actual geometry can be approximated by a simple mode{nof flat surface



TENR
116,333
129,000
141,087
|=4.$§3

167,000

ITS.647

192,333

208.000

R1T7.887

230,333

283,0¢C0

283,487
.Gaoﬂi’
281,080

193,840

‘04 840

0. 837

0.0833

0. 816

Q, 0809

0,800

G, 790 .

- 0¢ 008

0. 790

0. 772"

0.784

O.80%
0.873

0,662

SAMPLE CALCULATION OF 1E

c.001%

. B.087

0,084

0.0A8

0088

8,088 ;

0,048
o.oi:
0.079
0.087
o.129
0.137

e lAY

0.197

APP.VIS

12,844

13.003
10.962
P74}

P.104

8,020

a.,072

Te254

s.061
6.a6a
6.077
8.217
8.100
a.90¢

4.800

CoRn,
1,031
0,986
0.57)
Goﬁd‘
0,937
0.953
9;953
0.933
G.943
0.950
0,934
0.5808
0.991
0993

1.033

CORR™
Le 049
1.00)
1. 009
1.008
0,980
0.978
0.9089
1.003
Teole
1.027
1.033
1.038
1.044
1.D049

TABLE 24

EXCHANGER

"

167.83)
102.578
101,001
100.629
99.034
99.026
100.241
PT.130
98.7A7
100.24)3
101,308
108,23}
109.240
1104234

118.477

_TOTAL LENGTH® 83.7 PEET

»

H™
117.914
113108
112.479
118.948
108.797
106,069
108,730
110.353
112,438
113.998

118,001

t11v.0n8

118,489

123.731

u
nl.ac;
49.2:?
an.730
48,933

AT.len
a7.328
47.830
AT.A49
an. 188
48,823
49,323
a.009
s1.627
B8l.94%

a4, 080

LENGTH
3.a4e
3.599
3,630
_:.gne
3. 788
3.730
3.699
3.729
3.072
3.624
a.sey
3.48)
J.434
3.408

3,273

ATINC;BENGTH FOR TUE MUD-TO-MUD HEAT

WALL TENP
241.33)
234,000
288,687
279.33%
292,000
304,668
31733
329,999
342,866

©388.332
387.999
auo:eos
393,332
408,998

A10,.4863

REN

800,229

433,849

a764.968

s s, 297

688,684

733,008

163.321
ari.892
;2!.900
9T7T7.829
1 040,768
$212.302
124C.07)
1260.988

1299.2087

HOTZ oo oNuPLOW DEHAVIOR INDEX, K»INOJX OF CONSISTENCY, APP VIS .wAPPARENY VISCOSITY., CORN,=CORAECTION ON Tube 8tDE,
CORR®alONNECTION ON SHELL SI0E, M AND H*sFILM COEFFICIENTS ON Tunt
COEFP ICIENT s REN=REYNOLDS NUMDER,P/LePNESSURE DROPM PEA UNIY LEMGTH

118

P/t
G.3890
0.348
0.321
6.207
0,278
0,238
0.280
Q.214
0.204
0.193
0.38)
0.182
0,199
o.lﬁr

Ge185

AND SHELL S10€ RESPECTIVELY, UsOVERALL FILN




119

with thickness equal to twice the tube wall thickness and width equal to

the width of silver solder between the contacting tubes, assuming infinite

thermal conductivity of silver éolder (Figure 49)f More exact solution for
the conduction resistance of the actual geometry can be obtained by the
finite difference method.l! The probable error caused by adopting the
simplified model is not serious because the overall heat transfer rate is
controlled by the convective film instead of the conduction resistance.

The model indicates that increasing soldering thickness will help con-

.duction somewhat. Wrapping the two brazed tubes by copper foils may

also enhance conduction and reduce excessive local heat flux density to

some extent. However, considerable improvements may not be expected by

such changes. .
As shown in Figﬁre 49 with an inclined arrangement as in Figure %48(e)

each stream is heated or cooled from one side cf the tube. The hotter

layers near the wall become less dense than the bulk fluid and tend -to rise,

thereby, distorting the flow pattern and affecting the heat transfer. The

relatively cooler layers in another tube show identical but opposite flow

-pattern. This configuration takes advantage of the buoyant forces.

'The fouling factor R, in Eq. (4), is an unknown for drilling fluids

f

because it depends on flow velocity, wall temperature and fluid compositionm

‘etc. An empirical value of 0.003 h £t? °F/BTU for muddy water was comsidered

the calculations. 12 If the tubes are reamed,often during operations, a value

of 0.001 h £t2 °F/BTU may be used instead.
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FIGURE 40

SIMPLIFIED MODEL OF THE BRAZED PARALLEL-TUBES

= =

<




CHAPTER VIII

SIZING OF THE ELECTRICAL HEATING SECTION

From the energy balance, the heat generated by the electric
current through the resistance wire should transmit to the mud in the
parallel-brazed tube, assuming negligible heat loss through insulation

and viscous dissipation energy of the mud. We have:

1, =¥WC (5 - 1) ' ‘ )
The heat flux required to heat the mud from t; = 330°F to to= 550°F
is equivalent to 10 kw and 8 kw for flow rates 20 gph and 15 gph respectively.

The surface temperature of the electrical heater should be known for estimat-

ing heat losses from the insulated tubes. From the following equation:

q, = q, = BA(t, - &) -- (8)
the temperature diéferegce tw - tb’ is estimated to be about 120°F for film
coefficient h of 104 BTU/h £t °F. The aver;ge:témpéfature of the mud tube
i (330 + 550)/2 or 440°F. The dveréli mean temperature of the soldered
pair is therefore, about'SOOOf.a The heat loss per unit area is found from

‘the heat transfer equation for cylindrical surfaces:;

: i "o ' N |
qlr r : l‘o ] B ‘ .(9)
Eﬂ ln > +R
i i a

where ti’ to’ ri, rc, are the temperatures and radii of the inside and
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outside surface of the insulation respectively, ki thermal conductivity
] : .
"of the insulation and Rh ‘convective resistance of the air. Using the

following data:
r, = .42", r = 1.98" (for 1%" nominal thickness of insulation)
= .52 BTU/h fr2 oF/inch (for calcium silicate at SOOOF)

ki'
Rh' = .55 h £t2 °F/BTU (McAdams 27 p. 179)
the heat loss per unit area is found to be 15.1 BTU/h ft2. Total heat
loss for the 50-foot length of heating section is estimated to be 3375
BTU/h or 1.0 kw. The overall wattage requirements are 8.5Aand 6.7 kw
for flow rates 20 gph and 15 gpﬂ respectively. The former-requireé
eight heater elements, the latter just six.

The average heat flux dénsity created by the heater element ou.
the soidered side of the ﬁube periphery is estimated approximately according
to Figu:ev49. The heater elements have the folléwing ;pecificationsf

W#ttage = 1965 watts‘

Heated length L = 89.5"

Diameter = 0.246"
kIf the soldered width y is 957 of the element diameter, i.e. 0.234"%, the
heated area on the outside baundary of the tubing is L4 sin ? (y/d) = 27 1
sq. in. Heat flux density is therefore, 1965/27.1 = 72. 5 watts/sq. in.
Comparlng wlth755.9 watts/ sq. in.’for‘y = 0.25", there is an improvement
bf ;bouﬁ 237% 1in redﬁéing'heatrflux density.

ASSOCIATED 'FOULING PROBLEMS

2

Fouling refers to the undesirable deposit on heat exchanger



surfaces which iﬁcreases resistance to heat traﬁsmission. -There are a few
fouling méchanisms most frequently occured - érystallization, sedimentation,
coking and others.37 Drilling fluids are dsually suspensions containing a
rather high coﬁcentration of a large variety of salts. Salts of inverse
solubility character, exhibiting decreasing saturation concentration with
temperature beyond certain temperature, are often blamed for fouling due
to their cfystallization (such as CaSOg; CaC03). In suspensions, sediment- -
écibn of suspended particles accounts for many fouling problems, especially
iﬁ the cases of low flow velocitieé."Thefefore, drilling fluids'are very;
susceptible to fouling particularily in the case of'high heaﬁ flux density,
under which.crfstallization of éaits ﬁay becbmé excessive. As shown in
Chapter XII, the mud pressure in the electricai heating section, due to
large pressure drop in the tube, may become iﬁsufficient to prevent boiling
at least in the localized area near the highfflux~ﬁopndary. Local boiling,
superimposed by the above mentioned crystallization aﬁd'sedimentation; can
make fouling or pluggiﬁg a serious problem.
| There are some precautions thch may help lessen the plugging .
problem somewhat, in a&dition to the arrapgeménts, ﬁentionéd in Chaptef v
(1) -CovefAthé 1argest;possifle area between thebtubing‘and
"heater elément withvsiiverrwhile sqldefing.‘
(2) Insfall twisted tapes'in the tube bore to prqducé swirling
flow‘in ﬁhe tube lzapd to help remove heat ffom the hot spots.
(3) OverdeSigﬁ the required length and, during 6perati0ns, tﬁrn
down the heater w;:taée. |
(4) ‘Adopt trianguiar heater élements instead of-:ubular e;ements,

because more surface area per unit volume of the refactory



(5
(6)
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around the resistance wire is available and can provide more
welding surfaceﬁ.

Maintain high flow velocity and high pump preﬁsure.

Install such turbulence promotors in the tubé bore as spiral
wires,~twisted strips or wavy rods34 to reduce the thermal

boundary layer at the tube wall which is the major resistance

to héat transfer and, in turn, the probable cause of plugging

problems.



CHAPTER IX

SIZING OF THE MOLTEN SALT HEAT EXCHANGER

The heat transfer in a vertical.salt bath without externmal

mechanical,forees is an "internal flow" problem of gaturalvconvecﬁion.

The type of flewvin tbis case depends on the'height-ra&ius ratio 1/r

for fixed Pfandtl number Pr and Grashof number. The Rayleigh number

is Ra + GT X Pr.. for relatively large 1/r, the upwafd bdupdry layer

flow around ehe inside wall of the cylindeg is coupled by the down~-
~ ward. flow of the central core (Flgure 23).  Large value of (Ra)

(r/l) generally indicates large heat transfer between the cyllnder

wall and the cold tube surfaces, by means of the boundary layer

flow. The thickness of the relatively thin Eouedary layer‘tenes to keep
constant along tﬁe axial direction except near both ends. To evaluate

the sigﬁificance of natural comvection, the GrashofAnumber'and the Rayleigh
nember Ra sheule be knowﬁ‘first. The term At; in the Grashof number is
unkndwneand‘ﬁustlbe estimated by . ﬁrial‘and error. 4frcm Table 5, which
summarlzes the parameters of the molten:salt, Gr/At' is found to be

4, 85 x 10s °F 1 for a 6" pipe. Martin. 6a.nd Japlksa 9 correla;ed experimental
data for open»thermosyphons. Their conclusions indicate the Nusselt number f

~Nu epeiied to our case will be cidse £0746, It co:iespondsbeo a’film

‘ceeffieieet h of erougd_40 BTU/h ft2 OF;"Ihis somewhet low value suggests
" the need of mechanicaleaid to enﬁance heet ;rensfer. Sizing.of the rotational .

arrangement mentioned in Chapter IV is attempted as follows.
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FIGURE 42

FIGURE 41

SCHEMATIC DIAGRAM OF THE ROTATING

* FLOW PATTERN OF NATURAL CONVECTION

CYLINDER TEAT EXCHANGER

"IN AN ENCLOSURE

HEATED FROM THE OUTSIDE

. - -—
L A L e bttt

—

-

- ——— - - G Gt it -

e Gty

- - - - ——

o o o

> e
[FESPRRODEG & W
o G it . e S e . - — Y S e - S~ — IulN y
- ———t—— ———— - -

——— -

e

126



127

The velocity field produced by the roﬁating cylinder can be

obtained by solving the,Navier-Stokee equatioﬁ for the laminar flow;42

The result is expressed as:

W Rl\' Ry (Rp? -~ r?) ’ , '
v = 5 - (10)
12 } T (Rz - R 1 .

where v is the tangential velocity at radius r. The required torque of

the rotation is givenvby:‘35

T=1.823 x 10 SLuw (11)
o . R22 - R 2 ‘

1

The theoretical horsepower requirement is:

BP = 1w/550 -- . e (12)

Combinining Equations (10), (11), and (12) yields: g

HP

- rz .
v = 1447.58 '
}(Rz - B2 Lu

Cross flow velocity and convection can be increased by adopting a

/

- larger rotating cylinder and by allowing smaller clearance R2 - R1 as indicated

(13)

in Equation (13). Table'26bcompares the~fesults forfdiffereﬁt combinations
of geomecry and hdréepoyer reouiremen:; The‘dlstance # betﬁeen the con~
secutive ﬁube end-heater elemenoe decermines whetﬁer.:he'downstream tube -
is affected by ahd in the wake of the upstream one. The experience

from commercial cioss flow shell—end-tuoe heat exchangefs indicates -that
the closely spaceo tube bundle promotes turbulence and heat transfer con-
siderably. - The relatively small values of x/d shown in Table 25 indicate

probable,ihfluences of turbulent wakes,lo althoughthe even smaller ratio

for commercial heat eichangers are usually/not larger ‘than 3.0. Conservative
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estimation of the film coefficient can be made by using Zukauskar's
correlation of the cross flow to a single tube: 43

h 46 d, ov 0.6 523 0.37
=026 =) () (14)

for 1000<Re<100,000, where v is the main stream velocity far away from
the tubes and represents the velocity proeduced by the rotating cylinder.
The film coefficients are calculated and shown in Table 26. Following the

same calculation procedure as for the mud-to-mud heat exchanger, the overall

£ilm coefficient U is found to be 73 BTG/h ftz °F and the required length
of tube is 39 ft. for motor horse power of 1/50 HP. The considerably hi%h
vaiues of velocities in Table 26 result from the low viscosity of Hitec and

the smooth surfaces of cylinders. A few blades of fins can be attached on

the cylinder surface to promote turbulence and reduce the, required rétating

speed.
TABLE 25
SOME PARAMETERS OF MOLTEN SALT AT 600°F

Density (LB/FT3) 115.6 Prandtl Number Pr _ 12.2

‘Heat Cauacity =

(8TU/L3°F) | 0.373 | Grashof Number Gr | 3 x 107
Thermal Conductivity | ; f g
(Btu/h £tOF) Q.221 Rayleigh Num@er Ra | 3.7 x 10
Viscosity (ep) . = '3.0 | Latent Heat (BTU/LB) v 35
Thermal>Expansion T 2.31 x rMeiting'Point (OF) : o 288

Crh | 10~%
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As for the mechanical setup, it is simple in fabrication and
easy for maintenance. Thg cylinder is driven by a motor with a con-
veyor belt. A ball bearing at the bottom of the stationary sleeve serves
as support to the rotating axis. The weight of the sealed empty, inner
cylinder is almost balanced'by the buoyancy force of the liquid salt,

which reduces the bottom support load.

TABLE 26

CALCULATED FILM COEFFICIENT ON THE SHELL SIDE OF THE MOLTEN SALT HEAT EXCHANGER
FOR DI?FERENT DIMENSIONS AND HORSEPOWER RATINGS

(BASED ON L = 5.5 FT, R, = 3.03 INCHES)

- ‘ K N l
R, HP w r x = 20> v xtd Re h
(rpm) (ft/sec)
1.1875 | 1/60| 4084 | 1.5625 0.818 27.9 3.3| 3.2 x 10%| 3512
1.1875 | 1/50| 4475 | 1.5625 | 0.818 |  30.6 3.3| 3.6 x 10%|3770
1.1875 | 1/40| 5003 | 1.5625 0.818 3.2 | 3.3| 4.0 x 10*[4016
1.4375 | 1/60| 3229 | 1.8125 0.949 22,0 | 3.8]2.57 x 10'[3080
1.4375 | 1/50| 3537 | 1.8125 0.949" 26.2 | 3.8} 2.82 x 10*|3256
1.4375 | 1/40| 3955 | 1.8125 |  0.949 27.0 | 3.8} 3.15 x 10" |3480

SAFETY MEASURES

. ‘ Although no unusual safety hazétds have been encountered by the

J industry using the salt, a few-safety considerations should be made:
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A mipdimum number of fittings and valves are to be used.
Temperature measurement should be taken by means of remote
indicating iﬁstruments.

The unit is best positioned at a location isolated from the
operzting floor area.

Foreign materials which may contaminate or corrode at high
temperatures arevtd be removed Before startup. Since Hitec
is a strong oxidizing agent, all wood, paper or organic
materials must be kept away from the salt. Only inorganic
insulation is suitable.

Heating of the salt must be very gradual as it is likely to
foam at 450° to 500°F. Totally it takes 10.7 kw. hr. to
taise the temperature of the entire unit from'room tempera-
ture to 750°F. The required startup time would be 10.7 kw.
hr./(6)x 1.965 kw.) = ZSSﬁminutés' As long as two hours or
more is needed to start up, if heating rate 1is reduced.

A small amount of water (0.36 gal.) is added to lower the
melting point (240°F) and to iﬁprove contact between the

salt and tubular heaters. A relief valve at the top of the

‘jacket provides outlet for the steam envolved as the salt is

melted and heated.

Whenever possible, welded tube bends and connections should

be used. Screwed fittings of the mud tubes may be found

unsatisfactory, due to the extremely large tempefatﬁre change

during startup.

Every inéhiof the surface exposed to the ambient temperature
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is to be adequately insulated; otherwise, the salt will

.freeze in thin films on the surface.

An over-temperature cutoff is installed near the top and
close to the immersion heaters to shut off the unit when-
ever‘the temperature exceeds an arbitarily set maximum
operating temperature.

An insulation joint between the rotating.c&linder and the
motor is used to keép the latter from being'ovefheated.

The sleeve of schedu;e 40 carbon steel pipe must be care-
fully checked to see if it has suffieient strength to with-
stand pressure surges of 1000 psi caused by any accidental

tube leaks.



CHAPTER X

SIZING OF THE WATER COOLER

Heat transfer from the water flowing in the annular space between

the 2" pipe and " tube in laminar flow is estimated roughly by:

t 1

h de 1 <5 0.45 d 0.8 0.05 ‘
- 5D (£ @ (15

. 1
where.de is equivalent diameter of the annulus equal.to d -~ do, Gr is the

Grashof number allowing correction for the natural convec;ion in low velocity
flows.27 The above equation fits better for small d'/do. In our case,

d'/d° is as large as 8.3. There are errors introduced in estimating the
equivalent diameter de and applying the above equation. The above equatiom
is used, however, in thg absence of empirical correlations for large annuli
The film coefficieﬁt'h} is 367‘BTU/h ££2 °F, based on tﬁe flow rate of 6.0
gpm and ‘the Grashof number 1 x 107 for At = 67°F, 24 which 'is obtained by
trial and.error. The overall film coefficient and requifed»length are
calcuiatéa by the same prééedure as discussed in Chapter VII, with h'

derived from Equation (15). The results are shown in Table 22 for the

above fléwrraﬁe. IhebconSiderably large requirement éf héated lenéth results
from ;hersﬁali.flow and the insﬁfficient‘film coefficient on the mud side

of the water cooler..

The available 2" outside pipe is somewhat oversized. Water becomes

corrosive to ferrous materials when its surface temperature is high and

132,



. 133

and dissolved air is present.zz The use of cooling water at velocities
less that 3 ft/sec is usually avoided and an outletktemperature above
120°F is also undesirable. The fouling in low velocity flows becomes a
serious problem and greatly retard the heat transfer. In our case, water
velocity is as lgw as 0.58 ft/sec.'(Related fouling problem was discussed '

in Chapter VIII.)



CHAPTER XI

3 TUBE VISCOMETER

Rheological properties of test fluids are determined by measuring

pressure drops across three in-line tubes of different diameters based on

the following relatioms.

1

DAP
T 4L

n
. e &
For the 3 different tubes the following data must be oﬁtained.
1. Density of the fluid at temperature (slug/in?)
2. Tube inside diameter D (inch)
3. Tube length L (inch)
4., Mass flow rate W (slug/hr)
5. Pressure drop AP (pf/ft?)

This data is mext converted imto é'Tw versus 8V/D plot.

8v 32w

T ='2ég;and — =
w 4L 0 D 3600 ™pD®

The effec;ivé viscosity (ué) can now be written as

B
e . 8V/D
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(16)

(17)

(18)



135

The above equations are valid only for laminar flow. Laminar

flow will exist in the tube provided the Reynolds No. is less than 2,100.

Ve
lzue \

Reynolds No. =

To obtain n' we must vary tube diameter and fix the flow rate or vary
flow rate with a single fixed diameter tube. For this project we have
chosen fhe former approach.

The parameter n' is obtained from the Rabinowitsch-Mooney

equation for steady laminar flow with no slip at the wall.

log (T /Ty,)

log (GD/ D)
1

n'

19

Take n' from the log, log plot. For relatively linear plots
of Tw’versué 8V/D the parameter n' can be equated to n, the flow behavior
index for power law fluids.

The parameter $; is now calculated from
n

K =T /G
evaluated at 8V/D = 1.

The fluid consistency index for power law fluids is obtaineﬁ
frqm: | . | |

nl

"én' )
3n' +1 ;

K =K' ( (20)
‘Since the above equations are valid only for steady state laminar flows

; withodt slipping mdtionsrat the walls,~thefe are a few probable errors

associated with the tube viscometer and some precautions should be taken:
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Some kinetic energy is lost while flowing through expansions
or contractions. Tapping the pressure tranducer some dis-
tance away from each expansion or contraction will allow

the velocity distribution to become fully developed. This

. "calming" distance will depend somewhat on the entry con-

ditions.,

When suspensions like drilling fluids flow through a narrow
tube, the dispersed phase may tend to migrate. This error
becomes more serious when the mud flocculates and the tube
bore has scale deposited on the wall. The magnitude of the
required correction ié of the order of the ratio of particle
diameter to the tube diameter. It is usually negligible

for particles of clay size, and more significant for larger
particle sizes. The relation for its correction is avaiiable
for Newtonian fluids, but it is difficult to apply to non-
Newtonian fluids. -

The irregularities of tube bore due to the attachments of
prégsure transducers cause some end effects. The effects
afe réduced by making the ratios of tube length to radius

sufficiently large that the pressure drops along the tube

~ length overwhelm those at the ends. The length-~radius ratio

r,such as 65:1 has been considered safe.

The efféctrof~turbulence, which may occur in the situations

of low viscosity'aftef heating, heavy mud weight and high

pumping speed, should be considered.
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The accuracy of viscometric measurements is determined by the

following factors:

1. Precision of the pressure transducers and recording instru-
ments is + 0.85%, or equivalently + 0.09 ¢p for each 10 cp
(0.5% for the transducers, 0.3% fbr the recorder and 0.05%
for the milli?olt potentiometer).

2, Tolerance of the tube diameter is + 0.002 inch or + 1.5%
for.k" tubes. The precision of the corresponding viscosity
is 0.15 cp,fo: every 10 c¢p.

3. Accuracy of the flow rate measurement is + 0.9% ideally,
based on a 15-second reading using a graduated cylinder.
Total aécdracy amounts to 3.3% approximately, i.e., + 0.65 cp for

every 20 cp:. The precision of the température measurement by using iron-

constantan thermocbuples is about + 0.5 °F, if properly pre-calibrated.



CHAPTER XII
THE SYSTEM

Figure 52, shows the schematic diagram of the planned flow loop.

The entire loop contains about 260 ft. of %" x 0.035" stainless steel tubing.

At a circulation rate of ZO'gph, it takes a fluid volume approximately

one minutg to complete a éycle of heating, cooling, intensive shéaring and
returning to the reservoir tank. The heating units are designed based on
the ciréulation rate of 20 gph and higher maximum system temperatures can
be achieved by reducing circulatipn rate. The pressure drop per unit length
of the tube varies considerably with mud composition, temperature, floccula-
tion condition and plugging. According to Magcobar's experience with their
syétem, the pressure drop per unit length may range from 0.2 ési/ft with
added thinners being effective to 12_psi/ft in flocculatéd conditions.*!
Since the vapor preséure of &ater‘at 550°F is lOSO»psié, the maximum

allowed pressure drop up'to theb'hot' section of the loop is limited.:o

950 ﬁsi,:if the pump pressure is maintained at 2000 psi. That means the
average pressure drop'is about & psi/fﬁ, Highgr pump pressuré is needed

if the flocculation occuring in the 'hot'’ section causes excessive pressure
drop. . For further devéldpmenf‘of the syéteﬁ to achieve 700°F, the vapor
pressure of water unfoftﬁnaﬁely rises sufficiently in this temperature

range (up to 3100 psia) that the‘:equired high prassure in the flow.loop

may become a problem.
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The pressure head in the sistem is produced by a triplex metering
pump with a % HP motor, and is maintained by ene or more shear valves. A
spring-loadea shear valve with tungsten carbide seat and ball can withstand
a pressure difference of about 250 psi for a prolonged life in normal condi-
tions*? (Figure C-2). It wears faster in the cases of high circulation rate
and high solidscontent. Ceramic-ball shear valves allow higher pressure
differences.across them. If the average pressure drop Along the tube is
1 psi/ft or 6 psi/ft, for instance, the pressure on the upstream side of
the high temperature shear valve would be about 1840 psi and 1040 psi
respectively for pump pressure of 2000 psi. Any shear valve in the 'hot'
section is not ablé to keep the test mud from boiling for the latter case,

while in the first case it may need three 550 psia-capacity valves totally.

MEASURING AND RECORDING INSTRUMENTS

Temperature is mé;sured by pre-calibratgd iron-constantan thermo-
couple wires attached to the outer surfaces of tubing. Each.couple is wire
wrapped aroﬁnd the tubing tightly and insulated in order to reduce the con-
duction error. To avoid a températu:e gradienﬁ close to the measuring junc-
'tion,'teflon insulationvis provided along the length ofjlead wire. Thermo-

‘couple junctions are positioned én the surfaces of thé properly insulated
portion of mud tubes to maké certain‘thé surface tempera;ure‘is representa-
-ﬁive of,thevfluid»temperature. |

Tﬁe.électroﬁotive'force‘(emf) of the thermocouples are recorded
.on'a self—balancing”“Speedomax“ strip recorder. The buiit-in self-compen-
sated reference junction is‘célibfétéd,by a-Leeds & Northrup 8686 millivplt

pbtentiometer. The spurious emf developed in the thermocouple circuit by
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inductive effects of unshieldéd_ac power leads are diminished by a filter
mechanism inside the‘recorder. Upon completing the installation 6f thermo-
couples and extension leads, each circuit is checked for poor coatacts by
measuring its overall electrical resistance using an ohmmeter which should
show 2 consistent reading.
| The following locations are chosen to attach thermocouples:
1. Bétween the pud—to—mud exchanger and the electric heating
section in order to understand the performance of thé former
for further development. The efficiency of the insulation

around the electric heating section and the mud-to-mud
- exchanger can also be determined from this temperature
readiﬁg. .

2. Just before the viscometric test section im order to know the
system temperature at which mud ﬁroperties are measuréd.

3. Just before the sampling valve in order to comtrol the water
flow rat; to cool the returning mud to the fixed,Cegperature
of 115°F at which low temperéture properties are measured.

The temperature of the salt bath is to be known hence,wa thermocouple well
is installed to give an avefaée‘tgmperature for che'stratified temperature
distriﬁutibn in the molten salt.

‘Pressure drops are measured by Validyne variable reluctance

;ransducers;

-~ The feasibility of mud filled circuits for the transduceré was
examined. A transducer diéphragmvof stainless steel 304 was iﬁmersed in a
bentonite slurry of pH 10 at different témpefatures for one week, - No serious

corrosion was observed. Hence it was- decided to adopt mud filled circuits in
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which the transducer diaphragms are cleaned frequently such as once
a week.

A carrier demodulator connecting the transducer énd recorder
converts inductance ratio of the two coils in each transducer to de
 output voltage which is in turn picked up by the Speedomax recorder.
Transducer’indicators with built-in carrier demodulators can also be
used for this purpose. Calibration is made by a portable millivolt
potentiometer. According té ﬁhe maximum possible pressure drop per
unit length as mentioned before, the operating range of.the transducers -

can be selected as 50 psia.

OTHER TEST APPARATUS

The properties of dynamic filtration and corrosivity of test
fluids are measured at high and low tempeératures by the in-line apparatus
as shown- in Figures 53 andb55. The dynamic fluid loss tube consists of
a 18"~long, porous, sintered, stéinlessrsteel tube which is jacketed by
a stainless steel caéing. A differential pressure of 100 psi across the
filter tube is usually maintained by regulating nitrogen pressure in the
annglus. The amount éf filtrate collecﬁed in- the annulus is measured
intermittently through a samplingivalve.

Corrosivities’of tést flﬁids'are determined by inserting sample
coupons in the hpldér slots milled aloﬁg the inside pipe'ﬁall (Figure 55).
- Weight 1osées of the coupons are examined to study the corrosion con-

ditions at different temperatures.



CHAPTER XIII

TEST CONTROLS

As mentioned before, both temperature and time influence the

rheological and filtration properties of drilling fluids. Except for the

fully aged muds, the mud properties change with time at a certain tempera=

ture level. Proper interpretation of experimental data calls for well-

controlled test procedures:

I. Preliminary tests:

1)

(2)

(3)

Calibrate the temperature reco;de: with a millovolt potentio-
meter; and calibrate the pressure recqtder and transducer
indicators 'or carrier demodulators by‘a U~-tube manometer.
Check the pressure pulsation of the pump discharge énd

circulation rate to decide che'necessity of a pulsation

, dampér or a flow control valve in the flow loop.

Investigate the pfobable plugging problem by placing a fine

- wire longi:udinaily on the inside tube wall close to the

electriC‘héater;-'Corfelate'the preséure drop of the

. mud across the electrical heating section versus the chosen

wattége which can be changed with the wattmeter. Check

the scale on the wire which’is,pﬁlled out after heating

. with different heat flux densities. ' Define the maximum

operating temperatures of the section for different wattage
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II. Experimental testingr
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densities based on the accumulation of scale oun the wire or

the increased pressure drop across the section.

The testing procedures depend on whether ceﬁperature or time effects

associated with the aging ﬁroblem is of concern. The temperature and chemical

treatments should be controlled properly to yield interpretable data:

(1)

(2)

Investigation of the time required to stabilize mud samples:

Constant temperatures need to be mzintained. It is advan~-

.tageous to use strip recorders for acquisition of temperature

and pre;sure data. Integrated information from the high and
low temperature test sections will reveal a better picture of
the properties during heatjing and after heating. Since apparent
viscpsi;ies of drilling fluids depend on shear rate, it is
preferable to maintain.a constant circulation Tate throughout
each run with a control valve if the flow rate pulsates ex-
cessively.. To study temperature effects ou the aging time,

the same procedure is repeated but at higher temperature levels

‘until flocculation temperature or the system capacity is

reached. "Hysteresis" effect could be checked by decreasing
the temperature levels from the abbve maximum achieved temp-

erature. If there is a hystersis effect present, it means

‘the mud stabilizatioh depends on its thermal history as does

the shearing history of thixotrqpic'materials., It is important

‘that no new chemicals are added to the';esting fluid during

operation.

Investigation of temperature effect with negligible time
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influence: By adjusting the wattmeter properly, the mud
temperature can be increased smoothly, as displayed on thé
temperature strip recorder. The rate of increase of temp-
erature is preferably comparable to the circulation cycle of
about two minutes, so that the time factor can be ignored
. The resulting data can be compared to those obtained by
means of batch tésting such as Hiller's high temperature
rotational viscometer}7 in which no time factor is 1nvo;ved.
If fully aged ﬁuds are tested by this method, the expefimental data
should be reproducible. When insufficiently aged muds are tested at different
times, the results will indicate the trends of thermal stabilizing, although
the routes approaching stabilized coﬁditions are by no means unique but

dependent on the previous aging history.
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FIGURE 44

FILTRATION TEST UNIT
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FIGURE 45
SHEAR VALVE
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FIGURE 46

CORROSION COUTON WOLDER
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NOMENCLATURE

ALA' Heat transfer area, £e2

B Coefficient of thermal expansionm, Op~1

Cp Ee;t capacity, BTU/LB°F

d Tube diameter, ft.

g Gravitational acceleration, 32.174 ft/sec?

G Mass flow rate'per unit are;, LB/h £e2

Gr Grashof aumber gé p2d3at/p2, dimensionless

Gz Grae;z number W Cp/ k L, dimensionless

h,h' Film coefficient, BTU/n £c2 °F .

BP Motor horsepower ’
k Thermal conductivizy, BTU/h Etz oF/fe

K | ?luid consistency'index'of‘powef law model pf secn, fe72

K' Power law flow parameter, pf’seén' fe2

L, Li Heat transfer length of tube or length between taps of pressure

transducers, ft,

1 ,Lenéth of the out#ide cylinder‘of the molten salt heat‘exchanger, ft
n, o' Flow behavior index of power law model, dimensionless |

Nu - Nusselt number h d/k |

P | A Pressure drop, psi

Pr , Pfandtl‘numﬁer Cpﬁ/k,'dimensionle#s

14/ Plastic viscosity of Bingham plastic model, cp

Q Volume flow rate, ml/sec |
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Subscripts or Superscripts

Refer to inlet condition

Refer to outlet condition

Prime: refer to shell éide of heat transfer
Refer to fluid bulk

Refer to equivalent diameter

Refer to inside surface, or insulation
Refer to outside sugfaée |

Refer to wall



R1°Rp

Ra!
Re

t,t!

YP
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Heat flow rate, BTU/h

Radius at any point, 6f concern in the molten salt heat exchanger, in.

Outside radius of the rotating cylinder, inside radius of the
stationary sleeve respectively in the molten salt heat exhcanger, in.

Rayleigh number Pr x Gr, dimensionless

Convective resistance of air, h ft? °F/BTU

Reynolds number d pv/iu, dimensionle;s

Temperature, °F

Overall convective film coefficient, BTU/h ft? °F

Velocity, ft/sec

Mass flow rate, oum/h

Wall thickness or spacing between tubulars, inch

Soldering width, inch

Yield poiﬁt of Bingham'plastic model LB£/100 ft

Shear rate,rvs.ec'1

(3n + 1)/4n

Ratio of non-Newtonian tb Newtonian heat transfer rate, dimensionless

Viscosity,'cb

Torque, pf fﬁ as in Eq. (11) or shear stress, pf/ft? as in Eq. (16)

Angular #elocity,’Rad./sec

Density, ph/ft?
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INTRODUCTION

The need for chemic;l proéess.applications requiring temperatures
above 450°F has speeded deyelopment of new chemicals for such use. The
development of Dow-therm A in 1932 for heating applications raised the
operating temperature level to 700°F. Then HTS (heat transfer salts) was
offered in 1937 for temperatures above 700°F. Presently Hitec is available

with melting point of 288°F, and it 1is suitable for use up to 1,000°F.

TECHNICAL APPROACH

The molten salt #pparatus consists of the following:
’1. Heat exch;nger shell,

2. Drilling fluid tubes,

3.- Drain system

4. Heating elements and temperature controllers

1. Heat Exchanger Shell:

As shown in Figure 56, the heat exchanger shell consists of
Qeldéd fianged Séctioqs to form a #ylindfical shell wiih thfeé side flanges
and:flanges at bottom and tqp. 

‘Construction éaterials:‘

Sections arercarbon steel which has pro&en to be entirély sat-
isfactory, f;om both the corrosion and the strength points of view at

elevated temperatures.
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The flanges are circular flat machined, 12" diameter, 1.3"
thickness with 12 bolt holes. The gasket is a brass asbestos 0 ring,
6" ID, 1/8" thickness. Bolting process should be made when the shell
is hot. The top flange has two 1/4" holes for output and input fluid
tubes and one inch diameter hole for the 1" pipe, used as open pipe

-relief in case of tube leakage. The first side flange (S-1), has 3 -
0.315" holes for the 2 heaters. The second side flange (S-2), has only
one 1/2" hole for the temperature controller 3/8" OD mercury bulb which
is connected to the controller by a 1/8" stainless steel capillary. The
bulb and the capfllary fit inside the molten salt heat exchanger shell.
The bottom flénge (S-3), has 5 - 0.475" holes threaded about 3/8" depth
in the flange to fasten heaters. A 1/2" drain pipe comes from the

bottom to the drain tank.

2. Drilling Fluid Tubes:

About 30 feet of seamless stainless steel 1/4" OD tubes are used.
The tube system consists of six lines connected in series configured on
a cylindrical curface inside the shell, as shown in Figure 56, flaring
tube type of_fittings'a;é used.r‘Output éﬁd input lines are connected
with loop through two-way valves. The tubes were static tested to 12,000

psi pressure without leaks.

3. Drain Systems:

4Thé drain system consists of:
a. Drain tank of size 27" x 12" x 12" made from 1/16" steel

‘designed to be able to fix 4 strip heaters on three sides
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of the taﬂk to keeé it heated to about 300°F just above
melting point of the salt.

Drain tank is connected also with two pipe lines. The
first, comes from the heat exchanger shell in a L shape
and it is heated with 3 heaters routed around the one inch
pipe to~kéepAthe.pipe heated above 300°F. This prevents
salt plugging. The second is a horizontal 1/2" pipe to
act as a drain from the heat exchanger to the tank. A
valve is placed in the line. The tank has a cover with

four 3/8" bolts to keep it sealed when the test is running.

4. Heating Elements:

a.

Inside the Shell:

Two heaters, UTU type, 3/8" cross section, high watt density
(40-9/16" total length, 38-5/16" heated length, 240 V,

3.6 KW). Tubular heater - triangular cross section. One

" heater, TRI 0.315" dia. Incoloy sheath, round cross section.

(78", 71-1/4", 240 V. 2350 watt). One heater, TRI type

0.246" dia., Incoloy sheath, (52", 47-1/2", 240 Volt, 1045

Watt)..

Outside the Shell:

Two band type heaters at the top of the shell to main-

Atain the temperature distribution uniform at the top and

vbottom of the salt. (Type HB 1-1/2" wide, 7" barrel diameter,

1000 watt, 240 Volt).
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¢. The Drain System:

Drain Tank:
Two strip heaters, Type PT 1%" wide, two bolt terminals
at right angles, *25%" long, 240 V. 750 Watts). One .
"(same type) (6" long, l%" wide, 240 V. 1045 Watt).
Connected drain pipes:
Two tubular heaters, round cross section, type TRI
- 0.264" diameter Incoloy sheath (52 total length, &47%"
heated length, 240 V. 1045 Watt). One (same type) (94",
89%", 240 V. 1965 Watts).

5. Temperature Controllers

Two temperature controllers have been used to monitor and adjust
the temperature in molten salt and drain tank. (MF2 type - ranges to
1,000°F indicating). Mercury filled buLb and capillary can be flush
mounted or wall-mounted. (208 Volt, 2 amps, 2.7" bulb leangth). Both
dfkthem are connected with Bd amps contactor relay to be able to give

the power required for the system.

6. Properties of Hitec:

The common compoéition of Hitec 1is 557 sodium . nitrate, 45% sodium
nitrite.

a. The freezing point of a dry mixture of HIS is approximately

ZSS?F. However, the salt is hygroscopic when granular. The
absorbed moisture reduces the melting point. The M.P. rises

when the same salt (sample) is used more than one time.
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b. Heat Capacity. The heat capacity emphasizes the excellent

thermal capacity of Hitec on a volume basis of 0.73 cal./(ec.)
(°c) at 300°F, and 0.62 cal/(ce) (%) at 1,000°F. |

c. Viscosity. Viscosity is important to determine the pumping
capacity‘for circulated molten salt. Hitec has a relatively
low viscosity of 8 cp at 400°F and 2 cp at'l,OOOoF.

d. Thermal Conductivity. Thermal conductivity values for Hitec

from sevoral sources ranges from a high of 0.66 feported by

Gambill12 to a low in the range in 0.17 to 0.24 by Neimark
41

Vargaftik et al. . It is recommended that the value of

0.35 be used because it successfully correlates with other

heat~transfer data. .

e. Chemical Stability. Hitec is chemically very stable to
850°F from 550 to 1,100°F the nitfate in the mixture under-
goes a slow thermal decomposition to NaNO,; and Na,0 with
evolution’of'Nz{‘ As the temperature rises, the rate of
reaction increaées so that at 1,500°F nitrogen evolution is
so rapid that the salt mass appears to bg boiling. When

,1Hiteo is in contact with air above 8509F three additional

- types of feaotiono take place to a limited extent. The
principal one is the oxidation of thé nitrite to nitrate.
The_other 1ésse£ feactioﬁé‘axe ;he absorption of Co, to

form carbonates and of water vapor to produce hydroxides.

7. Insulation:

The insulation material (fiber-glass % cylindical shell pieces
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are used to cover the heat exchanger shell, piping and the drain.tank.

8. Performance of the Hitec System:

During the period of this contract it was not possible to run
the Hitec system to full temperature. This was due to repeated failure

of the inside shell electrical heaters. This falure was due to a manu-

<.

facturing defect.

In early tests an electrically resistive type cement was used
to seal the heater elements and tubing to the end flanges. This proved
to be unsatisfactory in that the cement permitted seapage of water and
dissolved Hitec out of the system.‘ To provide an absoldte seal against
leakage, special seals were fabricated in the UniverSityJof Oklahoma
machine shop. This seal has performed well énd o further problems have

been encountered with leakage.
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ELECTRICAL CIRCUITRY FOR THREE TUBE VISCOMETER

1. Electrical Circuitry:

The electrical aspect of the floy lbop‘consists of two main
divisions. The first is power distribution and control; this is illus-
trated in'Figure 57. The second division is electrical measurements of
the flow loop dynamic variables; these are temperatures and pressures and
are illusﬁrated in Figures 58A and 58B.

Referring to Figure 57, 59, and 60, it can be seen that the
power control and distribution system provides for the manual and auto-
matic aspects of loop conﬁrol. Manual operations encompass the three
main power systems of the flow loop that is, ﬁump power, test section
heaters, and salt section heatérs. Manual, On~0ff, control of these
functions is obtained through the use of pdsh button-latching relay-
contactér arrangemehts. The system has: the advéntage that it is "fail
safe”; it will not reapply power to the looﬁ if the main po&er is
interrupted.: The system also readily a&apts to the inclusion of a
"panic button" to shut down the loop in casé of an emergency. “Panic
button opefation is implemented in this system both as a manual push
button and as arpressurezlimit'switch. | |

Three ~channels of'temperature control arekprovided in ﬁhe flow

loop test,section; Each channel has its own thermocouple and temperature

- 161
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. controller. Power switching to the test section heaters is done using
contactors. Temperature control in the salt section is accomplished
ﬁsing liquid £illed probeé and electromechanical controllers operating
contactors.

The pressure recording system for the flow loop is shown in
Figure 58A. A total of seven transducers measure loop pressure at five
points. The quartz transducers and charge amplifiers are Kistler A while
the remaining transducers and readouts are Validyne B. The Validyne
transducers are of the variable reluctance type. The output signals from
the pressure readout units are channeled through gain control amplifiers
and connected to a multichannel strip chart recorder. The gain control
amplifiers a}low recorder calibration in engineering units.

The temperature recording systém for the flo&uioop is shown in
Figure 58B. Ihis system consists simply of iron-constantan thermocouples
connected to a multichanpel strip chart recorder equipped with thermo-
couple amplifiers.

A. Model 5001 charge amplifier and model 6005 quartz transdﬁcer

B. Model DP15 differen:i;i pressure transducers and models CD12

and CD223-A demédulatorﬁ aqd readouts,
C. The sttip chart recorders are Leeds and Northrup 12 channel

-Speedo-Max recorders.

2. Electronic Filtering of Pressure Measurements of the Flow Loop:

During oper;ticn it was found that interpretation of pressure
data was obscured by high frequency (about 1HZ and greater) noise arising

from pump pressure pulses and random sources. This noise was especially

-’
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bothersome when attempting to obtain real time data from the digital pres-
sure readouts. As an aid to data reduction and interpretation low\pass
filteré were installed in all of the Validyne equipment. The filter

circuit is shown in Figufe 61. The filter can be switchéd in and out

of the circuit so its effect on the pressure data can be interpreted in
real time. It was determinedbexperimentally that a 1/3 Hz filter adequately
suppressed the noise without degéading fhe_desired data.

It was found that the Kistler piezoelectric transducers were
unsuitable for the type of pressure measurement needed in the flow loop.
The problem arises because the piezoelectric transducer responds only
to changes in pressure. Thus the Kistler transducer would register the
initial pressure change when first starting the pump but electrical leak-
age in the charge amplifier drains off the initial charge induced in
the transducer by the application of pfessure. Thus tﬁe‘output of the
transducer slowly decreases until the readout only indicates transient
pressure flqgtuations. The performance of the Validyne variable reluctance
transdﬁcers was found to be satisfactory when using the previoﬁsly de-
scribed filters. Onme disadvantage of the Validyne transducers is that
they cannot function ét temperaturé exceeding 170°F and must be isolated
from the,hotrflow loop withvloqg dapilléries. |

Figure 62 shaws the circﬁiﬁ diagram for the five cﬁannel gain

control amplifiers. These were_needed'for'éignal conditioning and

»calibratidn'since these functions were hot’provided in the Speedo-Max

k]

recorder.
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FILTRATE TESTS

A system to étudy dynamic filtratién was included in the flow
loop. The major features of the systemAare discuséed in'Appendix A,
The results of specific tests are discussed here.

A. Determination of filtrate loss of a clay-water slurry con-

'taining 6.PPR chrome lignosulfonate. .

The test utilized a‘dynaﬁic filt:ation cell_designed by Reese
Wyantbof Dressér'Magcobar- The test éell is capable of operating aﬁ
SSOOF and 3,000 psi., A diagfam‘of«the filtrate cell is included as
Figure 63:and a‘diagram of tﬁe'flow loop network pertinent to the
operation of the filtrate cell is included in Figure 64.

The test procedure, results aﬁ& conclusions-are presented fof
the’chrome\lignosulfopate slurry, the test temperature was 4$0°F and

system pressure is maintained above 1,500 psiiwhenever possible

Test Procedure

The tesckprocédure depends on the stability of the fluid being
tested. . The fluid shbgld be tested in 1amin§r‘flow and under steady
~ state conditions.f The fiuid should have a comstant tempefature and the
pressure fluctuations should be kept to a ninimun. |
’ Once the»fluid has attained a stable condition the test ﬁay be

initiated. The time of test begins immediately after the flﬁid'is allowed

172
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to flow through the filtrate cell. Valves 2, 3, 4, 5, 6 (Figure 64) are
initially closed and valve one is open. When the test begins valve 1 is
left ofen until valves 2 and 3 are opened,

At certain time intervals, 5 minutes, the collected filtrate is
drawn from the filtrate cell by opening valve 5, The tubing leading
from valve 5 is looped in an ice bath to cool the fluid. Thenitrogen
input pressure is then adjusted to approximately 500 psi above the flowing
pressure. Valve 4 and Vaive 6 are opened gradually allowing the filtrate
to collect in a graduated cylinder. The volume accuﬁulated is recorded

as well as the time the sample was taken. This procedure is continued

until termination.

RESULIS

The results of the filtrate test on the chrome lignosulfonate
fluid are included in Table 27 and Figufe 65. The test was . terminated
due to excessive pressure fluctuations resulting from flocculation of

the test sample.

CONCLUSTIONS

Data indicates that the filter cake thickness was still in-
creasing ﬁpoh termination of the test. The cumulative volume versus square
root of time plot would normally flatten out as less and less filtrate is

accumulated.
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FIGURE 55

FILTRATION TEST UNIT
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TABLE 27

FILTRATE TEST RESULTS OF CHROME LIGNOSULFONATES

time Filtrate Cumulative
(minutes) JF Vo%gme Fi;ggate
3 2.24 21.0 21.0
" 10 3.16 27.0 48.0
15 3.87 11.2 | 59.2
20 4.47 7.6 66.8
25 5.0 _ 5.2 72.0
30 5.5 4.4 76.4
80
[ 3
70
50
50 y
4|
30 FIGURE 64
25 PPB BENTONITE
:0 : 6  PPB CHROME LIGNOSULFONATE
450°F © MUD TEMPERATURE
10
0 . " . ! ) : .
0 > 10 15 . 20 25 30
TIME (MINUTES)
O TIME PLOT
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2. CORROSION TESTS

Corrosion tests made with the flow loop are of the weight loss
type. The cbrrosion ceil is illustrated as Figure 55 of Appendix A. The
coupons used are a mild steel in a rectangular flat shape approximately
(0.4" x 1.95" x 0.043"). The coupons are weighed before and after exposure
to the mud in the flow loop.

The corrosion rate can be calculated by the following equation

gran. wt. loss
A(in®) * T(hrs) ° (.005) ¢« (2.9)

.3
in® "1 . _
Corrosion rate ( e yr) =

' 3
C.R. (ndd) =7 %;) . (1901)

C.R. (mils per year) = (mdd) -+ (0.1826)

Tests were run using two different types of experimental drilling
fluids to establish accuracy of the test technigque.

“The same material coupons were used. in both tests.
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TABLE 28

CORROSION TEST #1

o)

SAMPLE # AREA (in?) - WT. LOSS (gram) C.R. (mpy) TEMP. F
I 2.025 0.013 2.95 100°F
2 2.076 0.009 2.06 100°F
3 2.072 0.022 4.95 300°F
4 1.99 0.023 5.38 300°F

CORROSION TEST #2 -

'SAMPLE #  AREA kinz)

WT. LOSS (gram)

C.R. (mpy) TEMP. F

o

5 2.08

6 1.89 -

0.01

0.01

5.12

5.57

300°F

300°F
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FIGURE 57

EXPERIMENTAL DRILLING FLUID TESTS
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As can be seen from the bargraphs Figure 65 a substantial dif-
ference in corrosion is noted between high and low temperature. ‘Also the
Type B drilling fluid has a slightly greater corrosion effect at elevated
temperatures that the Type A. The average scatter in measuremeﬁt is

approximately 0.3 mills per year for this data.
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