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Abstract 

In the presence of forced convection, there exists an 

energy flux cgVT, because of mass-transported heat energy. 

By plotting temperature gradient vs. temperature, it is possible 

to use temperature data to determine the significance of 

convective heat transfer. Such a plot can be useful even 

when the flow system is not one dimensional or vertical. As 

an example of convective heat transfer, a temperature log frcxn 

the Rio p-aerco area of New Mexico shows that downward ground-

water movement of 4.7 x 10 cm/sec over a 77m interval can 

reduce the observed geothermal gradient and heat flow by a 

factor of 2. Such strong perturbations of heat flow by 

ground water indicate the need for deep heat-flow measurements. 

Consideration of the convective flux allows one to use total 

energy balance at the boundary of an aquifer and semiconfining 

media to obtain hydrological information about the semiconfining 

layer. 



Introduction 

Vertical ground-water movement may significantly influence 

the heat flux reaching the earth's surface [Van Orstrand, 1934J . 

In order to obtain accurate measurements of the near-surface 

conductive heat flux, considerable care in analyzing temperature 

logs is necessary so that zones of ground-water movement may 

be recognized. Increased uncertainties in conductive heat flow 

are associated with sites where water movement is indicated on 

the temperature logs fReiter et al., p. 813, 1975J . In this 

paper calculations of heat flow are made that include effects 

of vertical ground-water movement. It is always desirable to 

make measurements deep enough to have a high level of confidence 

that the log has a representative linear-gradient zone below 

any water movement; however, water movement at a greater depth 

is always a possibility and may be undetectably changing the 

heat flux within the logged zone. 

Bredehoef and Papadopulos 0.9 65] presented an expression 

describing the subsurface temperature changes produced within 

a zone of uniform vertical forced-convective ground-water 

movement. We will demonstrate how this expression can be 

applied to subsurface temperature logs exhibiting vertical 

ground-water movement in order to estimate the heat flux that 

would occur if there were no ground-water movement. 

General Solution to Problem 

The steady-state differential equation for an isotropic 

homogeneous permeable media with simultaneous heat flow and 

incompressible fluid flow is fde Vries 1958; Stallman, 1963J 



y.CkVT") - V-CcgVTV- 0 > (1) 

where T = temperature, 

c= heat capacity per unit mass of fluid, 

p = density of fluid, 

k = thermal conductivity of solid-fluid complex, and 

V = specific discharge of fluid. 

The fluid must obey the steady-state continuity equation 

v-( e ^ ) ' 0) 

and thus (1) simplifies to 

\7.(kVT)- 'cgV-VT -- O . (2) 

Vertical geothermal gradients are generally much larger 

than horizontal temperature gradients, suggesting 

^s'4»^>'^ -^al^ 
As such, assuming kis constant. 

where z is the vertical coordinate. This is the one-dimensional 



equation considered by Bredehoef and Papadopulos fl9 653 . 

It applies to regionally constant forced-convective water 

moyement in the vertical direction (Figure 1). Bredehoef 

and Papadopulos C19 65] obtained a solution to (3) by referring 

to temperatures T and T (Figure 1), the upper and lower 
o ±j 

temperatures of a zone of length L within which the specific 

discharge is a constant. Their solution.is 

T-- (T.-T.)^w(P^O-l]/[^(|^>-'] + Tc; (4) 

where T is the temperature at point z, z is the distance down 

from T , and (3= *̂P j'-A (a dimensionless parameter 

that is positive or negative depending on whether V is 

downward or upward, respectively). T and T do not need to 
O L 

correspond tc the tPp pr bptt.om of the media under investigation 

and may be any convenient pair of experimentally measured 

points within this media. 

The customary method of determining terrestrial heat flow 

is to multiply temperature gradients obtained from logs with 

the rock conductivities measured in the lab, i. e.. 

AT 

I 
Gl = - ̂  IT • (5) 

In the presence of fluid movement the total energy flux includes 

an "internal heat energy" carried by the mass movement of fluid, 

as well as conduction fde Vries, 1958; Lubimova et al., 1965^ . 



This total energy flux is 

E - - ' ^ H - ' ^ e ^ s C r - i ) , 

where T' is the temperature at which the "internal heat 

energy" is taken to be zero. The importance of using total 

energy flux can be demonstrated by differentiating (4) 

This gradient is not a constant (it is a function of position) 

and hence cannot be used with Fourier's heat conduction 

equation (5), because the principle of conservation of energy 

would be violated. However, if (4) and (7) are substituted 

into (6), the result is 

(8) 

This expression is independent of the position z within the 

zone of uniform ground-water movement; therefore, conservation 

of energy is maintained. In the limit V —> 0, this total 

energy flux expression reduces to -k(T -T )/L, the appropriate 
L O 

energy flux for conduction. E, rather than Q, is the energy 

flux to use in regions of constant vertical forced convection. 

Henceforth we shall refer to E as the "heat flow." 



With total energy-flux expression (6), we can interpret 

the temperature vs. depth profile described by (4). When 

water is moving downward (/3>0) , the temperature vs. depth 

profile is as shown on Figure 2. If there were no water 

movement (heat transported by conduction only), we would 

expect to see the straight dotted line from T to T . When 
O L 

water of a given temperature is moving downward, we must go 

deeper than if there was no water movement to encounter the 

same temperature (vertical line on Figure 2); or at a fixed 

depth the observed temperature is less than if there were no 

ground-water movement (horizontal line on Figure 2). The 

profile is a curved rather than a straight line because the 

amount of heat being carried back downward by forced convection 

is not constant but is changing with depth. The amount of 

mass-transported energy changes because the ability of water 

to transport energy by convection is proportional to the 

absolute temperature, which of course changes with depth, 

cf. second term (6). 

Application of Theory to Field Data 

As an example of heat flux including convection, we shall 

consider the Rio Puerco #1 log shown in Figure 3. Between 

60m and 100m the temperature vs. depth profile in Figure 3 

appears linear, and, hence, it is reasonable to assume no 

effects of ground-water movement within this zone. In this 

region the data fits a straight line with an accuracy +.002°C 

(see Table 1), the limit of the precision of our platinum 

sonde—Mueller bridge measuring system. 



Between 120m and 180m the gradient shown in Figure 3 

systematically curves with deviations from a straight line 

30. tiraes the precision of the measuring system. Assuming a 

constant thermal conductivity, the changing gradient between 

120m and 180m implies Fourier's law will not give consistent 

heat flow. Before we may assume vertical water movement and 

apply (6) or (8), we must be sure that the actual curvature is that 

prescribed by (4). "A test of the appropriateness of (6) or 

(8), the equations for the total heat flow, is then how well 

the experimental data fits (4), the equation describing the 

temperature in the presence of forced, vertical convection. 

Region III has experimentally significant nonlinearities; 

however, with only three data points it is not possible to 

tell if the nonlinearities are systematic or random. 

Conclusions about water movement in .Region III cannot be made 

at this time. 

It is possible to analyze experimental data directly 

by curve fitting to (4). However, because of statistical 

problems and experimental errors, it is more advantageous to 

analyze the character of data exhibiting potential vertical 

ground-water flow by plotting A i /î '̂  lis . T. 

This plot can be understood by rearranging (6) to obtain 

^ - IP/uM-T-T'^ - E /k , 
Jl (9) 

a linear equation of the variable T. Thus, plots of D '/A 7 



vs. T yield straight lines whenf^ is constant. Regions 

of np water mpvement ((3 = 0) yield hprizontal lines pn such 

a plpt. Regipns pf unifprm fprced, vertical cpnvecticn /3^0 ; 

Q = cpnstant) yield nonhorizpntal lines. 

Figure 4 is a Aw^l vs. T plpt fpr the experimental data of 

the Rio Puercp #1 Ipg. There are three different zones representing 

separate temperature vs. depth characteristics. Region I is 

characterized as nearly horizontal - in agreement with the 

linear fit of temperature vs. depth noted in Table 1 and in 

agreement with the hypothesis of no vertical water movement. 

Region II has a non-zero slope and fits a linear line that is 

indicative of uniform water movement. The points of Region III 

are almost horizontal, probably indicating little vertical 

ground-water moveraent. 

From Figure 4 w.e can determine the parameters (slope 

and intercept) of (9), i.e., 

/3/î  - .OO^G^ / ^ ^ 
(10) 

and (11) 

for Region II of the Rio Puerco #1 log (T' taken to be 0 C). 

Since (4) does not contain E, in order to use (10) and (11) 

to determine the amount of vertical ground-water movement, 

we rearrange (8) to give 



which substituted into (4) yields 

r = l-(e/«tV((5A^ + T t l , { ' ^ i H ^ ) - t] t I. . (13) 

To use (13) to describe the temperature of Region II we still 

need T , the temperature at the depth where z is taken to be 

zero. At this point we have a choice. T can be taken to 
o 

be one of the experimentally measured temperatures, or we may 

consider it a parameter that is varied until (13) most 

accurately describes the data of Region II. Measuring z from 

160m, we found that the best T is .004 C higher than the 
o 

temperature 19.772 C measured at this point (this is within the 

experimental error of the measurement). With this choice of 

T = 19.776, (13) becomes 

T - G.S"3 " C L { ^ C^o^zh^ ^) -l] + \'\.11G''C (14) 

which gives the fit shown in Table 2. The table shows that the 

depth vs. temperature relationship of Bredehoeft and 

Papadopulos Cl9653 , (4) , describes the observed temperatures 

of Region II of the Rio Puerco #1 log much better than the 

linear fit tried in Table 1. In fact, the average deviation 

of data points in Region II, assuming uniform forced convection 

( .004 C), is not significantly different.than the average 

deviation of data points in Region I, assuming no water 

movement, and probably represents the experimental error. Thus, 
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we can as reasonably assume uniform forced convection in 

Region II as we can assume no water movement in Region I. 

Table 2 also shows that poor fits are obtained to the data if 

the forced convection of Region II is assumed to continue into 

Regions I and III. This poor fit is as expected from Figure 4 

and supports our earlier supposition that Regions 1, II, and 

III represent separate hydrothermal conditions. Region III 

does not give a good fit in either Table 1 or 2. Comparing 

the tables and figures, it is most likely there is no water 

movement in Region III; however, the statistics are not 

conclusive. 

Heat Flow 

If there is no vertical water movement in Regions I and 

III, then water must come to the area at the 

boundary of Regions 'I and II and leave the area 

at the boundary of Regions II and III. Figure 5 shows the 

overall energy balance, including the energy transported by the 

assumed . water movement at the boundaries between the 

regions. 

With the linear fits of Table 1 along with (10) and (11) , 

Q, , E- ,̂ E, E2, and Q- can be calculated to deterraine if the 

vertical energy flow is consistent. A better test of continuity 

of energy was derived by Negi and Narain Singh Cl9 67J . 

They found 

Q.X/B, ^ ^ ( ( ^ y (15) 
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Their derivation used only the continuity of temperature 

gradients for boundary conditions, rather than the energy 

relations of Figure 5; however, the energy boundary conditions 

of Figure 5 together with (4) and (7) can also be shown to 

yield (15) . 

Since we already know /3/L from (10) , all we need to apply 

equation (15) is the total distance over which the water is 

moving down. This distance can be found by locating the 

boundaries of the regions by simultaneously solving (14) with 

the linear fits to the temperatures of Regions I and III. 

Our best estimate of these boundaries is 113m and 190m. Thus 

our analysis of Region II, based on the assumption of uniform 

forced convection in this region, predicts 

^l/&. - o/p l". 00^^2(1^0-113)] rr \,^q . (16) 

This can be compared to 

Gix/a. ^ ikiomx/k .o^G'i ^ 2.01 J (17) 
L 

based on the fitted gradients of Regions I and III. This 

agreement is quite good considering the uncertainties about 

Region III and the assumption of equal conductivities in all 

three regions. Equation (15) also shows that heat flow 

measured above and below a semiconfining layer may give 

information about the hydrological conditions (/?) that exist 
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within the semiconfining layer even when no data are available 

from within the layer itself. 

The primary uncertainty in the calculation of (16) is 

the effect that the uncertainty of the true gradient in Region III 

has on the calculation of the boundary at 190m. Inspection 

of Figure 4 shows that this boundary should not be wrong by 

more than 5m. Such an error would cause a 5% error in calculating 

the ratio Q2/Q-|" 

Water Movement within the Wellbore 

In order to accept the heat flow analysis in the last 

section, we must address the problem of fluid movement within 

the formation vs. fluid movement within the wellbore. Temperature 

disturbances due to fluid movment within wellbores have received 

considerable attention in petroleum technology. In particular, 

Ramey [19 62^ found a relation that approximates the temperature 

in a well where fluids are. moving 

"T -- ~<̂  ̂  n -̂  I ' ^ '̂ S/A) - " ] A Ĵ  ^ (18) 

where T is the observed temperature, T is the temperature at 

the point of fluid entry into the wellbore, z is the distance 

from T , g is the normal geothermal gradient, and A is a 

measure of the rate of heat transfer between the moving fluid 

and the formation surrounding the wellbore. 
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In (18) the presence of the linear z dependent term 

(second term on RHS) means that the depth vs. temperature 

profile for fluid moving in the wellbore is different from 

the depth vs. temperature profile found by Bredehoeft and 

Papadopulos []l965j for uniform vertical water movement in the 

formation. Hence, (18) will not give a straight line on a plot 

of AT/A, vs. T. 

Temperature vs. depth profiles, as given by (18), are 

shown in Figure 6 for an undisturbed geothermal gradient of 

20 C/km. The solid line shows the natural geothermal profile. 

At 100m water enters the wellbore and moves down to 200ra. 

The dotted line, marked A = oo, shows the profile observed 

when the water moves down so rapidly that it is not able to 

absorb a significant amount of heat from the formation. The 

solid line, marked A = 0, shows the profile observed when the 

water moves down so slowly it is always in equilibrium with the 

surrounding formation. The curve, marked A = SOm, represents 

an intermediate flow rate. The value of SOm was chosen because 

it gives a curvature that is qualitatively similar to that 

observed over the 77m depth interval of Region II of the Rio 

Puerco #1 log. 

Ramey Cl9 62j shows that for a 7" diameter well injecting 

4,790 barrels of water per day for 75 days, A = 30,400 ft. 

Ramey's expression for A shows that A is proportional to u 

(the velocity of fluid down the wellbore); therefore, our 

example of A = SOm implies 

"̂  30^^00^ x - y / ^ U ^ M L / ^ ^ o O O U e j J i ( ^ l " (19) 

= 2.Mx(D A.~^/^ cn. . 2 o *̂  / jfeji-c . 
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The velocity of the fluid movement in the formation of 

Rio Puerco #1 can be found from (10) and the definition of/? 

using 5.5 x 10 cal/cm-sec C for the thermal conductivity. 

Water moving within the wellbore (18) not only has a different 

functional dependence pf temperature vs. depth than water 

mPving in the formation (4 ), but also to produce a similar 

temperature vs. depth profile, it must be almost six orders 

of magnitude larger. The estimated velocity u for movement 

within the wellbore is large enough, compared with times over 

which temperature measurements are raade, that one would expect 

to observe temperature fluctuations due to turbulence during the 

equilibrium temperature logging procedure ["Reiter gt al.^ 1976 J. 

The absence of unusual temperature fluctuations being observed 

during the logging of Rio Puerco #1 supports the conclusion 

that Figure 3 is representing fluid moving in the formation 

and not fluid movement within the wellbore. 

Applicability of the Analysis 

It is important to consider under what circumstances the 

preceding one-dimensional analysis is adequate. Domenico 

and Palciauskas L1973 | solved a two-dimensional flow problem. 

Their results indicate (4) can be considered the first terra 

in the expansion solution of a two-diraensional problem. They 
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also found that in two dimensions, the ratio of depth to 

length of the water flow is a measure of the ratio of horizontal 

temperature gradient to natural geothermal gradient. Steady 

water flow primarily exchanges heat with the surrounding rock 

when it flows across rather than parallel to the isotherms. 

Unless the depth-to-length ratio of the basin confining the 

flow approaches one, or the flow is not steady state, the 

assumptions that allowed (2) to be reduced to (3) may be valid 

(see Figure 2 and 3 of Domenico and Palciauskas fl973j). 

In cases where the heat flow is uniform but not parallel 

to the well (as may happen when the well is deviated), it is 

possible to solve (3) in a reference frame perpendicular to 

the isotherms and then transform to the vertical axis. Such 

a transformation shows that as long as the angle between the 

heat flow and wellbore is not raore than 30 , the errors in 

calculating V or E are less than 10%. 

Since sufficient hydraulic information is rarely available 

to decide if (4) applies, it is important to realize that (6) 

and Figure 4 represent the vertical component of the 

total energy flow and are valid even if the flow is not one 

dimensional. If Figure 4 is linear there is no 

horizontal flow or it must be parallel to the isotherms and be 

causing no observable temperature disturbance. Horizontally 

flowing sheets of water too thin to measure a temperature profile 

across should be excluded frora this argument. If the AT/A? vs. T 

plot is not linear, conclusions about vertical water moveraent 

cannot be made, since a variety of disturbances such as 

non-constant V , horizontal flow, changing thermal conductivity. 
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or time-dependent effects could be causing the disturbance. 

The argument that, if AT/A? vs. T gives a linear plot, the 

pnly impprtant flow is vertical corresponds to the familiar 

argument that if the gradient is constant, there is no fluid 

movement and the teraperatures are in equilibriura. 

Thermal conductivity 

Most of the Rio Puerco #1 log is in rock clearly identified 

as Mancos shale, which in this area shows no significant 

lithological variation on )̂ -ray logs, electric logs, or in 

fragment samples. Five distinct fragment samples from within 

Region II were found to have thermal conductivities ranging 

from 6.1 to S.O mcal/cm-sec C with an average value of 

5.5 + .4 mcal/cm-sec°C {"Reiter et a]^. , p. 815, 1975*] . For a 

systematic variation of the rock conductivity in Region II to 

cause the observed gr-adient change, the in-situ rock conductivity 

would have to have varied with depth by a factor of 2. Since 

the observed conductivity variations appear random with depth 

and much less then a factor of 2, it is unlikely that any 

conductivity variation is causing the changing gradient seen in 

Region II. The location of the well within the Rio Puerco fault 

system suggests vertical ground-water movement may be expected 

[_ Woodward et al. , 1975; Reiter et. al. , 1978^ . 

Conclusions 

Our analysis of the Rio P-iierco #1 log shows that downward 

water movement between 113m and 190m has probably reduced the 

heat flow from 4.1 HFU observed between 190m and 210m to 2.0 HFU 
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above 113m. However, it is difficult to have a high degree 

of confidence in a single heat-flow value in such a tectonically 

and hydrologically complex area. The Rio Puerco region is 

extensively faulted, and it is possible that the hydrologic 

condition proposed here may change at faults only a few km 

away. Below the depth of the temperature data presented in 

this log, there are at least five known aquifers. There is 

no way one can assess the thermal influence of these lower 

aquifers from temperature data above 210m. . To have confidence 

that the' 4.1 HFU observed between 190m and 210ra represents a 

non-hydrological heat flow anomaly, we need to obtain very 

deep geothermal temperatures below any hydrological disturbances. 

A better understanding of the relationship between heat flow 

and hydrology permit the use of heat flow or temperature 

measurements to obtain hydrologic information fCartwright, 1970; 

Sorey, 197l]] . 
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Table 1. LlflS fits to the three regions of Figure 3 

Depth Temp, Temp. Difference Average 
(observed) (fitted) (observed-fitted) deviation 

Region I .002 

60M 15,62 8 15.63 0 -,002 
SOM 16.371 16.368 +.00 3 
lOOM 17.104 17.10 6 -.00 2 

Region Ii .-• "" .0 75 

120M 17.877 17.788 +.039 
140M 18.741 18.825 -.0 84 
160M 19.772 19.863 -.091 
17OM 20.368 20.3 81 -.013 
180M. 21.000 20,900 +.100 

Region III .022 

190M 21.794 21.778 +.016 
200M 22.48:6 22.519 -.033 
210M 23.277 23.261 +.016 



Table 2. Uniforra vertical ground-water fit 
Regiori IL. 

to temperatures of 

Depth Temp, 
(observed) 

Temp. Difference Average 
(fitted) (observed-fitted) deviation 

Region II .004 

12 OM 
14 OM 
16 OM 
17 OM 
180M 

17.877 
18.7 41 
19.772 
20.3 68 
21.000 

1 7 . 8 7 1 
18 .742 
19 .7 76 
2 0 , 3 6 4 
2 1 . 0 0 5 

+ .006 
-.001 
-.004 
+ .004 
-.005 

Region III (according to fit of Region II) 0'43 

190M 
200M 
210M 

Regiori I 

10 OM 
SOM 
60M 

21.794 
22.486 
23,. 2 77 

(according 

17.104 
16.371 
15.62 8 

21,703 
22,465 
23.294 

to fit of Region 

17.139 
16,522 
16.003 

+.091 
+ .021 
-.017 

II) 

-.035 
-.151 
-.375 

.187 



Fig. 1, Geometry of vertieal grpund-water mpveraent, 

Fig, 2, Depth vs. teraperature- profile for downward 
ground-water movement. 

Fig, 3, Rio Puerco #1 temperature log, 

Fig. 4. AT//i? vs. T plot for Rio Puerco-#1 data, 
' 6 

Fig. 5'. Diagram of energy balance. 

Fig. 6. Temperature vs. depth profiles for fluid raovemerit 
downward within the wellbore. 
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