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DesignandDevebpmentof a

TerrperatureMeasurementSystemto

MonitorSubsurfaceThermalProcesses

R. Goldman and KentS. Udell

This paper is written in partial fulfillmentof a Master of Science degree for the Universityof

California,Berkeley. The focus of the projectdescribed in this paper is to develop a system

which can quickfy, efficiently and reliably monitor the temperatures in the soil during

subsurfacethermal remediatbn processes. Because knowledgeof subsurfacetemperaturesis a

desirable geophysicalparameter of several subsurfacetechnologies,this project may be useful

beyond its original intent. The primary purpose of this project is to monitor the progress of a

processcalled dynamicstrippingdeveloped to remediate undergroundgasoline storage tanks that

have leaked at Lawrence Livermore National Laboratory,California. The dynamic stripping

remediationprocess includesaftematfngthe use of steam injectioninto the soil and electrode

heatingof the soil in order to enhance and stimulatethe removal of the contaminatingorganic

compounds.

[n order to propertyasses the progressof a thermatremediationprocess and to decide what

proceedingsteps to take during the remediationprocess, it is necessary to characterize the

thermal state of the subsurfaceon a real time basis. This requires that the time increment

between thermal characterizationsbe at least equal to the time between significantchanges in

the subsurface thermal state. Several importantdesign parameters are discussedwhich must

be consideredto achieve an acceptablemonitoringspeed.

The final system is designed to realize the necessaty monitoringspeed withoutsacrificingthe

other importantparameters that it must meet. This paper highlightsthe significantsteps

encounteredas thisgoal was workedtoward. The final designfeaturesare then discussed,and

the appendicesgive informationnecessary to use or make adjustmentsto certain aspects of the

system.

A crucial aspect of the design is the responsetime of the temperature sensor. The temperature

sensingprobe uses an infraredsensingdevice which has been recently invented. The use of this

as a downholetemperaturesensingdevice is a uniqueapplication. It providesmany advantages

over other more conventionalsensorsused to obtainthe temperaturesdownhole. The most
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importantadvantages are its response time, measurement

the well’s thermal environment.

Because few people are available to regularlyattend to the

repeatability, and limited effect on

task of monitoringthe soil

temperatures, the system is designed to minimizethe number of people required. In addition,

the monitoringsystem is designed to minimizethe numberof steps necessary before a final

display of the temperatures at the various monitoringwells can be obtained.

ov~ .

The remediationprocess at Lawrence LivermoreNational Laboratory, California is a

demonstrationof the dynamic strippingprocesssupportedby the Departmentof Energy. The

demonstrationis conductedat a locationwhere undergroundgas storagetanks have leaked

between the 1960’s and the 1970’s. The plume from the leaks has migratedbeneath the

existingwater table as a result of varying annual rainfalls. The deepest contaminatedportions

of soil were found 120 ft bebw the surface, and the water table at the beginningof the project “

is 95 ft bebw the surface. The extent of the p!ume is currenttyestimated to extend 500 ft in

one directionand 400 ft in the other. The regbn with contaminantconcentrationsgreater than

100 ppm of total hydrocarbonsis approximately300 ft by 200 ft. Biodegradationof the lower

conmntrationregionsis evidentat the plume boundaryand in the vadose zone. There are at least

two aquifers and two aquitards in the region’ssubsurfacewith varying degrees of continuity.

Hydraulic gradients are small, so that plume migration is primarily diffusive.

The dynamic strippingprocess is initiallydesigned to proceed in two steps. The first is to pre-

heat the ground with electrical current for a period of several weeks to maximize the energy

inputto the soil and to maximize the initialcontaminantremoval. The second step involvesa

schedule of alternating the elect&al heating process with the injectiotiextraction of steam

approximatelyevery 12 hours. The electrical heating is designed to enhance partitioningof the

mntaminants from the bwer permeabilityzones to the higher permeabilityzones. It also aids

in the equilibrationrate of the contaminantsbetween the liquidand solid phases. The steam

injectionprocesstakes advantage of the beneficialchangesthat occur to many of the

mntaminants at increasedtemperaturesand pushesthe volatizedcontaminantsalong a

-“
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condensationfront from the injectionsource to the extractionpoint. It is expected that the

entire cleanup process will take approximately four months after the site constructionis

mmpleted.

Figure 1 shows the layoutof the site. Three closely spaced extractionwells are surroundedby

six injectionwells. The spacing of the injectionwells from one another is about 100 ft. The

extractionwells are also used as electrodes to electricallyheat the soil althoughother wells are

used exclusivelyfor this purpose. Soil temperaturesare expected to reach 120 deg C in the

steam zones and up to 50 deg C in the lowerpermeabilityzones where the steam does not

penetrate.

Monitoringthe progressof the remediationprocess is accomplishedwith two methods. One

method uses the systemdeveloped with this project,and the other is throughthe use of

electrical resistance tomography (ERT). A complete characterization of the temperature

profileat the monitoringwells makes it is possibleto establishwhere the steam zones are near

the monitoringwells and when they reach the wells, but temperature informationbetween the

wells must be inferredthroughsome predk%ionscheme. The use of ERT helps to better define

the temperature field between mordtorfngwells. This method essentially measures the

electrical resistivitybetween any two points in any two wells, and an analytical procedure

determines the resistivityfield in the plane between any two ERT wells. It has been found that

there is a correlationbetween electrical resistivitychanges and temperature as well as the

presence of steam. The ERT data is calibratedand suppmledby the more accurate temperature

profile at the monitoringwells provided by the monitoringsystem developed in this project.

Four thermocouplesmountedare to the outsideof each well at depths of 80, 100120 and 140 ft

with the wires broughtto the surface. This allows for a check of the monitoringsystems

accuracy and continuousmonitoringeven when the groundis being heated (downhole loggingwill

not be permitted during electrical ground heating operations).

A total of twelve monitoringwells are emplaced at the LLNL site. There are six positionedto

surroundthe extraction wells inside the region formed by the injectionwells as shown in

Figure 1. The other six are outsidethis area. Each well is composedof a fiberglassepoxy
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composite material 1/8 in thick. Their inside diameter is 2 1/8 in and they are 160 ft long.

Each well is water sealed at the bottomand is expected to remain air filled except for

condensationand small amountsof surface rain which will flow to the bottom. The well is

created from 5 ft sections that are joined by internal threaded connectorswhich cause the well

to have an insidediameter of 2 in at these points.
.

Since several aspectsof the clean up procedureare new and experimental,a test was conducted

at a nearby focationwhich was uncontaminated. This was done priorto implementingthe

remediationof the contaminatedsite to verify the b@c procedureand fine tune the process. The

locationof this test will be referred to in foltowingsections as the clean site. The test utilized

a single steam injectionand extractionwell and several monitoringwells at depths similar to

the mntaminated site. Duringthe clean site test, effortswere made to measure the monitoring

well temperatures. Althoughtemperaturedata was gained that was useful, the device and

methodologyused to measure the monitoringwell temperaturesproved to be time consumingand

was potentially difficultto apply to a larger scale situation.

The ideal temperature monitoring

could quickly and easily measure

is no known method of obtaining

system for a thermal remediationprocess would be one that

the entire temperature field in the ground at any time. There

this goal, but all current methods necessitate drillingwells into

the ground. Under certaincircumstances,the ERT methodtemperaturedata can be used to

deduce the temperatures in the pfane between wells, and from this data the entire temperature

field can be inferred. The onty accurate subsurfacetemperature data that can currentlybe

attained are those at the well itseff, and the temperature field is generally inferred from this

data using a geostatisticmodel. Given these limitations,the developmentof an ideal temperature

monitoringsystem strives to “optimizethe reliability,efficiency and cost of a system to measure

temperature at any depth in a well.

The maximum time available to measure the temperaturesin all of the wells depends on the time

scale of significantsubsurface temperature changes. For the dynamic strippingprocess that

this monitoringsystem is designed, the progressionof the steam throughthe soil creates the
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most rapid thermal changes. Uboratoty experiments, the clean site test, and computer

simulationsperformed using the contaminated site soil properties indicate that the steam will

travel at an approximate rate of .1 to .5 ft/hr [Ref 1]. The variation in steam growth rate is

dominatedby the soil propedies, the water saturationand the effect of geometric spreading.

Thus, to approximate the positionof the steam front it is necessary to obtain the temperatures

in the wells at least once a day.

The cost of currentlyavailable downholetemperaturemeasurement measuring tools is on the

order of $20,000-$30,000. Twetve of these devices would be required if one wanted to

measure the temperature versus depth in each well simultaneouslywithout moving from one

well to another. Not includingsupportingequipment(such as computer hardware and

software), the cost would be over $200,000 for this particular project. The monitoring

system developed has to cost sgnifbantty less than this to justifythe necessary research and

development and potential problemsthat could arise. Additionally,the budget limitationsof this

project precludes using any existing systems.

It is expected that no more than one or two people w“IIbe available for the day to day monitoring

tasks and for maintenanceof the equipment. This requiresthat the measurementdevices must

be easy to use and troubleshootshoutdproblemsoccur. The process of system preparation,

temperature measurement and bgging, and presentationof the data needs to be simpleenough

that a single person could potentialityperform all these tasks in a single work day. To prevent

undue periods of down time, efforts should incorporatecurrently used and tested off-the-shelf

components.

Because the wells are expensive to constructand logisticallydifficultor impossibleto replace,

the lossof even one because of an unforseenproblemwoufdbe a significantsetback. As a result,

safety features must exist to prevent a catastrophicfailure during the lowering or raising of the

probe which might result in damage to the well. A certain degree of flexibilityin the probe

centralizationis required to compensate for the existence of the joints every 5 ft and for any

potentialdistortionof the well shape. The largest threat to well damage is the probe getting

caught in the well.
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Accuratetempemture measurementsare crucial to the system’ssuccess. The desired accuracy

is such that gbbal energy balance tabulations could be calculatedor that significantdesign

changescoutdbe reliablymade based on the data. Since the expected temperaturerange is from

20 deg C to 125 deg C, a maximumdesirabteerror would be 1 degree at the lower temperature

and 5 degrees at the higher temperatures. Therefore, a nominalerror of 5% would be

acceptable.

Althoughpotential problems may occur during the development of a temperature monitoring

system which meets the design objectives, the most crucial element of the system is the

temperaturesensingprobe. Past effortshave shownthat the methodwhich is used to measure

the temperaturecan significantlyeffect the accuracy and speed of the measuredvalue.

The number of acceptable sensing devices which achieve the desired objectives is primarily

limited by the physical properties of the soil, device, well, and well fluid. The physical

property which dominates the transient response time is thermal diffusivity. Both the soil and

the fiberglass composite well material have very low thermal diffusivitiesprimarily because of

their low thermal conducttilties. Thus, once a well surface has reached a steady state rendition

with the soil, it requires significant time to reequilibrate after a thermal disturbance. Any

sensor durable enough to resistwear from well contact has been found to have minimum

responsetimes on the order of tens of seconds. The combinedeffectof the soil/wellsystemand

the sensor is a responsetime on the order of minutes. Because of the necessary measurement

speed, a discrete temperature versus depth tog would be required rather than loggingas the

probe moves continuouslydownward. The ideal measurementdevice would thereforebe one that

does not draw heat from the well surface.

Since direct cont~ with the soil is not possible, measurement of the well surface temperature

is an approximatbn to the soil temperature on the other side of the well. Laboratory

experimentshave been conductedwith heater tape wrappedaroundthe well. These have shown

that in the absence of significantamounts of natural convection, diffusionwithin the well

results in an inside well temperature that is approximately3 deg C lower than the outside well.

..

..”

.
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High temperature gradents in a directionparallel to the well do create a highly convective

environment. This was exemplifiedwith the well heated in the 110-125 deg C range in a

~.. localized region. During this experiment, temlwatures between the inside and the outsideof

the well differedby as muchas 9 deg C.

A study of convect&n in small diameter wells of infinite length [Ref 2,3] was done first by

Hales and then Sammel. This analysisproducean equationwhichpredictsthe onset of convection

fgg. + GY12
‘P gaad

.

.

where p is the critical temperature gradient for the onset of convection,g is gravity, a is the

volume coeticientof expansion [1/deg ~, e is the absolute temperature, v is the kinematic

viscosity,and D is the thermal diffusivity. The well diameter is defined by a, and C is a variable

which depends on the boundarycoefficientsand is 216 in c.g.s. units for an infinitewell.

It predicts that in an air filled well of 2 1/8 in diameter the onset of convectionwill occur when

temperature gradients are 5-20 deg C/m dependingon the air temperature. Effortswere made

to measure temperatures in the air space of a fiberglasswell that had a copper pipe wrapped

aroundit and was heated at a distanceseveral feet belowthe measurementpointas shownin

Figure 2. Gradients in the range from 10A5 to 80~5 deg C/m were measured along the outside

of the well. Various experimentswere run where temperatures ranged between 50-125 deg C

at the base of the well and 30-75 deg C in the instrumentedportionof the well. This range of

gradientswas chosen to reflectthe maximumexpectedgradientsthat wouldbe seen in a

subsurfacesteam zone as measuredat the clean site [Ref 1]. Hot zones created usingheater tape

wrapped directly to the fiberglasswell casing have predicted thermal gradients in the well of

10A to 10s deg C/m. It is not surprisingthat very large thermal gradients are experienced for

this rendition. .

In all cases the air temperature in the well of the convectionexperimentwas always below the

temperatureexpected at the insidewell surface. One indicationthat convectionwas presentwas

that this was exhibitedto a greater degree for the highergradients. It was more evident that

natural convectionexisted because of the random oscillationof the air temperatures with a time
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scale of oscillationon the order of one second. The amplitudeof the oscillationsalso was greater

for larger gradientsand became as high as ~40% of the well temperature. Because of the

uncertaintyassociated with the gradient calculationsand the difficultyof achieving a uniform

gradient, it is not dear that convectionever existed in the well when thermal gradients less

than the predwtedcritiil gradientsprevailed. A more detailed study would be necessary to

determine if the calculated critical thermal gradient for the onset of natural convection is an

accurate prediction. The experimentdid ind~te that convectioncould be expected if one was to

measure the air temperatures in the well rather than the surface temperature.

Radiation losses from the well to the probe are possible, but not likely to be significant. If the

probe has a high absorbtiiity and it is large enough to block a major portionof the field of view

of the well from itself then enough energy coutd be absorbed by the probe to potentiallydistort

the well temperature. For this to be an importantconcern the probe must also be stationarya

sufficientamount of time for the effect to be significant.

The issue of thermal contact resistance is a concernfor any methodof measuringthe well

temperaturethroughthe use of a contactdevice. This is attributedto the surface roughnessof

the well and the surface chamcteristicsof the tempemture sensingdevice. An increase of

pressure at the contactpointshoutddeform the high spotsof contactand therefore increase the

contactarea between the two objects. This woutdin turn decrease the resistanceto heat flowand

result in an enhanced responsetime.

It is worthwhileto compare the advantagesand disadvantagesof temperature measurement in a

water filled well or in a well composed of steel relative to the current configuration. Any device

that measures the temperature in the fluid of a water filled well would have a faster response

time because water has a thermal diffusivii two orders of magnitudegreater than air. The

enhanced abilityof heat to conductin a water filledwell would also tend to smear the

tempemtures seen at the well surface. This effect might not be significantbecause if the water

in the well is in statk equilibriumwith the water outside the well, similar conductive effects

woutd exist on the other side of the well. The critical convectiongradients in a water filled well

are predictedto be much lower for any given temperatureand well diameter so that one would

expect greater convective smearing than in the air filled well. A steel well is more likely to

,,,,,.

..,.
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providefast response times for a contactmeasurementdevice since it would react much quicker

to a small draw of heat from the sensor. The steel well wouldsmear the temperaturesalong the

well because of its high thermal conductivity. Some of these effects are evident in a paper by

Griston [Ref 4]. So, even though the air-filled fiberglass well may provide a poor setting for

quick temperature measurements, a device which draws very little energy from the well side

may achieve the most accurate soil temperatureversus depth data.

A considerableamountof time was directedtowardfindingthe probe which best met the design

objectivesof the project. Since many of the lessons learned may be useful for further efforts in

the thermal characterizationof subsurfaceenvironments,a brief discussionof the devices

explored is given along with any points of interest.

The device used to measure monitoringwell temperaturesat the clean site was a thermocouple

mntact system [Ref 1]. Ten thermocouplesof 24 gauge wire were mountedon a 1/2 in diameter

holtowfiberglasssupporttube that could be brokendown into sections. The thermocoupleswere

placed at one foot intetvalsalongthe side of the tube as shownin Figure3. Copperfoilwas

attachedto each thermocoupleto increasethe thermalcontactwith the well side, and each had a

felt backing for thermal insulation from the tube. Opposite from the thermocouples, small tire

inner tubes were attached to the support tube. Air pumped into them from a tube extended to the

surface provided the necessary contact force.

This methodwas discxmtinuedfor use at the contaminatedsite even thoughit gave accurate

temperature data. The time to equilibratewith the well was approximatelyhalf an hour.
.

Loweringthe device ten feet a time meant it took a full day to characterize an entire well for

each probe. It may havebeen possibleto automatethe processwith a computercontrolled

system but tm many channels of data acquisitionwould have been requiredto characterize all

the wells simultaneously. It also was not obviousthat the system would reliably lower and raise
.

by a motor driven mechanism.

In responseto these problems,a probewas designedthat used a singlethermocouplesensor

4-33



-!!”

made of the two dissimilarmetals, but insteadof being made from wire, they were composedof

metal strips .01 in thick, 1/8 in wide, and 1 in long. This thermocouplewas bent to fit on a

lever which was forced fotwad to contact the well surface by a small air piston. It was to have

been activatedand retractedby a computeractuatedair vatve attachedto an air tank. Because

there was only one temperature sensor the equilibrationtime needed to be significantlyreduced.

The response time was broughtto withinabout three minuteswhich was nearly acceptable for

discretesamplingat one foot intewals. A 150 ft deep well would have been loggedon one foot

intervals in 7 1/2 hr. There was still concern of the risk that it would be unreliable. In

addition,there was a desire to have the potentialfor better resolutionthan one foot.

A new design was created to address the reliabilityissueas well as to decrease the response

time. The primary concept used a very fine thermocouplewire between .001 in and .003 in.

The response time of these thermocouples in still air ranged from 5 msec to 1 sec. This allowed

for a lowering rate of 4 in/see to achieve a resolution of less than 1 ft in depth if loggingwere to

be done continuously. The thermocouplewas attachedto a centralizingtool with thermocouple

extension wire and a wire strain relief passing through it. During the testing of this sensor, the

issueof naturalconvectionarose. It was expectedthat some convectionwouldbe seen in the

steam zone areas. The degree of variationexhibitedwhen heater tape was wrapped arounda well

sectionwas greater than was hopedfor. This is the reasonthe experimentwas conductedto

simulate a steam zone thennat gradient.

The steam zone simulationshowed that the temperaturevariationswere too great and randomly

oscillatoryto predict the temperatures of the soil in regions where convection was occurring in

the well. In addition, it seemed that the thermocoupleswould probably break over short periods

of time. Even thoughthey are inexpensiveand wouldhave been relativelyeasy to replace, a

regular maintenance

Pr~ .

item li~e this was not a preferable liability.

..”,.

....

In spite of the deficienciesof the thermocoupleprobe, effortswere going to be made to

compensate for the convectioninducederrors, and this was likely to be the final design. Other

contactdevices that were yet untestedmay have had potential. During the fine wire
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thermocoupletesting period a new productwas introducedto the consumer market that resulted

in a new direct&n for the sensor design.

w

This product is called an IR t/c infrared thermocoupleproducedby Exergen Corporation. This

device respondsto infrared energy in a manner similar to a thermocouplesince dissimilar

metals are an integralpart of the design. That is, the voltage potentialmeasured at the outputis

a functionof the infrared energy absorbedat sensor, the temperature at the output, and the

material compositionof the sensots output wires. A semiconductorcircuitgives an output

proportionalto the difference between the infrared radiationand the temperature of the output

wires. Evidently, two different wire materials similar to a thermocouple are required to

achieve this thermoelectriceffect. This effect is produced with the use of a proprietary

semiconductortechnologywhich currentlyhas a patent pending. The primary benefit of a device

such as this is that the temperature of the well wall could be measured directlywithoutcontact.

Because it functionslike a thermocouple,it does not require power, and because it is self-

mntained it is relatively rugged.

There are several important features of the IR t/c which are directly related to the well

measurementproject. Since the device respondsto absorbedinfraredenergy the element whose

temperatureis being measured must have a reasonablyhighemissivity. The device can be

ordered to have standard dissimilarmetal thermocouplesas output wires (i.e. type T, K, J).

The sensors simulate outputvoltages within a claimed 2% accuracy relative to the thermocouple

wire munterparts over a relatively narrow and limited temperature range (50-90 deg C for

the device chosen for this project). Because the repeatabilityis a stated Al Y. over a large

range a calibrationcurve is possible. The sensor is 1.75 in long, .5 in in diameter and weighs

.5 oz. It is rated to 100 deg C withoutmoling. The responsetime of the devices is claimedto be

80 msec, and the field of vision is 2:1 (the diameter of the target is double the distance of the

target). The cost is cumentlyjust under $200 each.

Even thoughthe sensor is rated to a maximumtemperatureof 100 deg C and the well

temperaturesmay be as highas 125 deg C, the sensoris expectedtrendure these elevated

temperatures for the short durationthat they are to be enmuntered. Since the resolutionis to

be on the order of 1 in and the responsetime is on the order of .1 see, the maximumspeed of
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descent to maintain accuracy is about 1 Wsec. The sensor is sensitive to dust collectingon its

lens. Condensationof water on the lens is a potentialproblem.

The dimensionsof the sensor relative to the well are such that it would be awkward to mount it

perpendicularto the well, so it is necessary to mount it parallel to the well and reflect the

infrared energy from the well surface to the sensor as shown in Figure 4. The reflector surface

as well as the sensing end will have to be cleaned periodicallyto insure consistentcalibration

and accuracy. The resolutionof this mountingmethodcombinedwith the well diameter and the

field of vision is about 2 in.

This sensorhas been chosenas the sensorto measure the temperaturein the wells because none

of the limitationsof the sensor represent potentialdesign flaws. It is a benefit that fiberglass

well material has a high emissivity,but because the exact emissivitymay affect the device’s

sensitivRy,and because the output is not identicalto a thermocoupleover the desired

temperature range, a calibration using the well is required.

The choice of the proper temperature sensingdevice is the primary design concern for an

acceptablemeasurementsystem. After thisdesigngoal had been achieved,other issueshad to be

resolved in order to meet the objectivesof the project. A final schematic configurationof a

monitoringdevice for a single well is shown in Fiure 5.

Since the sensor behaves in a manner identicalto a thermocouple,thermocouplewire is

necessary for use as the extensionwire. Because it is necessaryto spoolthe wire at the surface

when raising the probe, a stranded wire is required to prevent breakage and to allow greater

flexibility. A 24 gage stranded wire was chosen because it is resistantto taking on a “set”when

being wound, strong enough to supportthe 4 lb probe, and heavy enough to providea quality

signal transmission.

Seebeck coefficient

{n order to measure

A type T thermocouple

and availability.

the depth of the device

was chosen because of its relatively low cost, high

as it travels down the well, the thermocouplewire is

4-36



%“

.

passedover a counterwheel whichhas a magnetattachedto it. The counterwheel was used

instead of the spoolwhti the wire wraps aroundto insure a constantcircumference. The

magnet triggersa reed switchwhen it passes by. This in turn allows a 12 volt signal to pass to

an input modulemonitoredby a data acquisitionsystem. The inputmodulesare essentially

optically isolated relays which trigger a TTL signal to the data acquisitionsystem. A 100 ohm

resistor is connected in series with the countingswitch to prevent a possible unloaded short

circuit to the power supply.

The data acquisitionsystem has been configuredto sum the numberof times the counterwheel

rotates, multipiythe sum by its circumference,and add this to the calculated depth change in

between fuii rotations. The iast calculation is approximatedby determining the veiocity during

the iast rotationand muitipiyhgthis by the time elapsed since the magnet iast passed the

switch.

The data acquisitionsystem was purchasedfrom Strawberry Tree Inc. (San Jose, California).

Ease of set up and use were the main reasonsfor this. The data acquisitionsystemworksweii

with an Appie Macintoshiici chosen as the computerto receive, manipulateand present the data.

The softwaredesignedto work with this data acquisitionsystem is caiied Workbench

though the software is not extremeiy versatiie or robust, it is very easy to use, and

accomplishaii the tasks necessary for the project.

The heart of the mechanismwhich triggersthe device to go down or up is two FP~

Mac. Even

it is abie to

non-iatching

reiays. Each is designed to be seif-latching. As with any reiay, a currentpasses throughthe

coii to trigger the relay. The resultingswitchciosure aiiows current to pass to the motor. The

reiay utiiizes another poie on the reiay to aiiow current to continue to pass through the coii.

Oniy once the flow of current to the coil is broken wiii the reiay return to its non-triggered

state where the motorwiii stop. Thus, the up and down switchesare normaiiyopen whiie the off

switches are normaiiyciosed. Three MOV (varistors)are used to prevent potentiai faiiures of

the reiay contactsdue to weiding on stari up. A schematicof the electronicsmnfiguration for

each device is shown in Figure6.

The thermocouplepasses throughthe insideof the spooi and is attachedto a iow resistance,iow

.
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noise, inexpensive mercu~ slip ring suppliedby Mercotac Inc.

connected to a thermocoupletransmitterwhich supplies a 4-20

The other end of the slip ring is

mamp output linearized to a

we T thermocouplebetween O and 150 deg C. This transmitterhas a zero and span adjustment

which allows for a linear calibration. The transmitteroutput current is passed through a

precision25 ohm resistorwhich is a standardvalue, and the voltage drop across this resistor is

measuredby the data acquisitionsystem.

There is a lever switch mountedjust above the counterwheel with the lever situated about

3/16 in above point the where the thermocouplewire passes. This lever switch is connected in

series with the other off switches in the system. Two lead sinkers shaped like miniature

“footballs”are trimmedand squeezed ontothe cabte;one is mounteda couplefeet above the probe

and the other is mountedabout 150 ft from the probe. The first is designed to turn the logger

off when the probe nears the top, and the second is to turn it off when the probe approachesthe

bottomof the well. As a sinker passes beneath the lever, the switch is triggered.

The cables used for switchingeach boxon and off are connectedto a remoteswitchingbox. The

internalwiring of the switchingbox is shown in Figure 7. The switchingbox is designed to

triggersome or all of the devices to run simultaneously from a remote location. It has been

designed which is patterned after the three separate switches (up, down, off) present on each

logger. In addMm to these three switcheson this main remote trigger box there is a separate

DPDT switchconnectedin series to the up and downswitchesof each loggerwhichcan disable

each box individuality.The switchingbox which triggersail the loggers to travel up or down

simultaneouslycould also act as a conduitfor electricalcommunicationfrom the separate up and

downswitchesof each box. Diodesare connectedto each channelat the switchingbox to prevent

an event where triggeringa toggerat its locationcould trigger one at another location.

A standard 120 volt AC to 12 volt DC adapter is used as the power supplyfor the thermocouple

transmitter. It also supplies the current to trigger both the input modules from the counting

wheel and the relays. It is rated to 500 mamp which is more than adequate for the drain from

the devices it powers. It was chosen primarilybecause of its low cost and because it allowed for

a degree of redundancy. Shouldone fail, the otherdeviceswouldnotbe effected,and each is

easily replaced.

..

...
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The rear wheel of a bicycle is used as the spool for the thermocouplewire. There are two

reasons this choice was made. The first is that it comes as an integral unit includingbearings,

axle, dr’wegears, and “spool”requiringminimal modification,and it presented an economical

alternativeover a more standardwinch spooldesign. It is fortunatethat the drive gears use a

standard roller chain pitch for which motor gears are readily accessible. The other reason the

bqcte wheel was chosen is that the freewheel which drives the wheel is a pawl mechanism

which allows for no toque transmissionin one direction. This provides a safety feature which

prevents the thermocouplewire from unwindingif the probe gets caught while traveling

downward.

Although the freewheel prevents problems with a probe accidently getting stuck on the way

down, a safety feature is added to prevent a problemwhile being raised. This is a potentially

greater problembecause if the probe gets hungwhile rising, the motor muld provide enough

torque to snap the thermocouplewire and possiblydebilitate the monitoringwell. To prevent

this, an adjustable tension roller is mounted to the chain. This tension roller has an arm of

adjustable length which is positioned so that when tension in the chain is greater than the

tension on the roller, the arm moves upward into a roller lever switch. The switch is connected

in series to the off switch. This effectivelyprevents undue tension in the thermocouplewire.

Because the chain, gears and wheel are all metal, electrical noise from the AC/DC motor is

transmittedthroughthe motor drive shaft up into the thermocouplewire. A plastic shim and

keyway is constructedto fit between the motor shaft and drive gear. This providesthe

necessary electrical shielding from the motor.

Noise from the windingof the thermocouplewire occurs from what is attributedto a change in

the inductanceof the wire as”it wraps around the wheel. Reductionof this requiresthe addition

of a 100 pF capacitoracrossthe thermocouplewire leads. This acts as a high frequencyshort

acrossthe leads. The magnitudeof the capaator is targeenoughto eliminateas much noiseas
.

possiblewithoutcompromisingthe response time of the system. In addition, the wheel the wire

is wrapped around is grounded. Althoughthis noise problemdid not exist in the lab, it seems

that the effect occurs more prominentlyin the field. Future designs will incorporatea shielded
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lower gage wire.

A small amount of persistantsignal noise is still present even when the motor and probe are not

moving. The noise can be producedby pluckingthe thermocouplewire. During measurement

operations,the noise low enoughto be acceptable (generally less than .5 deg C), but its

elimination is currentiy being worked on. Possibie mntributors are interaction with the

earth’s magnetic fieid or minute changes of capacitance in the wire when it vibrates.

in order to prevent power suppiyor motor noise invadingthe signai data, each device uses two

separate wire cabies. One to is used to send data and the other is to switchthe motoron and off.

A four pin microphoneconnectoris used to send data, and a fiie pin connectoris used for

switching purposeseven thoughonty four of the pins are used. This is to prevent cross

connectingthe cabies.

The cost objectives of this project were met. It costs approximately $1000 in parts and $1500

in labor to build each iogger. Computerhardware and softwareas weil as the developmentcost

are not factored into this estimate.
..””

Calibrationof the measurementprobes is a somewhattime consumingbut necessary task

because the deviation from iinearityof the sensor reiative to a type T thermocoupleis not

negligible. The first step in the calibration procedure is insure a uniform output of the

thermocouple transmitter. This is usefui because assuming that the deviation from linearity is

simiiar for different probes, the cuwe fit necessary to compensate for this shouid be ciose for

different probes when the transmitterhas a standardwedoutput. The next step is to caiibrate

the probe whiie it is att~ched to the transmitter in a thermai environment that replicates the

fieid conditions. Even thoughthe finai calibrationmay be off. The fixed thermocouplesin the

monitoringweiis can be used to make any finai adjustments.

.

-’

To achieve a uniformtransmitteroutput, a type T thermocouplewire and junction are connected

directiy to the transmitter, bypassing the probe, the probe wire and the siip ring. The
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thermocoupleis introducedinto an insulatedice bath first and then an insulatedbath of

rapidly boiling water. After applying the equation y=9.375x-37.5 (the linearization from

!!. 0-150 deg C for a 4-20 mamp output) to the transmitteroutput, the zero and span are adjusted

to read .2 and 99.5 for the respectivebaths. This providesa two point calibrationof the

transmitterwith the deviations from O and 100 accounting for deviations from pure water

propertiesat least in the lab where the originalcalibrationshave been mnducted.

The next step is to characterize the responseof the probe in a manner that reflects how it will

respond in the well. It is still necessary to compensate for the non-linear deviation relative to

a thermocoupleand to insure that the probe will have an output which accurately reflects the

well temperatures. To achieve this, a calibrationmethod has been devised which simulatesthe

thermal environmentwhich the probe will encounter in the well. A schematic of the calibration

fixture is shown in Figure 8. A section of well about 1 ft long is instrumentedwith several

thermocouples.At least one should be mountedon the insidesurface,and anothershouldbe on

the outside of the well oppositefrom this one. Two thermocouplesare a minimumrequirement,

but for an optimal calibrationit is advisable to surroundthese two on the outside with as many “

as four other thermocouplesmounted about 1” from the original two in different directions.

The thermocouplesare then surroundedby a minimum5 in section of copper pipe which is split

in half along the pipe axis. It is held in place by a pipe clamp so that it is half above and below

the inside thermocouple. Also held in place by the pipe clamp is a heater strip at least 3 in wide

,,,W that just encompassesthe outsideof the copperpipe. The copper helpsdiffusethe heat to

produce a more uniformthermal environmentfor the probe to measure; this is especially

importantconsideringthe thermal properties of the well material being used. The entire

section of well is surroundedby fiberglasspipe insulationto facilitate the heating process.
.

A worksheet on the Wokbench Mac software program for the digital acquisitionsystem is

created for the calibrationprocess. The thermocouplesat the well section are monitoredas

as the output of the probe throughthe thermocoupletransmitter. The linearizationequation for

the transmitter is applied to the probe output. In addition to monitoringthe current output

value of the probe, the maximumoutputvalue is recordedover a several second time span. The

reason for this is because if the calibrationwell segment has been properlyconstructed,the
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hottestportionof the well will be where the thermocouplesare located, and when the probe is

lowered past this point it will be easier to find the maximum probe output value.
...

The probe is first bwered into the well withoutany voltage applied to the heater tape. The

probe outputas well as the thermocoupletemperaturesare recorded. The heater tape is then

charged with a vottage sufficientto raise the well temperature to about 35 deg C. It is

importantthat the well section reaches thermal equilibrium,or else because the probe averages

over the region it “sees”, a non-uniformtemperature field may be measured.

The probe is lowered into the well section with the center of the probe reflectorpointed along

the axis of the thermocoupleinside the well section. Insure at this time, as well as for

subsequent repetitionsof this step, that the probe output is highest is when the probe reflector

is centered over the inside thermocouple. If this is not the case, change the heater tape/copper

pipe position to correct this problem.

The maximum probe output as well as the thermocoupletemperatures are recorded. This is

done for successivewell sectbn temperaturesspaced between the temperaturesof concern,

namety ambient values and 125 deg C. Usually4 or 5 data points is sufficient. After reaching

the highest measured temperature, the procedureshouldbe run while decreasing the

temperatures. This will insure that the calibration represents a thermally equilibrated

environment. A curve fti is derived from temperature versus probe output data through a least-

squares fit process. This provides the compensationfor the non-linear relationship relative to

a thermocwple. It has been found that a parabolicfit is sufficientto providethe desired degree

of accuracy, and a higherorder polynomialwoutdresult in a degree of precisionbeyond the

resolutionof the current measurement method. The coefficientsof the parabola are entered into

Workbench Mac as an additionalcalculation to the transmitter linearization calculation.

Table 1 shows the parabofii coeffbients for the probes used for this project. A couple of the

earlier calibrated devices have parabolic curve-fit coefficients that are significantly different

from the others. This is because the thermocoupletransmitterswere not properly adjusted

prior to the probe calibration. Althoughthis will not affect the accuracy of the device, a certain

degree of uniformityhas been sacrificed. This can always be rectified in the future by

.,

.,,,

4-42



recalibrating these transmitters and then the probes. With these anomalies taken out, an

average value for the coefficients is obtained as well as the standard deviation. If a temperature

was calculated from any given nominalprobe outputvalue with these average Coefficientvalues

pluslminusthe standard deviations, the resultingtemperatures would vary by no more than 2

deg C. This is withinthe desired accuracyof the device. The importanceof this is that if care is ,

taken to adjust the transmitterproperty,an acceptabledegree of accuracy can be obtained

without necessarily calibratingthe probe immediately. It should be noted that it is much easier

and less time consumingto perform the calibrationon the transmitterthan on the probe.

There was concern that the cold junctioncompensationon the thermocoupletransmittermight

effect the paraboliccme fii. That is, it was thoughtthat data taken at an ambient temperature

other than the ambient temperature at which the probe was calibrated might be inaccuratedue

to a constant offset (from the cold temperature compensation)applied through a non-linear

parabolicequation. To test this, the transmitterand the thermocouplewire ends were enclosed

in a box and uniformtyheated to aqxoximately 35 deg C. The resuttwas that the deviationof

the calculated temperature throughthe curve fit was noticeable, but not significant. The error

was on the order of an average 3%. The calibrationswere conductedat ambient temperatures

between 20-25 deg C, and it is unlikely that ambient temperatures greater than 35 deg C will

be encountered.

will occur.

It is expected that a similar effect with ambient temperatures down to 5 deg C

In additionto calibratingthe probe, it is also necessa~ to perform a couple of calibrationtasks

to insure a proper depth calculation. The first is to measure the circumferenceof the counting

wheel, and since the wheels are similar for all the devices, this is the incrementaldepth

increase per rotat”mn.The circumferenceof the encoder wheels used for this project is .573 m

(1.88 ft). Finally, the initialconstantdepth offset must be measured for each device. When the

probe is being raised it is-automaticallyturned off when an ellipsoidshaped lead weight cinched

onto the thermocouplewire passes underneatha lever switch. The locationof this lead weight

determinesthe final restingpositionof the device. Since the weight mustonce again pass
*

beneath the switchon its way down, the device will stop when it begins its descent. It’s descent

is then restarted, and it is at this point that the depth calculationsbegin. Therefore, to inputthe

depth above or below the surface at which the depth calculationis to begin, it is necessary to
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measure the depth the probe rests at once it’s descent is initialized. The offset is input in the

WorkbenchMac program which is discussedin greate’rdetail in the appendices.

When a set of wells is monitored,data is sent to an ASCII formattext file which containsthe

temperature versus depth informationfor each well. This file through the use of various

software programs, can be used to present either temperatureversus depth plots for each

monitoringwell or a 3-D picture with temperature represented on a color or gray scale.

Either process utilizes a macro programmed in Excel. This macro either directly creates the

plots or manipulatesthe data so subsequentprogramscan produce the 3-D picture.

The programwhich creates the 3-D picture is called Dicer producedby a company named

Spyglass. The Excel created file has the x and y coordinatesas well as temperatureand depth. A

utility named Sparsefill, also produced by Spyglass, converts this file into a nxnxn matrix

which fills in data points for the 3-D picture that are not given in the data. Values of zero are

placed into the unknown locationswith a matrix fill operation that plots only the project points.

Sparsefill also provides for another more computationally intensive method of filling in the

unknowndata throughthe use of kriging,a geostatisticalanalysis procedure. The kriging

analysis infers the temperatures in between monitoringwells. This may be helpful in locating

steamzones.
-“.
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1 . Use of -l Pro-

Two macros (interactive semi-automatic operation performing programs) have been written

using Excel 3.0 to reduce the temperatureversus depth data to a presentable form. Although

briefly discussed in the text, it may be helpful to have further details. Althoughthis discussion

will not substitutefor a knowledgeof Excel, someone with a backgroundin Excel may find it

easier to m~ changesin the macrosif necessary. The macrospreadsheethas been named

“LLNLdata macro”.

Both macrosare begunwithan objectattachedto them. That is, a buttonis placed on the screen

and with the use of the “Attachto objectcommand”,a macro can be run by clickingthe mouseon

the button.

The first macro, the one on the left of the sheet, producesa four columndata text file. This file

is used by Sparsefill and subsequentlyby Dicer to present a 3-D picture of the temperature.

The macro steps throughthe followingcommands:

● An input command queries the file where the original temperature versus depth data file is

stored.

● Another input command queries the file location and name to store the Sparsefill formatted

file.

● The original file is opened, and the last row of the file is located. This is necessary for

subsequentcut and paste operations. This is donewith the Get.documentalO)commandand is

defined as “Iastrow”.

● Extraneous informationlike comments, time and date are removed.

c The temperatureversus depth data from each well is cut and paste so that when this step is

compietedthere are two coiumns,depth in the first and temperaturein the second. The data for

monitoring weii #2 is iocated beneath that of #1, and #3 through#12 are beneath those in

order. This is done throughthe use of a For-Next command (iike a do ioop). Multiplesof

“Iastrow”incrementthe positionof the cut and paste commands.

● Two coiumnsare insertedto the ieft of the existingtwo coiumns,and the x and y coordinates

are placed in these for each weli. These coordinatesare copiedand pasted fromthe macro sheet

where they may be entered.
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● This created file is saved accordingto the desired file name and Excel quits.

For day to day progress reports rather than an overall picture of the operation, temperature

versus depth plots may be more informative. The other macro to the right of the macro sheet

creates temperatureversus depth plots. Each plot may have as many wells plottedon it as

desired. The data file created from WorkbenchMac is used as the data file for the plots.

● The original file is opened, and the last row of the file is located. This is necessary for

subsequentcut and paste operations. This is done with the Get.documentalO)commandand is

defined as “Iastrowb-.

● An inputcommandrequeststhe maximumscale desired on the graphs. A set of inputcommands

requestswhat plot number each well should be graphed on.

c A For-Next loopbegins. Each time a loopoccursone plot is created. The incrementof each

loop is named “graphnumber”.

● A scatter plot is created with the desired layout. The Edit.series commanddefines a new set of

data for a single line on the graph. The first line of the plot is tocatedfrom the inputcommands

as the first well with the same value as “graphnumber”. This well is defined as “first series”.

● A new loopbegins that creates the rest of the pbts on the graph. Each new series uses an

Edit.seriescommand.
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7 .

Sparsefill and Dtcer (both created by Spyglass, Inc.) are necessary parts of the 3-D picture

creationprocess. The firststep is to apply the Excel macro discussedabove, followedby an

application of the Sparsefill utility, and finally Dicer is used.

At the present time a simple macro-like procedureof obtaining a 3-D picture has not been

produced. It is likely that in the future, a software program will be available which will

provide the option for someone with no experience with Sparsefill or Dicer to produce a 3-D

picture. It may already be available but has not yet been identified.

Once the Excel data file has been created, Sparsefill is run by double-clickingon the application

icon in the Spyglass utilitiesfolder. The followingsteps are taken to create a file useable by

Dicer:

● Choose “Processnew data”. After choosingthe file created by Excel, a few secondswill pass,

and then a dialog box will appear. It shouldstate that no comment tinesor header lines are in

this file in additionto having four columns. The number of data points from all the wells will be

indicated. Select “Ok” to this information.

● A dialog box will appear with several items of information wh~h will need to be adjusted. The

minimumand maximum variable range at the top of the dialog box are the temperatures

measured in the ground. Alter the minimumto be several degrees less than the defaultvalue.

This allows wells to be more easily located when using Dicer. [t is possiblethat there are wells

which were not logged, and they will have very small or negative values. In this case, put a

lower bound on the expected minimum(say 10, which is less than the expected lowest

temperature value).

Expand the first two dimensionsfrom the top to have a slightlysmaller minimumand a slightly

larger maximumthan the default values. This insuresall the wells will not be on edge of the

3-D space.

GIt is sufficient to represent the wells in the x-y direction with blocks of several feet. In the z-

direction,however, an incrementof at least one foot is preferable. Storing the data with the x,y

increments having a larger size than the z-direction will conserve a considerable amount of

447



storage memory. The best way to achieve this and still producea picturewhich is scaled

properlyis to give the x and y coordinateincrementsa reasonablevalue, say 1.2 m, and then to

give the z-increment the desired increment which is some multiple available in the zoom

feature of Dicer. The value which seems to wok best for this project is .3 m; a four times zoom

is available in Dicer.

“ Before choosing“Ok”, make sure that “Projectpointsonly” is chosen. One will probably

never want to choose “Simple matrix fill” as this will not provide any useful added information

to the data. “Kriging”may be chosen but will be discussedshortly. Using “Projectpointsonly”

will give a picture of the well data, leaving all other points at the minimumvalue.

● Save the file as desired.

If one desires to try and interpret the temperature field in between monitoringwells, a

geostatistical analysis called kriging is provided in Sparsefill. To implement this procedure,

choose the “Kriging”option rather than the “Project points only” option. In addition to

completingthe previous steps in Sparsefill, the followingstep must be performed:

● Once the “Knging”option is chosen, a “Krigingsettings”selection becomes available.

Selecting this providesa menu of adjustablevalues which govern the kriginganalysis. Most of

the defauttvalues are acceptable, but it has been foundthat are certain vatues which can be

changed to minimize the amount of computationaltime and optimize the resolutionof the

picture. For the data field expected to be seen with this project, the maximum sample size

shouldbe 40, and the minimumblock size shouldbe 4. For the 3-D space of concern, the

matrix filling operation will take about four hours.

After creating a data file in Sparsefill, Dicer is activated. A discussion

data will be provided first, and this will be proceeded by directionsto

of how to view the well

view the kriged 3-D

picture. The preliminarysteps for both types picturesare addressed now. The file of concern

is opened from the File me~. A dialog box will appear which allows for adjustingthe picture

scaling. [n the “Data Range” section, select “Survey”,wait a few seconds for the event to occur

and then choose ‘Use Survey”. Using the mouse, select the up-arrow for DimO (x-coord.),

Diml (y-coord.), and Dim2 (z-coord.) under the Target-Zoom” column. Adjust the DimO and

Diml zoom values to 8 and Dim2 to 2. This 4:1 ratio is because of the 1/4 times zoom used in

sparsefill. Other 4:1 ratios may be chosen which will provide a larger or smaller picture on

.“
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the screen. The 8:2 ratio is the largestwhich showsall the wells on the 21 in screen. Choose

the “Nearest neighbor interpolationmethodselectionb&ause the data appears less smeared. A

picture of a blank box in space will appear after selecting “Ok”to the input values.

After a picture is created using either set of the followingdirections,the user may want to save

the picture. To see this pictureagain in the futurechoose “Save Image Command”in the File

menu. To play with this picture in the future choose “Save ConfigurationAs” in the File menu.

If the sparsefilldata file name is changed or relocated, then Dicer will ask where the file is.

This can be usedto one’s advantage if a new data file wouldrequirethe same configurationas one

created previously. Rather than steppingthroughthe commands listedbelow, one merely has to

change the name of the previousfile, and when the configurationfile is activated, the program

will request where the data file is. The responseto this wouldbe to direct the programto the

new data file. Configurationfiles are generally saved with a default name that ends with a

negative number.

To view the well data:

● To locate the wells in the blank box, choose the BottomSke icon (3rd icon from the left). A

knife tool can then be directedwith the mouse. Mark a locationsomewhere in the middleof the

box in space. All 12 wells logged into the dataset will appear on the slice with a color different

from the backgroundcolor.

● Choose “Automaticupdate”in the Special menu to make the check mark next to it disappear.

This will prevent the program from redrawing every time a new slice is chosen.

“ Select either the Facing Woe icon or the Side Slice icon (4th and 5th irons from the left).

Positionthe knife tool over a box representinga well and press and release the mouse. Do this

for any other wells shown on the horizontalslice.

c Choose “Orient...”in the Special menu. Press the “-=box next to the Dim O box. This will

cause the surfaceof the groundto appear at the top. Press “DoChange”.

● Select the transparency icon (2nd from the right) and use the tool to click somewhere on the

backgroundcolor of the horizontalslice. Choose Transparency” in the Paint menu. This

shouldput a check mark by this command. If it is already there, leave it alone. These steps will

get rid of areas where no wells exist.

● Select the Tongs icon, and with the tongs tool, click on the side of the horizontalslice. Press
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the delete key (because this slice was just needed to tocatethe wells).

● Choose “Update now”from the Special menu. In time, the picture will appear. An important

point is that the x,yz and temperaturedata correspondingto the tool location is shown in the

lower left comer of the screen. The x,y,z data gets shiftedto have all positivevalues, so if

there are negative x,y coordinatesin the data, the most negative value will be at the zero

coordinate values. Additionally,the well data will only accurately reflect temperatures

proportionately. The values shown in the lower left corner indicate relative temperatures, not

absolute temperatures. This is a bug in the program. Thus, the primary benefit of viewing this

data is that it can be done quickly,and the “hotspots”can be seen. The data values are properly

represented in the kriged data.

To view a pictureof the krigeddata:

● Choose “Automaticupdate”in the Special menu.

● Choose “Orient...“ in the Special menu. Press the “-” box next to the Dim O box. This will

cause the surfaceof the groundto appear at the top. Press “Do Change”.

“ If there are any regionsof particularconcern these may be presented by choosinga slice icon,

selectingthe slice of concern, and then choose “Updatenow”from the Special menu.

“ The mostsimpleway to view the data is to producean animatedsequenceof the data. This is

done by firstchoosinga Slice icon. Create two slices,one at one extreme of the box and one at

the other.

● Select the Tong icon. With the mouse,clickon the side of one slice, release the mouse, and

while holdingthe shift key down click and release on the other slice with the tool.

● Choose“Save Image Sequence”in the File menu. When this is chosen, pick the Space option. A

dialog box will appear, and dependinguponthe incrementaldetail desired between the two slices

created, a large or small numberof equally spaced frames may be generated between them.

● The generated pictureswill be saved in a format accessible by a program named Projectionist.

Projectionistis activated~y triggeringthe created file once out of the Oicer program. What

willbe seen is a sequentialpresentationof the frames. The speed of the sequencemay be

increasedor decreased.

w,’

...
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3- Use of W~

. The data acquisitionboard was purchasedfrom StrawberryTree, Inc. WorkbenchMac is the

software they provide to supporttheir data acquisitionboards. Althoughsimple to use, it is not

extremely robust or versatile. Fortunately, it accomplishes the necessary tasks for this

project. The followingdiscussionwill describe the basic use of WorkbenchMac as it pertains to

the project.

When WorkbenchMac is activatedthere is a menu at the top of the screen, and there are a

variety of boxes or iconson the workspace itself. If the icons are not shownwhen the well

measurementprogramis run, they can be shownby choosingthe Show Worksheetcommand

from the Windowsmenu. This will hide the meters and charts and show the iconswhich provide

the instructionsfor the loggingof the temperatureversus depth data. Figure 9 shows a

Wo~bench Mac schematicfor one logger.

The boxes with the simple math symbolson them are calculationiconsand operate mathematical

functionson one or two inputvalues, and they provide a single value output. The calculation of

temperature from the analog input of the thermocouple transmitter requires the use of three

calculation icons. It is a more complex task to calculate the depth at any given time. After

calculation of these two parameters, they can presented on the screen usingthe meter iconsor

the chart icons. The log-to-diskicon is used to storedata to a file. Loggingdata may be begunor

halted from the Start (Stop) all logscommand in the lmg menu at the top of the screen.

The temperature data from the thermocoupletransmitteris received on an analog inputchannel

at the data acquisitionboard. The analog input icon representsthe data enteringfrom this

channel. It seems best that each channel is religiouslyassigned to a single well for the duration

of the project (i.e. Channel 1 correspondsto TEP-001 ...). The analog inputchannel is set to a

range of a 20 mamp signal across a precision25 ohm resistor. The “Lownoise (17 msec)”@

10 hz samplingrate is chosen.

The data from the analog input iconthen passes througha calculationicon to linearize the signal

between O and 150 for signalsbetween 4 and 20 mAmp. The signalthen passes througha
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calculation icon which has a parabolic equationwith coefficientsdetermined from the

calibrationprocedure. The coefficientsare input for the logger number at any given well

number. It is importantto remember that the two numbersmay not be same. The finai

calculationicon to determine the temperatureat a weii averages the data every 1 sec to provide

an increase in signai stalitity. This averaging time is equivalent to averaging over a 4 in

intewai due to the probe iowering rate of the loggers.

The calculationof depth is determinedusingthe signai from an encodingwheei. This aiiows for

at ieast a precision to within one rotationof this wheei. For greater precision in between

rotations,the vetocii of the previous rotation is calculated assuming a minimai change in

veiocity from one period to the next. To infer the additionaldepth since the iast rotationof the

encoding wheei, the time since the iast rotationis multipliedby the iast calculated veiocity.

The depth data from the encodingwheei is receivedon a digitai inputchannei in the data

acquisitionboard. The digitai input icon represents the data entering from this channei. As

with the temperature data, the digitai channei number shouidcorrespondto the same weii

number. Sampiingrates for these channelsshouidaiso be set to 10 Hz. The data that ieaves this

icon is either 1 or O. When the reed switchat the encodingwheei is ciose to the magnet on the

encodingwheei, the switchtriggersthe inputmoduieat the data acquisitionboard. This can be

seen at the boardwhen the LED iightnear the inputmoduiegoes on. When the reed switchis in

the untriggeredstate, WoricbenchMac interpretsthis as a 1. When the switch cioses, it

interprets a O.

The data from thischanneigoes intoa puise icon. The reasonthis icon is used is to compensate

for the fact that it wili never be sure exactiy how long the magnet on the encoder wheei wiii be

in the vicinityof the reed switch. This icon assumes the switch is ciosed for iess than a

specifiedtime, .5 sac, and later this time is added to the totai time used for one encodingwheei

rotation. This icon goes to the oppositeof its startvalue when the vaiue into it is iess than or

equai to zero. When the signai is greater than O it starts at the start vaiue, and then goes from

high (1) to iow (0) for the durations specified. The stari vaiue is iow for the specified .5 sec.

and high for some long periodgreater than one fuii encodingwheei rotation,say 3600 sec. The

start vaiue is designed to be iow because a timer iconwhich this is connectedto begins timing

.“

.,

. “,
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once it goes high. The timer icon remains at it last value when the signal attached to it is low

‘“

and resets to Owhen it the signalbecomes high.

closingof the reed switch minus the .5 sec. The

“current time”.

The current time is sent to two calculationicons.

So, the timer recordsthe time since the last

value of this timer will be referred to as the

One icon is used to calculate the current

additionaldepth since the last pulse. The other recordsthe time for one complete rotationto

calculate the wheel velocity for the next encodingwheel rotation. The velocity calculationis

achieved by sending the current time to a calculationicon which stores the maximum time it has

seen for 1 sec. The choiceof 1 sac was arbiirary. It was chosento be longenoughso that the
k,.

maximum time is not lost when the timer is reset by the pulse (i.e. greater than the pulse low

signal duration) and short enough that it is not possiblethat another complete rotationmight

occur.

,,,-

The value from this calculationicon is sent to another calculationicon which stores this value

until it is reset to store another. The way the memory functionin this calculation icon is reset

is when a value greater than O is sent to the other available inputvalue of the calculationiron.

Recall that the pulse iconis designedto give a lowsignalwhen the encodingwheel completesa

rotation. To store the most recent time elapsed to completea rotation,the beginningof a new

wheel rotationneeds to reset the memory icon. To achieve this with the pulse function,the low

signaland highsignalvalues need to be reversed,so a calculationiconchanges the lowpulse

signal to 1 and the high pulse signal to

reset it.

Both the current time and past rotation

O. This then is routedto the memory calculationiconto

time values are sent to the same calculationicon where
. the ratio of the true current time and the true past rotationtime are calculated and multiplied

by the encodingwheel circumference. This gives the currentdepth lowered since the last

rotation. The current time is not the true current time because it is .5 sec less due to the pulse

icon. The past rotationtime is similarlyoff by .5 sec. An additional.5 sac is added to both of
v

these values in the calculationicon before their ratio is taken. In the same icon the ratio is

multipliedby the encodingwheel circumference. The value of this icon will be referred to as

the “currentdepth”. It is possible for the current depth calculation to be less precise than
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expected due to possibtevariations in the toweringspeed resultingfrom the probe getting

temporarilycaught on the way down. To limit this error, the current depth is sent to a

calculationbon which has a dip function. This limitsthe current depth to a value no greater

than the circumferenceof the encoder wheel.

To obtain the total depth, the currentdepth is added to the depth up to the last

rotationdepth is gained by a cabuiatton “@n whbh sums the pulse totat. This

rotation. The last

icon is attached to

the pulse icon and countsthe numberof times that the pulse goes high. It can be reset by a value

greater than O attached to its other available inputvalue. A reset buttonwhich is a calculation

iconthat goes highas longas it is pressedis attachedto the pulsecounter. This is used at the

beginningof a monitoringoperationto reset the depth. The rotationcount is sent to a calculation

icon where it is multipliedby the encoder wheel circumference. The currentdepth is added to

this in the same iconto achieve the total depth.

Another value is added within this final calculation icon which compensates for the initial offset

of the probe from the surface. There is no simple method to provide an initialvelocityof the

wheel, so the depth cabulatbn will be incorrectuntil the first rotatbn of the encoder wheel has

occurred. Beforethe magnetattachedto the encodingwheel passes by the reed switch,the

program indicatesa depth equal to the inltiatoffset value plus one full rotation of the encodhg

wheel. Therefore, the initial offset value should be the initial depth minus the circumferenceof

the encoding wheel. The initiatdepth value shouldbe positive for probes with a startingpoint

below the surfacebecause the depth is calculatedas a positiie value. For this offset to be

accurate, the probe must be in the same initialpositbn Mom each loggingsession. So that the

vetocity after the first rotation is as accurate as possible, it is recommended that the initial

encodingwheel positionis suchthat the magnethas just passed beneath the reed switchonce the

probe begins its descent

...
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● Take the cover off of the well. Remove the well cap. Remove the cover from logger.

● Center the probe port at the base of the loggerover the well.

● Plug the unit in.

● Place the thermocouplewire on the encoder wheel. insure that the thermocouplewire is

P~~ spooled ~und the bicycle wheel. A nasty rat’s nest of wire can result if the wire

fallsoff the rim. If slack is needed, press the downbuttonfor as bng as needed. Since the

remote switchingconnectbns are not yet attached, the device will stop movingdown once the

buttonis released.

● Unwrap the two pieces of duct tape wrapped aroundthe rim which insure the wire does not

unwindfrom the rim. A neater method for the future might be some velcro.

● With the use of the up and down buttons,positionthe sinkerattachedon the probe end of the

thermocouplewire 1 in to the left (when fadng the switch panel) of the switch located at the

encoderwheel.

“ Rotate encoder wheel so that a preplaced mark on the wheel is in line with the switch. An

accurate depth calculationis insuredwith the probe and the encoder wheel in the same position

before each monitoringoperation. me mark on the wheel creates a repeatable condition. The

initialoffset depth of probe from the groundsurface can be changed withinthe WorkbenchMac

program designed for this project.

● Insure that the wells to be monitoredare pluggedinto the patch board. Thts patch board is

installed to prevent wires crossing the site boundaries during electric heating.

● Cover the logger to prevent ambient temperature fluctuations(especially on windy days)

from effecting the cokf junction compensationat the thermocoupletransmitter. It requires

some care to insurethat the hingedplexiglassprotectivecover does not dig into the cables.

● Attach both the data connection(rightside of switchpanel) and remote switchingconnection

(left side of switch panel) ptugsto each logger.

● Return to the computer. Activate the WorkbenchMac program. If all the charts and meters

are not shown,choose “Showvmksheet” in the Layoutmenu. Insure all the wells to be logged

are showinga reasonable temperaturesignal. The mostfrequentcause of a signal notdisplayed

is that a logger is unpluggedfrom its power source, or all cable connections have not be made

correctly.
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● Make sure that the remote switchingbox has been set to triggeronty those wells which are set

to tog. Switoh these to “Active”and the rest to “Inactive”.

● Choose the Hide worksheetcommandfrom the Windowmenu. Double-clickon the disk iconat

the far rightof the WorkbenchMao program. select “Save as”, and ohoosethe name and

locationto save the data file to. Select Show worksheetfrom the Window menu.

● Press the ‘down”button on the remote switohingbox. This will allow the lead sinkers to pass

beneath the switchat the enooderwheel.

● Click on the Manuat Reset buttonsof the programtongenoughfor the depthsto reset. One is

for wells 1-6 and the other is for wells 7-12.

● Select “Start afl logs=in the lag menu. There may be times when one will forget this step. If

one activates the bggers and forgets this step, press “Off”,then press “Up”,wait a long enough

period of time for the lead sinkers to pass beneath the switchagain. Then begin from this point

again. Be absolutelysure the “Up”switohis never pushedonoe the lead sinker has passed

beneath the switchat the enoodingwheels. If thiswere to happen, there wouldonly be the safety

tensionswitohto prevent the probe or bgger from damage.

● Press the “down”button again.

● Ctwok that the red LEDs on the data acquisitionboard are lightingup perbd-lly (about once

every 4 seoonds)to indbate the enoodingwheels are rotating. This oan also be seen on the depth

tabulations of Wodtwich Mac as monotonicallyincreasingfunctions. If one stays a at a

particulardepth, this is an indkation that one has stopped towering.

If a logger stops bwering or turns off for no apparent reason, this is an indicationthat the

probe got oaughtin the well and is still lodgedor loosenedUp and then began to towerabruptly.

A repair whbh works many times is to file a small amount of metat off of the reflectorend.

Round any exposed edges on the refleotor,probe hotderor on the teflon fork where the probe is

connected to the thermocouplewire. Another reason for the probe to stop loweringis that the

weld where the rim is put to&ther oan sometimesoatohthe thermocouplewire. This can be

fixed by grindingthis wefd smooth.

.

If a signal takes an abrupt jump (notably downwards), this is a possible indicationthat

condensationformed on the sensor and prevented a proper infrared reading. Further indications

of this is that the temperature sbwfy begins to rise, or when it is raised to the surface the
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temperaturedoes not ohange. This probfemmay be cured in two ways: get ridof any exoess

moisturethat has oolleotedat the base of the well, or if itis a odd day, let the probe rest at

about a 30 ft depth until it equilibrates with this warmer temperature.

● After approximately 10 minutes, ail the wells should be logged?!

● Disconnectthe patoh board.

c Rewrap the duet tape around the rim to prevent the thermocouplewire from unspooling.

Plaoe the probe in the box. Unplugthe bgger from the eleotrioaland signal connectionsbefore

ooveringthe bgger. Replaoethe bgger oover. Cap and ooverthe well.

There are a few addftbnal future steps that shouldbe consideredto providea more efficient

monitoringsystem. The top of the box muid be outoff and reattachedwith hingeson one side.

This will faoilltate the ourrent hindranoe in removing a replacing the logger oover. Althoughit

is not time oonsumingto remove and replaoe the well oap and oover, insertand remove the

probe, the cumulativetime for eleven wells is on the order of tens of minutes. An aluminum

cover that fit over the Christy box hole with a small cylindrical rise (e.g. from a short pipe

section sorewed in) would albw the bgger to be left in positiin.
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FiberglassDuct
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Copper Pipe
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Scale
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Figure 2 Schematic representation of experimenti[ device used to quantify natural convection
occurring in fiberglass well.
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Figure2.1: Schemalic of temperature probe.
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i 2 in. long fibcrghss coupling 15/8in. ml
j. felt watksmp insulation
k. fibcr@asstspc insulation
L 12 in. long fibcrghss spaccrrod (5/8 in. OD)
;_-ie ~

o: steel guide

Figure3 Originaltemperature measurement device used at clean site
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Figure 8 Schematicof fixture used to calibrate IRt/c sensor.
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Table 1

Probe #

1

2

3

4

5

$. 6
7

8

9

10

11

Average “
standard dev

Parabotic curve fit constant coefficients applied to 4-20 mamp linearizationof thermocoupletransmitter

calibration
date

9/1 4192

911 6)92

!3123192

9124{92

9/1 7192

9110192

10 I1I92

9/21192

9/1 0192

9115192

1016192

cutve fitconstantsto y = a + b x + c XA2
a b c

-12.03 1.24 -0.00221

-12.76 , 1.28 -0.00234

-12.99 1.298 -0.00232

-12.18 1.271 -0.00206

-12.21 1.203 -0.00178

-16.80 1.359 -0.00276

-12.92 1.265 -0.00215

-13.63 1.305 -0.00232

-20.38 1.468 -0.00336

-14.01 1.3 -0.00228

-13.25 1.28 -0.00228

hypothetical
input vatue
from linearized
transmitter output

20

25

30

35

40
45

50

55

60
65

70

75

80

85

90

95

100
105
110
115
120

-12.97 1.280 -0.00225 125
0.67 0.022 0.00010 130

135

● The average paraboliccurve fit coefficientsand standarddeviationsare with probe number’s5,6, and 9 excluded,

Correspondingoutput
of partilk curve applied to input
from average of curve fit constants

Avg std. dev

11.7
17.6
23.4
29.1
34.6
40.1
45.4
50.6
55.7
60.7
65.6
70.4
75.1
79.6
84.0
88.4
92.6
96.7

100.7
104.5

1.4
1.2

1.0

0.9
0.8
0.8
0.8
0.9

0.9
1.0
1.0
1.1
1.2

1.2
1.3

1.3
1.4
1.4

1.5
1.6

108.3 1.6

111.9 1.7
115.5 1.9

116.9 2.0

Earlier cal&ation proceduresskewed the transmitteroutputs.


