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ABSTRACT

This study was designed to test if temperature log 
analysis could be used to determine intra-wel1-bore flows 
under pumping and static (unstressed) conditions. Detailed 
hydrologie data, collected from three wells, UE25-C#!, UE25- 
C#2 and UE25-C#3 on the southeastern flank of Yucca Mountain 
included temperature logs, radioactive iodine production 
surveys, location of major zones of fluid entry to each well, 
and radioactive iodine tracer flow surveys conducted under 
static (unstressed) conditions. Temperature logs taken during 
aquifer pump tests were analyzed to locate production zones, 
and were taken periodically to locate intervals of aquifer 
connection. Information from analysis of static tracer data 
and the static temperature logs was used to locate and 
quantify flow between different aquifers.

The results of this study demonstrated that temperature 
log analysis could be used to quantify we 11-bore flow 
under stressed and static conditions. The calculated 
wel1-bore flows from wells UE25-C#1, UE25-C#2 and UE25-C#3 
under pumping conditions were approximately within 15 percent 
of the flows indicated by the iodine production surveys.

The calculated flows did not compare as well with those 
determined by the iodine tracer studies under static conditions.

i i i
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Flows calculated from UE25-C#2 and UE25-C#3 indicated that 
temperature log analysis provided an approximation of wel 1- 
bore flow under static conditions.
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INTRODUCTION

Purpose and Scope
Accumulation of high-level, commercial nuclear wastes 

since the beginning of the atomic age has prompted the 
current search for a suitable location for a national 
nuclear waste repository. One of three potential repository 
sites is the Yucca Mountain site in southwestern Nevada. 
Yucca Mountain is located on the western edge of the Nevada 
Test Site (NTS) in Nye County, Nevada (figure 1), 
approximately 90 km northwest of Las Vegas, Nevada. The 
United States Geological Survey (USGS) in cooperation with 
the Department of Energy is currently investigating
ground-water flow in both the saturated and 
unsaturated zones at the Yucca Mountain site.

Detailed hydrologie data are being collected on the 
southeastern flank of Yucca Mountain in wells UE25-C#!, 
UE25-C#2 and UE25-C#3 (figure 2) as part of these studies. 
Information gained from the study of these wells will be used 
to assess the validity of parameters in modeling studies 
pertaining to the regional hydrologie system, and to 
facilitate detailed fracture flow modeling of the area near 
UE25-CH, UE25-C#2 and UE25-C#3. Studies being conducted 
at the well sites include hydraulic testing of the wells,
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earth tide analysis of water surface fluctuations, 
production surveys locating major zones of fluid entry to 
each well and radioactive iodine tracer studies conducted 
under static (unstressed) conditions.

Temperature logs taken during aquifer pump tests have 
been analyzed to locate production zones. Temperature logs 
have been taken periodically under static conditions to 
locate aquifers connected by the bore hole. Analyses of 
static tracer data and the static temperature logs are being 
used to locate and quantify flow between different aquifers, 
and to estimate relative heads of the connected aquifers. 
Information from these studies will be used to 
characterize and quantify ground-water flow at Yucca 
Mountain.

Quantification of flow within the well bore of 
other wells on the Nevada Test Site has been accomplished by 

monitoring the movement of radioactive Iodine 131 tracer at 
discrete points in the well bore (Erickson and Waddell,
1984, Blankenagel, 1967). This technique has been used to 
locate zones of production while the well is stressed, and to 
determine motion of fluid in the well bore in unstressed 
situations.

Temperature logs of wells on the Nevada Test Site also 
have been used to locate intervals and direction of fluid 
motion in the well bore (Blankenagel, 1967). Temperature
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logs have been used to locate and identify flow directions in 
injection and production wells by the oil industry since the 
1930's (Bird, 1953, Van Ostrand, 1934).

The purpose of this study was to determine if 
temperature log analysis could be used to quantify well- 
bore flow under stressed and static conditions. 
Environmental and handling hazards and the expenses 
associated with the use of the Iodine 131 tracer 
technique prompted this study for an alternative method 
of determining flow in the well bore under both static and 
pumping conditions. Temperature logs offer an 
alternative method of locating and quantifying well-bore flow 
because the advection of heat in the fluid measurably 
deflects the normally linear geothermal gradient in the 
direction of flow.

Location of the Study Area
The study area is located in southwestern Nevada, on 

the Nevada Test Site, approximately 90 miles northwest of 
Las Vegas, Nevada (figure 1). Data was collected from 
wells UE25-C#1, UE25-C#2 and UE25-C#3 on the east flank of 
Yucca Mountain (figure 2) at approximately 3700 feet 
elevation. The wells penetrate saturated volcanic tuffs 
between depths of approximately 1320 and 3000 feet.

The wells were drilled from the surface



ER-3348 6

during the fall of 1983 and spring of 1984 to approximately 
3000 feet in depth using a soap drilling fluid. Each well 
was cased to a depth approximately fifty feet below the 
static water level. The remaining part of each well is 
uncased. Each well varies from nine to twelve inches in 
diameter.

Dual element packers were placed in the well bore of 
both UE25-C#1 and UE25-C#3 during the spring of 1985. The 
packer in UE25-C#1 is located at approximately 2600 feet 
depth. The packer in UE25-C#3 is located at 2480 feet depth. 
A bridge plug was placed in UE25-C#2 at 2485 feet during 
March , 1985.

Previous Work
Numerous geologic and hydrologie studies have been 

conducted at the Nevada Test Site since the early 1960's by 
the United States Geological Survey and the state of Nevada. 
Geologic mapping of the area has been completed by Barnes 
and others, (1963, 1965), Byers and Barnes, (1967),
Hinrichs, (1968), Hinrichs and McKay, (1965), Orkild,
(1965), Poole, (1965), Poole and others, (1965) and Bonk
and Scott (1984). Hydrologie studies at the Nevada Test 
Site range in scope from surveys of springs and seeps of 
the region to investigations of hydrologie response of 
individual wells. Regional hydrology has been addressed by
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Winograd and Thordarson (1975) and modeled by Waddell (1982) 
and Czarnecki and Waddell (1984). Studies of the 
unsaturated zone have been conducted by Montazer and Wilson 
(1984). Selected references of hydrologie studies in the area
include Classen, (1983), Malmberg and Eakin, (1962),
Robison, (1984), Rush, (1970), Scott and others, (1983),
Winograd, (1971).

Van Ostrand (1934) noted that ground-water flow could 
affect geothermal profiles within the earth. Stallman 
(1960) developed a general differential equation for 
the simultaneous, non-steady flow of heat and fluid 
through isotropic, homogeneous porous media. Bredehoeft 
and Papadopulos (1965) developed a series of type curves 
for determining the vertical, one-dimensional flow of 
fluid and heat through an isotropic, homogeneous,
fully-saturated, semi-confining layer. Stallman (1967) 
increased the sensitivity of Bredehoeft and Papadopulos' 
method for low flow velocities by changing the 
parameters that were compared to produce the type curves. 
Other authors have used this type curve technique to measure 
vertical ground-water flows (Sorey, 1971). These methods 
attempt to determine the flow of fluid in the formation, and 
require that the fluid in the well bore be stationary.

Since the early 1960's many papers have been published 
which offer various methods of quantifying well-bore flow for
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both injection and production situations (Ramey, 1962,
Romero-Jaurez, 1969, Curtis and Witterholt, 1973, Witterholt 
and Tixler, 1972, Murphy, 1982).

Ramey (1962) developed the general equations that
describe the temperature profile for injection wells. 
Concanower and others (1969), Smith and Steffensen (1970, 
1975), Keller and others (1974) and Murphy (1982) discuss the 
application of various mathematical models to determine well- 
bore flows during fluid injection or production. Romero- 
Jaurez (1969), Curtis and Witterholt (1973) and Witterholt 
and Tixler (1972) discuss the use of analytical solutions to 
predict well-bore flow through temperature log analysis.

Geologic Setting of the Study Area
The geologic setting of the study area is complex

structurally and stratigraphical ly. Rock types in the 
area are metamorphic, sedimentary and igneous, and range 
from Precambrian to Holocene in age. The following 
paragraphs summarize the regional geologic setting; 
detailed information of the geology of the area is contained 

in Winograd and Thordarson (1975), Burchfiel (1964, 1972),
and Stewart (1980).

During late Precambrian and Paleozoic time, the 
study area was part of rifting processes resulting in local 
accumulations of as much as 37,000 feet of sediment.
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Sediments deposited during this time are grouped into four 
sequences. Approximately 10,000 feet of quartzites and 
si 1tstones were deposited from late Precambrian to middle 
Cambrian time. In late Cambrian and Devonian time, the 
area became more stable tectonically and a sequence of 
limestones and dolomites up to 15,000 feet thick were 
deposited. Emergence of a local highland (Sevier arch) 
provided the source for the 8,000 foot thick clastic 
sequence of the Devonian-Mississippian age Eleana 
formation found only in the area of the Nevada Test Site. 
During Pennsylvanian and Permian time a 4,000 foot thick 
sequence of limestones and dolomites was deposited in the 
area. East-west forces associated with the Sevier arch 
caused folding and thrust faulting of the Paleozoic 
sediments in late Paleozoic or early Mesozoic time. 
Concurrently, Mesozoic granitic stocks were emplaced. The 
study area is thought to have been exposed during much of 
Mesozoic time accounting for the lack of Mesozoic sedimentary 
rocks in the area (Winograd and Thordarson, 1975).

The study area was reactivated tectonically in 
Cenozoic time as Basin- and Range-style extensional 
tectonics affected the area, creating thousands of normal 
faults. Deposition of a thick sequence of volcanic and 
associated pyroclastic sedimentary rocks occurred at 
this time. Aggregate thickness of these rocks ranges from
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approximately 5,000 feet in western Jackass Flats to more 
than 15,000 feet under Pahute Mesa. Rock types in 
decreasing order of occurence are ash-flow tuff, ash-fall 
tuff, rhyolite lavas, rhyodacite lavas and basalt 
(Winograd and Thordarson, 1975). Quaternary erosion of 
uplifted Basin and Range blocks created large alluvial 
fans in down-dropped basins, which can be 5,000 feet thick in 
the area.

Test wells UE25-C#1, UE25-C#2 and UE25C#3 are located 
entirely within the Cenezoic volcanic rocks present at the 
Nevada Test Site ( figure 3). The wells penetrate the 
Tiva Canyon and Topopah Spring Members of the Paintbrush 
Tuff, the Calico Hills Tuff and the Bullfrog and Tram 
Members of the Crater Flat Tuff. All three wells reach their 
total depth in the Tram Member of the Crater Flat Tuff. The 
tuffs are often fractured with the major fracture set 
trending N 30° E and dipping west from 65 to 85 degrees 
(James Erickson, 1985, pers. comm.). A secondary fracture 
set is oriented N 10° W (James Erickson, 1985, pers. comm.). 
The degree of fracturing of the tuffs and the number of 
fractures in the formation is directly proportional to the 
degree of welding of the tuff.

The transmissivity of these tuffs ranges from 1.0 
feet/day to several thousand feet/day depending on the 
fracture characteristics and degree of alteration in the
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tuffs (Winograd and Thordarson, 1975).

Hydrology of the Study Area
Hydrology of the Yucca Mountain area is very complex 

due to the structural displacement of numerous 
potential aquifers. Hydrology of volcanic materials is 
further complicated by the lack of areal continuity of the 
various tuffaceous beds and the variable degree of 
fracturing of these layers. Detailed information about 
aquifers underlying the Nevada Test Site is available in 
Winograd and Thordarson (1975) and Waddell (1982).

Yucca Mountain lies in an extremely arid
region. Precipitation varies with altitude, ranging from 50 
mm per year at low elevations to 700 mm per year at the 
higher elevations (Waddell, 1982). Recharge to aquifers 
by precipitation is estimated to be 0.5 to 4.5 mm per year 
(Montazer and Wilson, 1984). The small amount of aquifer 
recharge is reflected by a composite water level that is 
approximately 1320 feet below the land surface.

Rock units present at the Nevada Test Site can 
be grouped into 10 hydrologie units. These units, 
from youngest to oldest are the valley-fill aquifer, lava- 
flow aquifer, welded-tuff aquifer, bedded-tuff aquifer, 

lava-flow aquitard, tuff aquitard, upper-carbonate aquifer, 
upper-clastic aquitard, lower-carbonate aquifer and lower-
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clastic aquitard (Winograd and Thordarson, 1975). The 
lower-carbonate and the valley-fill aquifers are used for 
water supply in the area. These hydrologie units are part 
of a series of large ground-water basins in the area. Yucca 
Mountain lies in the Alkali Flat-Furnace Creek Ranch ground
water basin (Waddell, 1982).

The hydrologie characteristics of the various 
tuffaceous beds directly relate to the studies at well 
sites UE25-CU, UE25-C#2 and UE25C#3. Hydraulic 
conductivity and storage of ground water in the tuffs occurs 
primarily in fractures. Secondary ground water storage is 
present in the rock matrix. The degree of hydraulic 
conductivity and storage is a function of the degree of 
fracturing and fracture connection in the rock. Densely- 
welded tuffs fracture more easily than air-fall tuffs 
and, therefore, are more likely to contain water. The 
degree of fracturing of the rock depends upon the nature of 
deposition, cooling history and the tectonic setting of the 
site. The fracture's water-bearing properties are also 
affected by emplacement of secondary minerals along the 
fracture planes.
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METHODS OF DETERMINING WELL-BORE FLOW 

Tracejector Methods of Determining Wel1-Bore Flow
Radioactive Iodine 131 tracer may be used to 

identify flow volumes in a well while the well is being 
pumped (stressed) or under static (unstressed) conditions. 
The use of tracers in static situations allows the relative 
heads of connected aquifers to be determined. Static tracer 
testing also include the ejection of tracer over large 
intervals of the well bore. By monitoring the activity of the 
tracer, zones of cross flow may be identified, where tracer 
activity decreases most rapidly.

Two methods employed to locate and determine flows in 
UE25-C#1, UE25-C#2 and UE25-C#3 are described by Blankennagel 
(1967) and Erickson and Waddell (1984). The first technique 
is to monitor the movement of a "spike" of iodine tracer 
ejected at a discrete location in the well bore. Movement 
of the tracer is detected by locating the center of 
activity of the tracer material with gamma detectors (figure 
4). The flow volume in the well bore can be calculated 
knowing the velocity of the tracer and the well-bore 
diameter at the point of ejection. The velocity of the 
tracer material is determined by monitoring the amount of 
time required for the tracer to pass one or more stationary 
gamma detectors spaced at known distances from the point of 
ejection. The gamma detectors are lowered through the
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tracer to determine movement of the fluid in situations where 
the velocity of the tracer is extremely slow. These are 
known as the time-drive and depth-drive techniques, 
respectively.

A second means of locating flow in the well bore is 
to monitor the dilution of radioactive iodine tracer that 
has been ejected over a well interval varying from several 
tens to several hundred feet. Dilution of the tracer is 
monitored by passing a gamma detector through the interval. 
This technique can locate zones of cross flow as well as 
estimate flow volumes in the well bore (figure 5).

The analysis of the tracer data from UE25-C#1, UE25-C#2 
and UE25-C#3 revealed several problems associated with 
this method of locating and determining well-bore 
flows, and included saturation of the gamma tools and large 
variability in the flow volumes recorded for each interval. 

The production surveys also lacked the sensitivity to 
quantify small well-bore flows near the bottom of each well. 
Movement of the wel 1-logging tools through the tracer in low 
flow intervals often spread the tracer over a large part of 
the well bore, making identification of tracer motion 
difficult. The problems of well-bore flows under static 
conditions were similar to those of low-flow production 
surveys. Tracer surveys conducted under static conditions 
also showed rapid dilution of tracer material in parts of the
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well bore that had considerable wel 1-bore or cross flow.

Qualitative Analysis of Temperature Logs
A temperature log of a well may be used to locate 

points of fluid production under pumping conditions and to 
locate points of fluid flow into and out of the well bore 
under static conditions. The direction of flow may also be 
determined.

The advective component of heat transport in the wel 1- 
bore fluid indicates points of entry to and egress from the 
bore hole. The geothermal profile of the earth's crust is, 
generally, linear; temperature increases with depth. The 
gradient is determined by the amount of heat that must be 
transmitted from the earth's interior, and the thermal 
properties of the formations through which the heat must be 
conducted. Formations with greater thermal conductivities 
will exhibit a lower geothermal gradient than formations with 
lesser thermal conductivities. Fluid flow adds an advecti ve 
component of heat transport to the convective component 
resulting in deviation of the linear geothermal gradient.

The vertical flow of formation fluid will deflect the 
formation's thermal profile from the normally linear 
geothermal gradient toward the direction of flow. Upward 
movement of fluid will cause a concave-downward temperature 
profile to be formed (figure 6). Conversely, the downward
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Figure 6: Wel1-bore temperature profile indicating upward
fluid flow.
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flow of fluid would cause a concave-upward profile to occur 
( figure 7). Horizontal fluid flow on the bore hole scale 
would not cause a deflection of the geothermal gradient 
because the horizontal advection of heat would not result in 
a temperature change in the thermal profile. Temperature 
logs, therefore, are not sensitive to horizontal fluid flow.

The advecti ve transport of heat by fluid in the well 
bore alters the thermal profile of the well. The vertical 
advection of heat by fluid flow in the well bore causes the 
linear geothermal profile, produced by conduction of heat 
through the formation, to deviate as illustrated in figures 6 
and 7. Heat is transferred between the fluid and the 
formation at a rate proportional to the temperature 
difference between the fluid and the surrounding rock. The 
temperature log of the wel1-bore fluid exhibits a concave- 
upward or concave-downward profile for downward and upward 
wel1-bore flow, respectively.

The temperature profile of the wel1-bore fluid becomes 
isothermal for a vertical distance in the direction of flow 
beginning at the point of fluid entry. This vertical distance 
increases as the amount of heat advected in the wel1-bore 
fluid becomes considerably greater than that conducted away 
from the well bore by the formation. The moving fluid 
exchanges heat with the formation starting at the point of 
fluid entry. The temperature difference between the formation
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and the fluid decreases as the fluid either heats (upward 

fluid flow) or cools (downward fluid flow) the surrounding 
formation. The decreased thermal gradient causes the 
advected heat to be exchanged with the well bore at greater 
vertical distances from the point of fluid entry. This 
distance increases as the mass flow in the interval 
increases.

Quantitative Flow Analysis of Temperture Logs
Wel1-bore flows in a given interval may by calculated 

using steady-state solutions if several assumptions are made. 
Circumstances in the given interval must conform to the 
assumptions for application of the equations to be valid.
The following equations may be developed if it is assumed 
that (1) the thermal and physical properties of the earth do 
not vary with temperature, (2) heat is transferred radially 
away from the well bore and (3) heat transmission within the 
well bore is rapid compared with heat transmission in the 
surrounding formation. Several other assumptions must also 
be made in order to properly apply these equations. The 
fluid in the interval must be incompressible and no phase 
change may occur in the interval. The effects of flowing 
friction and vertical convection of heat are assumed to be 
negligible and, therefore, are omitted. A thourough discussion 
of these equations is contained in Ramey (1962).
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The temperature of the well-bore fluid has been 
described as a function of (1) distance above the injection 
zone and (2) total time of injection by Ramey (1962), and 
applied by Romero-Jaurez (1969), and Witterholt and Tixler 
(1972) for injection wells. The wel1-bore fluid temperature 

(Tf(z,t)) at a given time, (t), and depth, (z), for an 
injection well can be described by:

Tf(z,t) = TgS + 9GZ - 9GA + (Tfi ' Tgs “ 9GA )e ”Z//A D

where :

TGs = geothermal temperature at the surface of the earth, 
(T);

9q = average geothermal gradient, (T/L) ; and,
Tfi = initial fluid temperature at the surface of the earth 

(T) .
(L = length; M = mass ; t - time; T = temperature ; H = heat) 
The relaxation distance (A) is calculated as:

A = qPfCf fkh + Uf (t)] (Eq. 2)
2nrciUich

where :
q = injection rate, (L^/t); 
pf= fluid density, (M/L^);
Cf = specific heat of injection fluid, (H/T*M);

= formation thermal conductivity, (H/t*L*T); 

rci = inner radius of casing, (L); and,
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U = overall heat-transfer coefficient of the system, 
(H/t*L2*T).

The time function f(t) represents the time variant radial 
heat transmission from an infinitely long line source and is 
given by:

f(t) = -ln(rce/2n/ct) - 0.290 + rce2/4kt (Eq. 3)

where k = thermal diffusivity of the formation, (L2/1), and 

rce is outer casing radius (L). This equation, may be 
approximated for times greater than approximately one week 
by eliminating the last term (Curtis and Witterholt, 1973):

f (t) = - ln( rce/ 2n/kt") - 0.290. (Eq. 4)

For wel1-bore flows of several hundred barrels per day, 
and times of several days the value of U, the overall heat- 
transfer coefficient becomes much larger than the formation 
thermal conductivity. The thermal conductivity of the casing 
and tubing materials in the well bore is much larger than 
the thermal conductivity of the surrounding formation and, 
therefore, can be neglected. Similarly, the thermal 
resistance of the water in the well bore can be neglected 
because the heat-transfer film coefficient of water is 
much larger than the thermal conductivity of the formation. 
For engineering purposes, the overall heat-transfer 
coefficient for a liquid-filled well bore may be assumed to
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be infinite (Ramey, 1962). Equation 2 may therefore be 
simplified by deleting the first term in the brackets:

A = QPfCf£(t). (Eq. 5)
h

We 1 1-bore flow (q) can be solved by:

q = 2nAkh _ ( Eq. 6)
PfC£f(t)

Equation 1 can be re-written for producing wells as 
(Curtis and Witterholt, 1973):

Tf(z,t) = TGe - 9GZ + gcA + (Tfe - TGe - gGA) e“Z//A (Eq. 7) 

where :

^Ge - geothermal temperature at the level of fluid entry, 
(T);

Tfe = fluid entry temperature, (T); and,
z = Distance above the fluid entry level, (L).

The exponential term in equations 1 and 7 decreases as 
the distance from the production zone increases causing the 
wel1-bore temperature function to approach an asymtote. This 
asymtote is parallel to the geothermal gradient and exhibits 

a temperature displacement equal to the product of the 
geothermal gradient (g) and the relaxation distance (A) 
warmer than the geothermal gradient for upward flow. 
Similarly, downward flow described by equation 1, will
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approach an asymtote equal to the product of the geothermal 
gradient (g) and the relaxation distance (A) cooler than the 
geothermal gradient.

Fluid flow in the well bore, in a given interval, may 
be quantified if the relaxation distance, the time of flow 
and the thermal coefficients of the the wel 1-bore fluid and 
the formation are known. The relaxation distance value can 
be determined by solving the appropriate equation (either 
equation 1 or 7) for the relaxation distance (A) which best 
fits the exponential part of the temperature curve in the 
given interval. Equation 6 may then be solved for wel1-bore 
flow (q).

The relaxation distance value can be determined if the 
temperature curve above the production zone is not isothermal 
and exhibits a sufficiently exponential character. An 
appropriate vertical spacing of flow points and an 
appropriate mass fluid flow are required to produce an 
exponential curve (Murphy, 1982). The vertical distance 
between the given production zone and the next production 
zone or egress point must be large enough to allow for the 
development of the curve. Small vertical distances between 
flow points provide fewer data points from which the solution 
of relaxation distance is determined and produce an 
isothermal curve at very small mass flow volumes. The mass 
flow in the interval must be large enough to produce a
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distinct exponential character for the temperature curve, but 
not be so large as to produce an isothermal curve. Analysis 
of isothermal curves is difficult because of the small 
temperature difference recorded by the temperature log of 
the well. Detailed information relating temperature logs to 
the quantification of wel1-bore flow is described by Ramey 
(1962), Romero-Jurez (1969), Witterholt and Tixler (1972), 
Curtis and Witterholt (1973), Smith and Steffensen (1973, 
1975) and Murphy (1982).

TEMPERATURE LOG ANALYSIS OF WELLS 
UE25-C#1, UE25-C#2 AND UE25-C#3

Qualitative Temperature Log Analysis
Both pumping and static temperature logs from UE25-C#1, 

UE25-C#2 and UE25-C#3 were analyzed qualitatively to locate 
points of fluid entry and determine the direction of fluid 
flow in the well bore.

Flow entry points were located where the temperature 
profile deviated significantly from the geothermal gradient 
in the pumping temperature logs (figures 8,9,10). In this 
manner, 8, 5 and 8 points of fluid entry to the well bore 
were identified in UE25-C#!, UE25-C#2 and UE25-C#3, 
respectively. The location of each zone is given in table 1 
and figures 8,9 and 10.
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Well Number Depth of Fluid Entry (feet)

UE25-C#!
1840
2480
2510
2560
2775
2822
2897
2990

UE25-C#2
1660
2400
2422
2450
2780

UE25-C# 3
1636
2297
2380
2435
2450
2460
2532
2840

Table Is Location of production zones in UE25-C#1, UE25-C#2
and UE25-C#3.
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Figure 8: UE25-C#! temperature logs. E = point of fluid
entry, brackets indicate zones of static well-bore flow.
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Figure 9: UE25-C#2 temperature logs. E = point of fluid
entry, brackets indicate zones of static well-bore flow.
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Figure 10: UE25-C#3 temperature logs. E = point of fluid
entry, brackets indicate zones of static well-bore flow.
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Points of fluid flow in the static logs were indicated 
by deviation of the temperature profile from the geothermal 
gradient. The direction of the deviation indicates the 
direction of flow; positive deviation indicates upward flow; 
negative deviation indicates downward flow. Using this 
information, two zones of fluid flow were identified in each 
well (figures 8,9,10). The location of each flow zone and the 
direction of flow is presented in table 2. No zones of 
downward flow were identified in any of the wells.

Placement of a dual-element packer in the well bore 
altered the static flow pattern in UE25-C#3. Static well- 
bore flow in UE25-C#1 and UE25-C#2 was not altered by packer 
placement. In UE25-C#3, flow entered the well at 2998 feet 
(TD) and flowed upward to approximately 2265 feet prior to 
the placement of the packer. After the packer was set, 
fluid entering the well bore at 2998 feet enters the 
formation at 2540 feet, several feet below the packer at 
2480 feet. Placement of a bridge plug in UE25-C#2 did not 
alter the flow of fluid in the well bore above the plug.
Flow is indicated between the 2395 and 2448 foot depths on 
the first static temperature log taken in February, 1984.
This flow is indicated on all subsequent logs (figure 9).
The characteristics of the temperature logs from UE25-C#1 
did not indicate that the flow, under static conditions, had 
changed since the packers were emplaced.
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Well

UE25

UE25

UE25

Number Depth of Flow Flow Direction
Interval (feet)

-C#l
1540-1810 up
2550-2990 up

-C#2
1520-1800 up
2395-2448 up

-C#3
1710-1800 up
2520-2850 up

Table 2: Location of static well-bore flow zones UE25-C#1,
UE25-C#2 and UE25-C#3.
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Quantitative Analysis of Temperature Logs

Temperature logs of UE25-C#!, UE25-C#2 and UE25-C#3 
taken during pumping events were analyzed to determine the 
flow profiles of the well from 1500 feet to the total depth 
of each well, and to determine if the temperature logs could 
be used to quantify flow in the wells under pumping conditions. 
In addition, two intervals, where high-confidence iodine 
tracer spike data were available, were analyzed to determine 
the applicability of temperature logs in static well-bore 
flow situations.

Qualitative analysis of the production temperature logs 
for each well was used to locate zones of fluid entry; the 
temperature curves recorded above these intervals were 
analyzed to determine well-bore flow. No analysis was 
performed to quantify downward flows because no downward flow 
zones were identified in the static temperature profiles.

The value of the relaxation distance (A) was determined 
by calculating the best least-squares fit of equation 7 to 
the observed data in the interval. Flow values in the well 
bore were determined by calculating the best least-squares 
fit of equation 7 to the observed data to determine the 
relaxation distance (A) of flow intervals identified in the 
qualitative temperature log analysis (figures 8,9,10). The 
relaxation distance was substituted into equation 6 to 
determine the well-bore flow (q).



ER-3348 35

Values for the geothermal gradient were calculated from 
parts of the temperature logs that are representative of the 
geothermal gradient. Thermal properties of the formation 
were calculated and substituted into equation 6. Detailed 
geothermal gradient and thermal coefficient data are 
contained in Appendix A.

The geothermal gradient for the well bore was 
extrapolated from the lowest no-flow zone indicated by a 
given temperature log. The geothermal gradient reference 
point was specific to each log because each temperature log 
had slightly different temperatures representing the 
geothermal gradient. The static temperature log analysis 
assumed that that no flow existed below the point of fluid 
entry and, therefore, the fluid temperature was the same 
as the geothermal temperature at the point of fluid entry.

The relaxation distance, time of production and the 
thermal coefficients of the formations are substituted into 
equation 6 and well-bore flow (q) is solved. Time of 
production (t) for production logs is the time, in days, 
elapsed between turning the pump on and the time the 
temperature log was taken. Production time for the static 
intervals is defined as the time, in days, elapsed between 
the first recorded appearance of the flow feature and the 
time at which the temperature log was taken.

The thermal coefficients of each formation were
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determined for fully-saturated samples penetrated by the 
well bore below the composite water surface. The thermal 
coefficient values utilized in the solution of equations 4 
and 6 were weighted averages of the thermal properties in the 
given interval. The coefficients were weighted on an 
interval basis. More detailed information regarding the 
determination of the formation thermal properties is 
presented in Appendix A.

Quantification of Fluid Flow in Producing Wells
Quantitative analysis of the production temperature 

logs resulted in flow profiles for UE25-C#1/ UE25-C#2 and 
UE25-C#3, which were similar in form to the flow profiles 
determined from the tracejector surveys. In every case, the 
flow calculated from the temperature log was less than the 
flow determined by the tracejector survey (figures 11,12 and 
13). The calculated flows at the top of the saturated zone 
were from 2 to 3.5 times less than the discharge at the 
surface flowmeter. The similar graphical form, yet 
consistently smaller flows, indicates parameter error in 
equation 6.

Several approximations, which simplify equation 6, are 
most likely the source of error resulting in the calculation 
of reduced flow. The approximation of equation 3, by equation 
4, is the most probable cause of the discrepancy between the
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Figure 11: Tracejector survey and calculated well-bore flows
for UE25-C#! under pumping conditions.
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Figure 12: Tracejector survey and calculated well-bore flows
for UE25-C#2 under pumping conditions.
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Figure 13: Tracejector survey and calculated well-bore flows
for UE25-C#3 under pumping conditions.
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flow calculated by the temperature logs and the tracejector 
survey. The production logs were collected at very short 
production times. The longest elapsed time of 4.97 days in 
well UE25-C#2 is less than half of the time required for 
equation 4 to be valid when applied (Ramey, 1962). Equation 4 
is not exact until t » 1 0 0  days and the calculated solution 
is extremely sensitive to the time parameter at t< 10 days.
The simplification of equation 2 by removal of the overall 
heat transfer term (U) is valid for the production logs 
because the mass flow in the well is substantial enough to 
justify the approximation (Curtis and Witterholt, 1973).

The calculated flows were scaled to the known well- 
bore flow during temperature logs collection using a method 
discussed by Witterholt and Curtis (1973). Well-bore flow in 
the uppermost interval of the well bore is scaled to the 
known discharge at the surface. Scaling of the uppermost 
flow interval to the flow indicated by the flowmeter at the 
well head produced agreement within 15 percent of the 
tracejector survey (figures 11,12,13). Scaling of the 
calculated well-bore flow to the flowmeter value provided 
accurate calculations of the well-bore flow without 
increasing the mathematical complexity of the numerical 
solution.

Quantitative analysis of the UE25-C#1 temperature log 
revealed seven intervals that could be quantified (table 3).
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Interval A SSQM D Q QSCLD

UE25-C#1

1510-1829 13225.0 0 0.4429E-03 10.67 87.378 225.960
1920-2455 9712.50 0.4022E-03 10.10 63.439 164.050
2525-2563 3532.50 0.1736E-03 10.63 25.210 65.190
2575-2664 3670.00 0.2971E-03 9.97 25.036 64.740
2796-2820 1435.00 0.4836E-04 7.83 11.242 29.070
2840-2898 935.00 0.6144E-03 8.90 7.844 20.280
2910-2975 123.00 0.4874E-04 8.81 1.026 2.650
UE25-C#2
1520-2395 16950.00 0.2951E-03 12.10 124.930 246.860
2395-2425 300.00 0.1457E-02 11.53 2.611 5.160
2425-2450 351.50 0.1007E-03 11.24 3.009 5.940
2600-2780 179.50 0.9710E-04 11.89 1.424 2.820
2840-2890 8.28 0.1651E-02 9.95 0.071 0.140
2900-2990 0.00 0.5329E-02 9.70 0.000 0.000
UE25-C#3
1540-2295 15580.00 0.1263E-02 11.04 129.100 414.410
2330-2385 2880.00 0.1724E-04 10.25 28.383 91.110
2490-2515 3172.50 0.1833E-04 10.71 27.012 86.710
2550-2750 2610.00 0.8595E-03 10.70 28.113 90.240
2920-2990 6.20 0.6649E-03 10.10 0.068 0.220

A = Relaxation distance (feet)
SSQM = Mean sum of squares 
D = Mean well bore diameter (inches)
Q = Volumetric flow rate (gallons per minute)
QSCLD - Scaled volumetric flow rate (gallons per minute)

Table 3: Quantitative well-bore flow determined from
production logs of UE25-C#1, UE25-C#2 and UE25-C#3.
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The calculated flow is within 15 percent of the flow 
indicated by the tracejector data in all intervals except 
between 2520-2563 feet. The lack of agreement in this log 
segment is due to the short vertical distance that could be 
sampled and the nearly isothermal nature of the log.

Quantitative analysis of the temperature log from UE25- 
C#2 indicated four flow points in the well (table 3). The 
calculated flows are within 10 percent of the tracejector 
flows except in the 2400-2450 foot interval. Poor comparison 
for these log segments may be due to the small number of data 
points comprising each of these segments, and to the lack of 
definition of the temperature log at each point. The 
temperature log indicated a small flow entering the well bore 
at 2780 feet, which could not be quanitfied by the 
tracejector survey because the wel1-bore flow in this 
interval was too small. The calculated flow for this 
interval was 1.40 GPM. No flow was located below 2780 feet.

Analysis of the UE25-C#3 temperture log revealed four 
zones where flow could be quantified (table 3). The 
calculated flows agreed within 25 percent of the tracejector 
flows except in the 2380-2540 foot inteval. The cause of 
the difference between the calculated flows and the 
tracejector flows may be related to error in the discharge 
indicated by the surface flowmeter. The tracejector survey 
indicates that the average flow in the uppermost interval of
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the well was 444 GPM while the flowmeter indicated that the 
surface discharge was 414 GPM, which would result in a 
scaling error. The lack of a large number of data points and 
the lack of character of the temperature profile are other 
possible causes of the disagreement.

Quantification of Fluid Flow Under Static Conditions
Comparisons of fluid flow in the static intervals in 

UE25-C#2 and UE25-C#3 with fluid flow values determined from 
tracejector surveys indicated that temperature logs provide 
an approximation of fluid flow in the well bore. Two 
intervals were selected to determine the validity of using 
temperature logs to quantify wel1-bore flows. One interval 
was located between 2390 and 2448 feet in UE25-C#2, the 

second was located between 2520 and 2850 feet in UE25-C#3. 
Each interval was chosen because the fluid velocity in each 
interval was determined at the 99 percent confidence level.

Two flow volumes were calculated for the interval in 
UE25-C#2 using data from static temperature logs taken on 
June 24, 1985 and May 20,1986. Flow volumes of approximately 
0.5 and 119.0 GPM were calculated from the June 24, 1985 and 
May 20, 1986 logs, respectively (table 4). The time used to 
solve equation 4 was the time elapsed between the end of 
drilling of the UE25-C#2 and the time the logs were taken. 
This starting time was chosen because the flow feature is
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Interval A SSQM D

UE25-C#2 June 24, 1985
2395.00 2445.00 1350.00 0.2208E-03 11.38 0
2395.00 2445.00 1650.00 0.2217E-03 11.38 0
UE25-C#2 May 20, 1986
2395.00 2448.00 3.657E+03 0.1181E-04 11.34 119
UE25-C#3 June 24, 1985
2580.00 2856.00 1.800E+02 0.8250E-03 12.46 0
UE25-C#3 October 10,1985
2580.00 2850.00 2.425E+02 0.7619E-04 12.49 0
2580.00 2853.00 2.503E+02 0.1088E-03 12.49 0
UE25-C#3 July 17, 1986
2580.00 2850.00 2.400E+02 0.1293E-01 12.49 0,
2580.00 2850.00 2.425E+02 0.4023E-01 12.49 0,

A = Relaxation distance (feet)
SSQM = Mean sum of squares 
D = Mean well bore diameter (inches)
Q = Volumetric flow rate (gallons per minute)

Q

.466

.570

.00

.764

.745

.769

738
745

Table 4: Quantitative well-bore flow for selected intervals
of UE25-C#2 and UE25-C#3 under static conditions.
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present on the first static temperature log of the interval 
taken immediately after drilling. Logs taken after the 
bridge plug was set indicated that the flow pattern was 
unchanged.

Comparison of the calculated well-bore flow with 
tracejector data for the interval in UE25-C#2 indicated that 
the calculated flow was much greater than the flow determined 
by the tracejector survey. The tracejector survey indicated 
a well-bore flow of 0.1202 GPM (Devin Galloway, 1986, per s. 
comm.) at 2425 feet compared to the average flow of 0.5 GPM 
in the interval 2395-2448 calculated from the temperature 
logs. The range of flow values, within one standard deviation 
of the average value, are from 0.005 GPM to 0.1932 GPM (Devin 
Galloway, 1986,pers. comm.) indicating that the calculated 
flow volumes are not within one standard deviation of the 
tracejector flow volume.

The difference between the calculated flow and the 
tracejector flow for a given interval has multiple 
explanations. Three potential explanations are (1) the time 
used to determine the well bore flow is incorrect, (2) the 
thermal coefficients used to characterize the formations are 
incorrect and (3) the determination of the relaxation 
distance is incorrect.

The first explanation assumes that flow did not begin 
during the well drilling. The time value used for the flow
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calculations was assumed to begin when the well was drilled.
If the flow began after the bridge plug was set, a shorter 
time would be required in the flow volume calculation. Flow 
calculated at this shorter time is 0.66 GPM; this value 
agrees less with the trace jector data. If the flow existed in 
fractures before the well was drilled, a longer time value 
and, therefore, a smaller value of well-bore flow might be 
calculated. Evidence for the aquifer connection prior to 
drilling is provided by the presence of the wel1-developed 
upward flow feature on the first static temperature log, 
taken immediately after drilling (figure 9). However, it is 
difficult to determine a longer time value. The best 
approximation for the start of the flow is when the aquifers 
were penetrated by the well.

A second hypothesis may be that the value of the 
thermal coefficients calculated for the interval are in 
error. The values of thermal conductivity and specific heat 
for the formation were selected from the published data and 
applied to parts of the formation for which they may be 
inaccurate. The published values were derived from and 
collected in wells USW-G1, USW-G2 and UE-25a#l, near UE25-C#2 
(Lappin, et. al., 1981, Lapp in and Nimrick, 1985, Klasi, 1982).

A third explanation of error is the incorrect 
determination of the relaxation distance of the May 20, 1986
temperature log. The character of the May 20, 1986 log in the



ER-3348 47

interval is nearly isothermal (figure 9) making an accurate 
determination of the relaxation distance (A) difficult. The 
strong isothermal nature of this temperature profile would 
result in a large relaxation distance value and, therefore, 
a higher value of well-bore flow.

The calculated flow volumes from the interval in UE25- 
C#3 are more similar to the trace jector flow volumes.
Upward flow of approximately 0.75 GPM was calculated from 
temperature logs taken June 24, 1985, October 23, 1985 and 
July 17, 1986 (table 4). This value is compared with 1.055
GPM (Devin Galloway, 1986, pers. comm.) determined by the 
tracejector. The standard deviation range of values for flow 
determined by the trace jector is from 0.92 GPM to 1.18 GPM 
(Devin Galloway, 1986, pers. comm.). The difference in the 
tracejector values and the calculated flow volumes is much 
less than the difference in values at UE25-C#2.

The difference in the calculated and experimental flow 
volumes for this interval may be explained by the effect of 
the well-bore diameter in the volume calculation. The well- 
bore diameter at the exact point where the tracejector 
"spike" was monitored is 10.5 inches. However, the diameter 
used in the calculated flow, 12.5 inches, is the average 
well-bore diameter for the measured interval. The average 
diameter is used to calculate an average flow for the entire 
interval, while the flow determined by the tracejector
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"spike" is specific to a particular location in the well 
bore.

Additional explanations for the discrepancy between the 
calculated and the experimental flow volumes may be the 
inaccurate determination of the duration of flow, and 
inaccuracies in determining the formation and fluid thermal 
coefficients.

CONCLUSIONS
Temperature logs provide a cost-effective method to 

determine intra-wel1-bore flows. Flow direction and points 
of entry to and egress from the well bore also may be 
determined through proper analysis of temperature logs.

Qualitative analysis of temperature logs may be used to 
locate points of fluid entry in production temperature logs. 
Analysis of temperature logs from UE25-C#!, UE25-C#2 and 
UE25-C#3 revealed 8, 5 and 8 points of fluid entry, 
respectively.

Qualitative analysis of temperature logs collected from 
UE25-C#!, UE25-C#2 and UE25-C#3 were used to locate two 
upward flow zones in each well under static conditions. No 
downward flow was indicated by the temperature logs.

Quantitative analysis of the production temperature 
logs produced flow profiles of UE25-C#!, UE25-C#2 and UE25-
C#3, which were similar in graphical form to the tracejector
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production surveys. The form of the profiles differed in 
segments where small vertical distances and poor development 
of the exponential part of the temperature profile 
occurred. The calculated flow was less in all intervals 
than the tracejector flow. The smaller calculated flow 
volumes may be due to the approximation of the time function 
f(t) used in the numerical solution of equation 6. Scaling 
of the calculated flow volumes to the flow volume recorded by 
a flowmeter at the well head calculated flows generally 
within 15 percent of the tracejector flows.

Use of temperature logs to determine well-bore flow 
under static conditions provided an approximation of the 
well-bore flow determined by the tracejector survey. 
Comparison of the calculated and the tracejector flows in 
UE25-C#2 indicated poor agreement between the methods; 
comparison of the flows in UE25-C#3 showed much better 
agreement.

Error in the calculated well-bore flow in UE25-C#2 may 
be due to the existence of pre-drilling flow between the 
aquifers. Evidence for pre-drilling flow is present in the 
first static log of the well where an upward flow feature is 
well developed. This log was taken immediately after 
drilling was completed.

The difference between the calculated and the 
tracejector flows may be inherent in flow volume
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calculations. The flow volume that is determined by the 
tracejector is for a discrete portion of the well bore, while 
the calculated flow volume is an average flow for the entire 
interval.

Temperature logs may be used to accurately determine 
intra-wel1-bore flows under production conditions if the 
pumping rate, pumping time and rock formation thermal 
properties are known. Pumping rates and time factors need to 
be considered prior to taking a temperature log to ensure the 
best development of the exponential curve in a given 
interval. Scaling of the calculated flows to the well 
discharge provides an efficient method of obtaining a 
production profile.

Quantification of well-bore flows under static 
conditions through analysis of temperature logs provides an 
approximation of the well-bore flow. Accurate determination 
of the duration of the flow, well-bore diameter and the 
thermal properties of the formations results in the accurate 
solution of static well-bore flows.
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APPENDIX A
Geothermal Gradient Data

Geothermal gradient data used to determine values of 
relaxation distance (A) were determined by fitting a 
least-squares line through parts of the temperature 
logs from each well that represented the geothermal 
gradient. Goodness-of-fit statistics (r 2) of the fitted
lines were generally greater than 0.95. Representative 
values of the geothermal gradient (g) vary from 0.008768 
op/foot - 0.014299 °F/foot: the average value of all data
points for all three wells is 0.011603 °F/foot (table Al).

Analysis of the geothermal gradients indicated 
that gradients determined at the bottom of each well were 
less than those determined between 2500 feet and 1500 
feet. Geothermal gradients below approximately 2700 
feet in the Tram average 0.010620 °F/foot while gradients 
above 2700 feet average 0.012290 °F/foot. Because of the 
difference in geothermal gradients above and below the Tram- 
Bull frog boundary, the formation temperature (Tge) was 
calculated using the average gradient for each well in two 
sections: (1) the first section extended from the water
surface to 2700 feet, and (2) the second section extended 
from 27 00 feet to the total depth of the well.

The difference in gradients above and below 2700 feet 
can be related to the thermal conductivities of the
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Well

UE25

UE25

UE25

Number Interval Geothermal Gradient VALUE
(feet) (°F/foot)

-C#l

-C#2

-C#3

1800 - 2300 0.010739 0.998
1750 - 2150 0.012728 0.997
2150 — 2300 0.010549 0.994
1400 — 1455 0.012648 0.952
1400 - 1460 0.010466 0.846
1840 - 1940 0.013687 0.922
2140 - 2250 0.014299 0.947
2140 - 2250 0.013598 0.917
2850 - 2977 0.010852 0.930
2896 - 3018 0.011134 0.994
2900 — 3018 0.011177 0.995
1800 — 2150 0.011413 0.999
1800 - 2150 0.012775 0.993
2900 - 2988 0.008763 0.996
2900 - 3000 0.009122 0.994
2900 - 2988 0.010889 0.998
2920 - 2980 0.012409 0.997

Table Al: Geothermal gradient data for UE25-C#1, UE25-C#2
and UE25-C#3.
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Tram and the over lying strata. Higher thermal 
conductivities in the Tram would allow a given amount of 
heat to flow through it driven by a smaller gradient than 
that required to drive the same amount of heat through the 
overlying formations.

Thermal Data
Data used to characterize the thermal properties of 

the formations containing the wells were obtained or 
derived from published sources (Johnson, 1982, Lappin and 
Nimrick, 1985, Klasi et.al. 1982). All thermal property 
values were determined for fully-saturated samples (table 
A2 ) .

Specific Heat
The values of specific heat for the formations near 

Yucca Mountain can be described by :

~ ^Pformation(l"^ + ^Pwater x ^ x <J) (eq. Al )

where <J) is the porosity of the formation, S is the saturation

of the material, ^formation the specific heat of the 
formation (H/M*T), and Cpwater is the specific heat of water 
(H/M*T). The specific heat value of the tuff grains average 
0.2 cal/g-°C (Lappin and Nimrick, 1985). This value is in 
agreement with similar rock types (Mercer et. al. 1982).
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Grain Bulk Specific Thermal Thermal
Porosity Density Density Heat Conductivity Diffusivity

Calico Hills - zeolitized, non-welded 
0.305 150.0 123.3 0.1370 17.133
Prow Pass - zeolitized, moderately-partially welded 
0.285 150.0 125.0 0.1321 18.104
Bullfrog - Central,non-zeolitized 
0.280 163.4 135.1 0.1309 25.526
Bullfrog - zeolitized, non-partially welded 
0.340 150.3 120.4 0.1457 19.006
Tram - non-zeolitized
0.220 164.0 141.6 0.1161 29.133

Grain density = lb./ft.3 
Bulk density = lb./ft.
Specific heat = BTU/lb.-°F 
Thermal conductivity = BTU/ft.-day-°F 
Thermal diffusivity = ft.2/day

Table A2: Selected thermal and physical properties of welded
tuffs near Yucca Mountain.

0.3130

0.3383

0.4456

0.3344

0.5470
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Thermal Conductivity
Thermal conductivity values for the saturated 

welded tuffs in the area range from 17.133 BTU/FT-DAY-°F for 
the Calico Hills Formation to 29.133 BTU/FT-DAY-°F for the 
Tram Formation. These values are published in Lappin and 
Nimrick (1985), Johnson (1982), and Klasi and others (1982).

Thermal Diffusivity

Thermal diffusivity (L^/t) values for each of the 
formation members can be determined by:

k 3 Kh / P b u l k  x Cp (eq. A2)

where is the formation thermal conductivity (H/L*t*T),

P b u l k  is the b u l k  d e n s i t y  of the f o r m a t i o n  (M/L^), a n d  Cp is the 
s p e c i f i c  h e a t  of t he  forma ti on .  No t h e r m a l  d i f f u s i v i t y  d a t a  
for w e l d e d  t u f f s  a r e  c u r r e n t l y  a v a i l a b l e  for c om pa r i s o n .


