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�ABSTRACT





This is the final report on work done under D.O.E. Contract No. DE-AS 19-79BC20006.  The objective of this contract was to improve and to further industry acceptance of the single-well chemical tracer method for measuring residual oil saturation (SOR)



We report a number of significant advances in the theory of the method.  Particularly important is the theoretical basis for optimizing test design to obtain maximum sensitivity to SOR.  Quantitative results are presented for the first time on the effects of fluid drift, flow irreversibility, stratification, and mobile oil.



We present the results of 59 single-well tracer tests which were compiled during this study.  These data were donated by the licensees of Exxon Production Research Co., who originated the method.  The tests are reviewed with respect to optimal design and field procedures established here.



We have also described the available techniques for measuring the tracer distribution coefficients (K-values) which are required to obtain SOR from the field data.  Correlations are presented for predicting the K-values for ethyl acetate and propyl formate, two of the most commonly used chemical tracers.



Finally, we have reviewed several techniques for obtaining SOR from the field-measured tracer concentration profiles.  The most difficult procedure, detailed simulation using proprietary computer programs, has been used to obtain acceptable interpretations in over 80% of the reported tests.





�FOREWORD



This document is the final report which describes the work completed by Rice University under a contract with the Department of Energy (DOE) and was sanctioned by personnel at the Bartlesville Energy Technology Center (BETC) in Bartlesville, Oklahoma.  The University contract was begun on September 22, 1978 and was extended to February 1, 1980.



Personnel at BETC are engaged in a research project devoted to the goal of overcoming inaccuracies and weaknesses found to be inherent in the determination of residual oil saturation (SOR) in reservoirs selected for enhanced oil recovery (EOR) programs.  The objective of removing an estimated 7-billion-barrel uncertainty in the 50-billion-barrel EOR target has major economic implications.



An important step is understanding the role which the single-well chemical tracer method offers in reaching these goals.  Areas for improvement include accurate chemical tracer partition coefficient measurements, more realistic computer simulation of heterogeneous reservoirs, fluid drift compensation, various well bore problems, and resolving SOR in the presence of mobile oil.



One advantage of the single-well method is the larger amount of reservoir volume that is sampled as compared to other methods.  Measurements by this method, for example, reach out as much as 20 feet beyond the well bore.  This results in a more effective estimate of the SOR value of the entire reservoir than would be possible by traditional methods.



Several field contracts monitored by BETC personnel are completed or nearing completion which compare most of the commonly accepted techniques for determining SOR in specific reservoirs.  The results of this contracted laboratory study and a study of partition coefficient measurement under reservoir conditions contracted to Geochem Research, Inc. are in direct support of an SOR technology evaluation program.





Raymond J. Heemstra

Technical Project Officer

	Bartlesville Energy Technology Center
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�Chapter 1

Background on the Single-Well Chemical Tracer Method For Measuring SOR 





Introduction



The need for determining residual oil saturation (SOR) has existed since oil producers first realized they could not depend on an unlimited series of "gushers."  Wyckoff and Botset1 published experiments in 1936 which showed that reservoir permeability to oil disappeared at a definite non-zero value of oil saturation. This fact affects both how oil reservoirs are formed and how they can most efficiently be produced; the exact nature of these effects is still being studied.



The economic importance of residual oil in the U.S. increased suddenly in the early 1970's.  Prior to that time, domestic oil reserves exceeded demand; the industry operated under proration; that is, at less than capacity oil production in domestic fields. SOR was part of the data used in modeling reservoir performance and predicting decline, but new fields were still being discovered fast enough to replace the old ones as they were depleted.  Most companies preferred to use available engineering manpower on newer, more productive developments, rather than on stimulating extra production from dying fields.



The first Arab oil embargo, in 1973, served to notify the public of the fundamental change which had occurred a few years before. Existing domestic production capacity had dropped below demand. New production was not being added fast enough to keep up with the decline of known fields. Imported oil had become a necessity rather than a threat to domestic price stability.



About this time it became clear that the oil remaining in our developed reservoirs could be considered a valuable primary resource. Residual oil became a recovery target, rather than just the end point of a water flood. Enhanced oil recovery projects began to attract the high-level scientific and engineering talent which would be necessary to recover residual oil economically.



There are a number of recognized methods for estimating remaining oil content of reservoirs.  These have recently been summarized and evaluated in a book published by the Interstate Oil Compact Commission2.  These methods can be grouped according to the scale of the reservoir sample they consider:



A.	Entire Reservoir

1.	Material balance calculations

2.	Field-wide simulations/history matches



B.	Well-to-well spacing

1.	Well testing (pressure transient) methods

2.	Single pattern simulations

3.	Well-to-well tracer studies



C.	Fraction of well-to-well spacing

1.	Long-spacing electric logs (open hole) 

2.	Single-well chemical tracer method



D.	Near wellbore

1.	Electric logs (open hole)

2.	Radioactive logs (cased hole)

3.	NML, other special logs

4.	Sidewall cores

�E.	Wellbore or less

1.	Direct measurement from special cores

2.	Laboratory procedures, flood experiments on core samples.



Each method has inherent advantages and limitations.  In the last two chapters of the I.O.C.C. book2, L. F. Elkins compares the results of various determinations reported by the industry.  He also recommends additional work to improve the accuracy of the more promising methods.  D. C. Bond concurred with and expanded on this advice in his report to the D.O.E3 in April 1979.



One method which was thought to require further development was the single-well chemical tracer procedure.  The contract work reported here was undertaken to pursue that need.  It is divided into three categories, all of which contribute to the final objective of increased field application of the method:



A.	Improvements in the theory of test design and interpretation



B.	Better laboratory procedures for providing essential test data



C.	Presentation and analysis of existing test results for SOR in as many cases as possible



The details of the work done under this contract will be preceded by a brief history of the single-well tracer method.  Since the technology is proprietary to Exxon Production Research Company, an explanation of the available licensing and field service arrangements is included.





History



The single-well chemical tracer (SOR) method works because the tracer molecules distribute themselves locally according to a determinable equilibrium relationship between pockets of trapped oil and flowing water.  This chromatographic effect was first proposed as a way to measure SOR by Cooke4.  He suggested injecting two tracers dissolved in brine into one well, and producing the brine and tracers from a second well nearby.  If the two tracers had different distribution ratios between oil and brine, they would separate during the flow from injection to production well.  He showed that the relative amount of separation could be related quantitatively to SOR.  This is equivalent to the separation obtained in an analytical chromatographic column used to analyze mixtures.



The practical difficulties in applying this idea are reviewed in Chapter VII of the I.O.C.C. book2. These problems can be avoided by using a single well for the SOR test.  However, some means must be devised to avoid the reversibility problem: Two tracers injected simultaneously will separate as they flow out from the well, but as they are back-flowed into the same well, they will rejoin if the flow pattern is reversible. No separation will be observed, and SOR cannot be determined.

I

Since the reversibility of flow paths is potentially a major advantage of a single-well test, some other irreversibility had to be introduced to cause a separation of tracers.  The first laboratory experiments using a chemical reaction to produce a tracer in-situ were reported by Deans5 in 1967.  Ethyl acetate dissolved in brine was injected into a sand pack containing a refined oil at residual saturation.  The ester bank was followed by a bank of 1 N Na2CO3 solution in brine.  As the high pH water overtook the ester bank, hydrolysis occurred, producing ethyl alcohol and sodium acetate.  When the flow was reversed, the ethyl alcohol was produced first, followed by the unreacted ethyl acetate.  The separation between the two concentration peaks was used to calculate a value for SOR which compared well with the known saturation of the sand pack.



The first field test was run in 1968 using a modified procedure.  The use of sodium carbonate solution in oil field brines was found to be impractical because of precipitation of calcium carbonate which plugged the formation.  The ester bank (1(% ethyl acetate in formation water) was therefore injected alone and allowed to hydrolyze at formation conditions of temperature and pH.  A relatively long shut-in time was planned to allow ethanol to reach high enough concentration for good analysis.  The results of this first test, reported by Tomich et. al.6 and in Chapter 5, were significantly affected by fluid movement in the target formation during the shut-in time.



The next three field tests were conducted in 1969 in one well.  A small volume (mini) test was first run to confirm reaction rate and test for fluid drift in the target zone.  This was followed by a large volume (2000 bbl.) test which was produced back by gas lift.  Because of concern about loss of esters to the gas lift gas, a third test was run after a rod pump was installed in the well.



These tests gave excellent data.  The response curves from the first two were simulated successfully by a computer program which solved the basic differential equations of fluid flow with dispersion and chemical reaction.  The value of SOR obtained was the same for the two different injected volumes, within the experimental error of ( 1.5 pore volume %.  Since all the technical goals of the test program were satisfied, Exxon Production Research Company (E.P.R.Co.) decided to apply for a patent to cover the new technology.  This patent7 was granted in 1971, and is the basis for the technology licenses which E.P.R.Co. has offered to the industry since 1971.



The basic concept of chromatographic separation in a single-well procedure has been used in other ways.  Deans and Shallenberger8 report measuring connate water saturation by injecting an ester dissolved in crude oil, allowing it to hydrolyze partially, then back-producing the oil containing the tracers.  The principles are identical to those used in the SOR test.



Tomich and Deans9 patented a procedure for measuring residual phase saturation which uses fluid drift as the irreversible step.  Two tracers with different distribution ratios between the flowing and residual phases are injected.  The tracers are then allowed to drift with the linear motion of the mobile phase in the target formation.  The tracer with more affinity for the residual phase does not drift as far.  When the brine is back-flowed into the well, quite different profiles are obtained for the two tracers.  Residual phase saturation and drift velocity are then obtained by computer simulation.



Chapter 5 reports results for 59 single-well tracer tests for SOR determination.  The data cover almost all tests run from 1968 to 1978 by E.P.R.Co. and its licensees.  Many of the tests between 1972 and 1976 were run with the technical assistance of Core Laboratories, Inc., who operated as an E.P.R.Co. licensed service company.  Core Laboratories no longer offer this service.  At the present time, Geochem Research, Inc. of Houston is licensed by E.P.R.Co. to provide field assistance and other services associated with the single-well chemical tracer technology.

�Chapter 2

Theory of the Single-Well Chemical Tracer Procedure





Modeling Flow of Tracers in Porous Media



Any quantitative interpretation of a physical system begins with a model.  Usually, this is a mathematical statement of the important relationships which govern the processes occurring.  In the case of single-well chemical tracer tests, we start with a description of tracer molecules which move with two immiscible phases in a porous medium.  In reference 2 (chapter 7), we show that the local interstitial velocity � EMBED Equation.2  ��� of tracer i under limiting conditions is given by



� EMBED Equation.2  ���	2-1



where 	� EMBED Equation.2  ���	= local interstitial brine velocity

	� EMBED Equation.2  ���	= local interstitial oil velocity



and	� EMBED Equation.2  ���	2-2



where 	So	= local oil saturation

	1-So	= local brine saturation 



� EMBED Equation.2  ���	2-3



where	� EMBED Equation.2  ���	= local concentration of tracer i in oil

	Ci	= local concentration of tracer i in brine



Equation 2-1 assumes local equilibrium of tracer i between the two phases even though the velocities (Vo and (Vw are different.  This assumption can only be justified if the two phases are really in close proximity.  The oil and brine must be flowing through the same pores, or least through adjacent pores such that rapid diffusional transfer of tracer i is possible.



Equation 2-I describes a general chromatographic effect.  Since (i is non-negative, (Vi must lie between (Vo and (Vw.  For the remainder of this chapter, we assume So = SOR which means that (Vo = 0.  Then,



	� EMBED Equation.2  ���	2-4



which says that (Vi is bounded by  zero  and ( Vw

�Detailed Simulation of Tracer Tests



In order to model the entire process of a single well test, we must write equations which contain all the effects observed (including the chromatographic retardation of 2-4).  These effects are



(1)	local accumulation of tracer i distributed at equilibrium between flowing brine and stationary oil



(2)	linear or radial flow of tracer with the brine, either away from or toward a point of origin



(3)	dispersion or mixing effects, which cause sharp concentration profiles to become diffuse, as observed in all real experiments



(4)	chemical reaction, which converts primary tracer (reactant) to secondary tracer (product).



For tracer i, the continuity equation contains terms associated with these effects:



� EMBED Equation.2  ���	2-5

	(1)	(2)	(3)	(4) 





where	(Vw  -  velocity, which satisfies ( ( (V = 0  (incompressible, steady  flow)



	� EMBED Equation.2  ��� =  dispersion tensor whose elements are normally assumed to be linear functions of the components of (Vw



	(i  -  reaction source of tracer i, negative if i is a reactant, positive if i is a product.



Under conditions such that terms (3) and (4) are negligible, equation 2-5 can be reduced to 2-4 using the method of characteristics.



Simulating a tracer test6 involves solving equation 2-5 for primary tracer A and product tracer B. Initial and boundary conditions appropriate to the field test are applied.  Unknown constants in (Vw, � EMBED Equation.2  ��� and (i  are then evaluated by trial and error.  Finally, the value of (A is determined which gives the best fit to the field-measured concentration profiles.  Assuming KA has been determined (see Chapter 6 of this report), equation 2-2 can be solved for SOR to give



	� EMBED Equation.2  ���	2-6



The SOR measured thus depends directly on laboratory results for KA and the simulator-derived estimates of (A.



This process, referred to hereafter as "detailed simulation," was used to obtain most of the values of SOR reported in Chapter 5.  Various computer simulator programs for this purpose are available from E.P.R.Co. as part of their licensing arrangements.  A one-dimensional, multi-layer simulator developed under this contract is reported in Chapter 7.

�Direct Interpretation of Single-Well Tests



The application of the detailed simulation procedure using equation 2-5 has been ultimately successful in the great majority of cases.  Not only have plausible values of SOR been obtained, but other useful information was generated during the simulation efforts.  As discussed in Chapter VII, modeling of real reservoirs often requires adding features to the first order model represented by equation 2-5.  The parameters associated with these features must also be evaluated during the simulation process.



There is a basic simplicity in equation 2-4, however, which should allow more direct interpretation of single-well chemical tracer tests.  If we are willing to forego some of the other details implicit in the tracer production profiles, we should be able to obtain SOR from simple calculations if the test goes according to the following simple theory.



Suppose that the primary tracer A is injected instantaneously (as an impulse), and pushed into the formation by injecting a volume of brine QINJ.  The well is then shut-in for a time tSOAK which is very long compared to the injection time tINJ.  A fraction of the primary tracer A reacts to form product tracer B.  The tracers are then produced back quickly.  We expect to see the unreacted tracer A appear after QINJ bbls. of fluid have been produced, assuming dispersion is not significant.  The product tracer B should appear sooner.  If the product distribution coefficient KB = 0, we would expect the retention volume of B to be



	� EMBED Equation.2  ���	2-7



Since the retention volume of A is QINJ we have



	� EMBED Equation.2  ���	2-8

This will be true under the conditions stated, namely,



(1)	Pulse injection of A

(2)	Negligible dispersion

(3)	All reaction occurs during the shut-in period, when tracer A is stationary

(4)	KB = 0

(5)	The flow is reversible, so that QA = QINJ



In a practical field application of the single-well chemical tracer procedure, none of these assumptions is entirely valid:



(1)	We inject primary tracer A mixed with QA bbls. of brine, then push the tracer bank into the formation with (QINJ-QA) bbls. of brine.  The injection profile variable,



	� EMBED Equation.2  ���	2-9



never approaches a pulse.  It is normally in the range, 0.25 < F < 0.50.



(2)	Dispersion is always present, as noted earlier.



(3)	The time of injection and production is never completely negligible compared to tSOAK.  Reaction occurs while A is moving  as well as during the shut-in period.



We define the injection-to-soak time ratio as



	� EMBED Equation.2  ���	2-10



We also define the production-to-injection time ratio as



	� EMBED Equation.2  ���	2-11



	where � EMBED Equation.2  ���, the time required to produce QINJ bbls.

	qPROD = average production rate



	Corrections to 2-8 for non-zero R are quite important, as we will see.



(4)	For the alcohol products normally used, KB < 0.1, which means (B < 0.03 for most tests. This correction can easily be incorporated in equation 2-8 if necessary.



(5)	If drift velocity is significant, or if partial plugging of selected zones (check-valve effect) is observed, equation 2-8 must be corrected.  Certain limiting cases are discussed below and in chapter 7.





General Definition of Retention Volume (Qi



In the absence of dispersion, there is no problem defining  the  retention  volume  of an impulse injection of primary tracer A. Under the assumptions leading to equation 2-8, product B will also return as an impulse so that its retention volume is well defined.



For real cases with dispersion, we need a definition of retention volume for tracer i which reduces to the above results when dispersion becomes negligible.  A suitable choice is the first moment of volume defined by



	� EMBED Equation.2  ���	2-12



where Ci(Q) is the measured concentration of tracer i in the produced brine, a function of the volume of brine produced.  If Ci(Q) is indeed an impulse produced at volume (Qi, then Qi = Qi as desired.





Calculation of (1+(A) from (QA and (QB



We now consider how equation 11-8 must be modified to obtain 1+(A for realistic cases.  We assume that the two concentration profiles CA (Q) and CB(Q) have been obtained from a single-well tracer test, and can be integrated according to equation 2-12.  Techniques for and examples of this process are discussed in Chapter 7.



Deans and Lapidus10 reported a perfectly mixed cell model for simulating flow with reaction in fixed catalyst beds.  We have modified this model to apply to radial flow of brine and reactive tracers in a porous medium containing residual oil.  The details of numerically approximating equation 2-5 with this model are given in Appendix A-1.



The mixed cell model was shown10 to have computational advantages over direct numerical solutions of equations such as 2-5.  It is also possible to obtain a number of useful results analytically from this model.  For example, we prove in Appendix A-2 that if R equals zero (all reaction occurs during shut-in), then



	� EMBED Equation.2  ���	2-13



even in the presence of dispersion, and independent of how tracer A was injected (i.e., this relation holds for any value of F between 0 and 1).



This important result confirms the use of equation 2-12 to define mean retention volume.  It also shows that the inevitable dispersive effects are of second order importance, and suggests that we need not concern ourselves too much about how we inject the primary tracer A.





Corrections for finite R



As noted earlier, it is never practical to make the injection-to-shut-in ratio R effectively zero.  We now investigate how equation 2-13 can be corrected when a the chemical reaction A ( B occurs to a significant extent while the brine is flowing.



We assume that the hydrolysis reaction is first order in concentration of A and irreversible, that is, in equation 2-5,



	RA  =  -k  CA



and

	RB  =  +k  CA



where  k  is the first order rate constant.  There is ample experimental evidence to support this assumption6.



It is then possible to solve equation 2-5 analytically if we ignore dispersion and inject tracer A as an impulse.  The details are given in Appendix A-3.  Again, we assume (B=0.  The analytical solutions we obtain for CA(Q) and CB(Q) can be integrated according to equation 2-12.  The results are combined to give



	� EMBED Equation.2  ���	2-14





We have shown (See Appendix A-4) that equation 2-14 can be simplified considerably if the condition



	� EMBED Equation.2  ���	2-15



holds.  This is in fact the requirement that less than half the injected primary tracer A reacts during the test.



The simplified result is



	� EMBED Equation.2  ���	2-16

where



	� EMBED Equation.2  ���



This is remarkable for several reasons:



(1)	It is independent of the extent of reaction of primary tracer A during the test.



(2)	For given (A it depends only on the ratio R, and clearly has the proper limit (equation 2-13) when tINJ << tSOAK (R ( 0).



(3)	The dependence on (A is simple enough that equation 2-16 can be readily used for optimal design of tests, as seen later.



Equation 2-16 has been shown to be broadly useful for real test conditions.  Although it was derived for impulse injection of primary tracer A into a non-dispersing medium, we have shown by direct simulation that the result is quite general.  Correction factors for dispersion and injection profile parameter F are given in Chapter 7.  These corrections cover the usual range of field test conditions for single-well chemical tracer tests.





Theory of Optimal Test Design



We will now use equation 2-16 to evaluate the effect of the parameter R on the sensitivity of a single-well chemical tracer test.  We assume that the corrections for dispersion and injection profile parameter F are not important in this context.

We can define the sensitivity of a single-well test in the following way.  We assume that the total injected volume has been decided on, so that (QA is fixed.  The quantity which will vary with SOR is the mean retention volume of the product tracer, namely, (QB.  In normalized form, sensitivity is then
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We use the negative sign since (QB decreases as SOR increases.



For the ideal test, tINJ << tSOAK, and equation 2-13 applies.  Using equation 2-17,
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From the definition of (A, equation 2-2,
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Within certain limits, we are free to choose the primary tracer A (therefore KA) to maximize S. Differentiating equation 2-19 with respect to KA, we get
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We set this result equal to zero and obtain
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which says (A = 1 gives optimal sensitivity for an ideal single-well tracer test.



The sensitivity for a more realistic test (R ( 0) can be obtained from equation 2-16.  Rearranging,
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From definition 2-17,
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Again, (A = 1 gives optimum sensitivity regardless of the value of R. However, test sensitivity is reduced by the factor in brackets in equation 2-23.  In the worst case, when



tSOAK=0,  this factor is 0.5.





Obtaining SOR Directly From Concentration Profiles



For chemical tracer tests in which the non-zero value of R is the major non-ideality, (A can be obtained directly from the functions CA(Q) and CB(Q) which are measured during the production phase of the test.  The procedure is as follows:



(1)	Calculate  � EMBED Equation.2  ���	from basic test data:



(2)	Using a suitable integration procedure, calculate (QA and (QB from CA(Q) and CB(Q) using 2-12.



(3)	Solving 2-16 for (A,
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 (4)	SOR then follows from equation 2-6, assuming KA has been measured in the laboratory at reservoir conditions.





Correcting for Fluid Drift in the Formation



In many single-well tracer tests, our assumption of radial flow is invalid for a specific reason.  Especially in fields that are under active water flood, there is linear movement of brine at the test well because of unbalanced fluid withdrawals.  We refer to this linear flow as "drift." It must be superimposed on the radial flow pattern caused by the tracer test if a realistic simulation is to be achieved.



Exxon Production Research Company has developed special simulation programs to account for this two-dimensional flow field.  We were allowed to use these programs to develop correction factors to be applied to equation 2-16.



The corrections for "drift" depend on the single dimensionless parameter
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where VD = interstitial linear "drift" velocity.  We see that D is the square of the ratio of the total drift distance during the test to radius of investigation of the injected fluid.



Under the same conditions that equation 2-16 is valid, we have used the two dimensional simulator to obtain the following empirical results:
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where ((QA)0 is the retention volume of tracer A when the drift parameter D = 0, and



	P1  =  1.15D+0.21D2	2-28



	P2  =  1.40D+0.60D2	2-29



Simulations have shown that these approximations of (A hold to within ( 2% of the value of (A for D < 2/3 if (A is in the range, 0.5 < (A < 4.  Equations 2-26 and 2-27 reduce to 2-16 when D=0.





Effect of Drift on Test Sensitivity and Optimal Test Design



These empirical results can be used to estimate the effect of fluid drift on the planning and conduct of a tracer test.  The limit D < 2/3 covers most test situations observed to date (see Chapter 5).  In the few cases that drift was greater, distortion of the tracer profiles caused the test results to be poor or even useless.



Equations 2-26 through 2-29 can be substituted into the definition 2-17 to give
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Differentiating with respect to KA and setting the result equal to zero yields
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This results tells us that we must use tracers with higher values of KA if drift is expected.  For example, if D = 2/3, (OPT � EMBED Equation.2  ��� 1.86.  For a 25% oil saturation, optimal KA increases from 3. 0 to 5.6.



We can see from equation 2-30 that drift will decrease test sensitivity.  In the ideal case (R = 0) with optimum (A,
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For D = 2/3,  SDRIFT = .636 SIDEAL.  In more realistic cases, the loss of sensitivity is even greater.



It should also be stressed that these results are theoretical.  There are other practical problems which arise when fluid drift distance approaches the radius of investigation in a tracer test.  For all these reasons, the test designer must attempt to minimize D.





Theory For A "Drift" Test to Measure SOR



Tomich and Deans9 patented a single-well method for measuring SOR using non-reactive tracers.  Two tracers with different distribution coefficients are injected into a formation in which significant fluid drift occurs.  The inventors showed by computer simulation that the tracers would be separated when they were produced back into the injection well.



Equation 2-26 can be used to obtain an estimate of the sensitivity of this alternative procedure.  We assume that the two tracers are A1 and A2; A2 is not soluble in oil, so that � EMBED Equation.2  ��� = 0.  If the two tracers are injected simultaneously, � EMBED Equation.2  ���.  Consequently, from Equation 2-26 
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If we define sensitivity as
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we obtain
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Referring to earlier results, we see that � EMBED Equation.2  ��� again.  The optimal sensitivity is then,
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where SIDEAL is defined by equation 2-19.  For D = 2/3, � EMBED Equation.2  ��� =0.46 SIDEAL.

As D approaches zero, of course, the sensitivity of this alternative procedure also approaches zero.





Retention Volumes For Layered Reservoirs



One of the advantages of the single-well chemical tracer method is its insensitivity to permeability stratification in the test interval.  As long as cross-flow between layers is not extensive, the primary tracer injected into layers of different permeability returns to the well as a coherent bank.  This assumption of flow reversibility even in stratified systems seems to hold in most cases.



In other cases, we have good evidence that the flow is not reversible.  We define the fraction of the total injected fluid which a particular layer accepts during injection to be fi, where i refers to the layer.  Similarly, the fraction of the total produced fluid from layer i is gi.  By definition,
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If fi ( gi for any layer i (note: this must be true for at least two layers in a given formation consisting of N layers), we say that the flow is irreversible for the tracer test.  For reasons that will be clear later, we must require that gi > 0, all i.  If a layer will accept fluid but not produce fluid back, we have to exclude it from the model and correct the overall material balance accordingly.  However, we do allow the case of fi 0 if gi > 0. Physically this represents a layer which is plugged during injection and unplugs during production.  This has happened in past tests and results in a dilution of the measured tracer concentrations.



We have used the impulse-input case with no dispersion to derive a correction factor for retention volume of the primary and product tracer in the ideal case, R=0.  The result is,
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where � EMBED Equation.2  ��� is the retention volume for the same test in the reversible limit, when fi=gi, all layers.



The multi-layer simulator described in Chapter VII has been used to extend this result for more general input conditions and for R > 0.  For primary tracer A, equation 2-38 is valid for 0 < R < 0.5 and for 0 < F < 0.5. The corrected version of equation 2-16  or the multi-layer case is,
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where
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As expected, the corrections vanish for the ideal case (R=0) and when fi = gi, all i, the reversible limit.



Practical application of these corrections requires information to evaluate the fi’s and gi’s.  This problem is discussed in Chapter 7.



An interesting consequence of equation 2-38 can be seen upon partial differentiation with respect to fi and gi under constraint of equation 2-37.  The result is that 
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where the equality holds when fi = gi, for all i (the reversible limit).  Thus, flow irreversibilities must increase the measured retention volume, regardless of the cause of the irreversibility.  This result has potential applications beyond single-well chemical tracer testing.





Theory for Tracers in Two Phase Flow



A theory to describe tracer movement in two phase flow was reported by Deans11.  Under the same local equilibrium assumption used in deriving equation 2-4, the local velocity of tracer i is given by:
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where (Vo is the local velocity of the oil phase in the pores.  This result clearly reduces to equation 2-4 when (Vo = 0; that is, when So = SOR.



Equation 2-43 is then used with the theory of one-dimensional, two-phase flow in porous media derived by Buckley and Leverett12.  The oil fractional flow fo is defined as (velocities are no longer vectors in one dimension)
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where UTOT is the total "Darcy” velocity.  fo is assumed to be a function only of oil saturation So.



The primary result of Buckley-Leverett theory is that values of oil saturation So move through the reservoir at discrete velocities � EMBED Equation.2  ��� given by
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where the derivative � EMBED Equation.2  ��� is evaluated at the particular value of So



Equation 2-43 can be written in terms of fo and UTOT for one dimensional flow:
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Deans11 showed that under certain conditions a tracer with distribution coefficient Ki will "follow" a particular saturation into the reservoir during the injection phase of a tracer test.  The particular value of saturation corresponding to Ki is obtained by setting � EMBED Equation.2  ���.  The resulting relationship is, from equations 2-45 and 2-46, 



	� EMBED Equation.2  ���	2-47



A simple graphical solution of 2-47 is illustrated in the same paper 11



A candidate well for a single-well chemical tracer test may not be completely “watered out." Even through the well is producing mainly water, the fractional flow function fo may be such that the actual oil saturation (So near the well is still considerably larger than true residual oil saturation SOR.  The question naturally arises, "which oil saturation will we measure with a tracer test?"



Solutions to Equation 2-47 can be used to answer this question theoretically, provided that a realistic fractional flow function fo(So) is available for the target formation.  For a given chemical tracer with distribution coefficient Ki in the target oil-brine system, the solution to 2-47 will be a saturation (So)i.  There are three possible cases:



	(a)	(So)i > (So



	(b)	SOR < (So)i < (So



	(c)	(So)i < SOR



in case (a), theory suggests that the tracer test will measure (So, the resident oil saturation.  In case (b), (So)i will be measured.  Finally, for certain types of fractional flow functions the derivative � EMBED Equation.2  ��� will have a finite value at SOR.  For sufficiently large Ki, case (c) will apply, and the tracer test will measure SOR.  For other types of fo(So) curves, SOR is measured only in the limit of infinite Ki.



These results have been tested by computer simulation.  Gadgil,13 working on his M.S. Degree under this contract, has developed a numerical simulation of two-phase flow with tracers.  His computer simulator calculates the tracer profiles CA(Q) and CB(Q) for the production phase of hypothetical tracer tests.  The initial saturation (So and the function fo(So) are supplied as input data for each run.



The program then computes(QA and (QB by direct integration of the output curves.  Equation 2-16 with the corrections given in Chapter 7 is then used to calculate an apparent (A and an apparent SOR. Gadgil has verified the theoretical predictions for cases (a) and (b) within numerical error.





Leaching of Soluble Components and Temperature Effects During Brine Injection



Brine containing tracers is injected to begin the normal tracer test.  This water has usually been stored at atmospheric pressure in a surface facility prior to injection.  It contains essentially no dissolved light hydrocarbons, and is probably at some temperature less than reservoir temperature.



When such water is injected into a formation which contains "live" residual oil, light ends will be leached out of the residual oil phase to saturate the water.  The volume of the oil phase will shrink, and its composition will change as the methane, ethane, etc. are removed.  In addition, the formation will be cooled by the injected water for some distance into the reservoir.



All of these effects can produce errors in the results of a single-well tracer test.  The distribution coefficient for the primary tracer, KA, is usually determined in the laboratory at reservoir temperature using test brine and live crude oil.  KA is known to vary with oil composition and temperature, although the extent of this variation will not be known precisely until experimental data are obtained on a particular system.  If the conditions are not the same where the �tracer is located during the test, the wrong KA will be used, and SOR will be in error according to equation 2-6.



If we assume local equilibrium between brine and soluble components in the oil, we can calculate the velocity VL of the leaching front for each soluble component.  Ahead of this front, the brine will be saturated with that component; behind the front, the residual oil phase will be highly depleted of the same component.  The theoretical frontal velocity is approximately
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where (SCF)OIL	=	content in standard cubic feet per reservoir bbl. of the soluble component in live crude

(SCF)BRINE 	=	solubility in standard cubic feet per bbl. of brine of the soluble component at reservoir conditions.



For example, a typical reservoir "live" oil might contain 300 scf/res.bbl of methane.  The solubility of methane in  5% NaCl brine at  180ºF is about 15 scf/bbl at 3500 psi.  Under  these conditions,
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Comparing this result to equation 2-4 and the definition of (i, equation 2-2, we see that the leaching front velocity will be less than the tracer velocity Vi as long as Ki is less than 20.  For most tracer tests, this will be the case.  Hence, the tracer will move into the reservoir faster than the leaching front, so that the tracer will see oil which has not been depleted of methane.  The same result is normally true for ethane and heavier hydrocarbons.



We can calculate the velocity of the thermal front using the same local equilibrium assumption.  Since the cold injected brine must cool off rock as well as the residual phase, the thermal front velocity (VT is slower than the brine velocity.  It is given by
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where ((c) = volumetric heat capacity. For a typical sandstone with ( = 0.25 and SOR = 0.25,



	� EMBED Equation.2  ���	2-51



If the tracer used has a Ki such that (i is less than 2.5, the tracer will precede the cooling front, and contact oil at reservoir temperature.



Finally, we note the dangers of preinjecting brine before the tracers are introduced.  In this case, leaching fronts and the thermal front will produce a zone of altered conditions for the tracers to traverse.  Such effects are reported by Gadgil13 for leaching of light components.  We discuss preinjection in Chapter 4 with these effects in mind.

�Chapter 3

Test Planning and Design





Introduction



The single-well chemical tracer test has been carried out more than sixty times since 1968.  Values for residual oil saturation, SOR, have been determined in over thirty reservoirs using this procedure.



The purpose of this chapter is to explain the planning and execution of a single-well tracer test to a potential user of the method, who presumably has one or more target reservoirs in mind.  We assume that the reader is familiar with the general features of tracer testing, and understands the basic principle which makes it work. Chapters 1 and 2 and references 1 through 7 may be consulted for background and details.



We consider the following steps:



(1)	Picking the best candidate well and target zone



(2)	Sizing and costing the actual test, including choice of tracers, test volume, shut-in period, etc.



(3)	Planning necessary workovers, surface modifications



(4)	Setting up in the field



(5)	Injecting chemicals in brine; metering and analyzing for tracer concentration



(6)	Producing back fluid; separating fluids, metering, sampling, analyzing



(7)	Sample preservation; other data/tests



All of these steps must be carefully accomplished if valid test results are to be obtained.  The first three or four must be considered even if the only objective is evaluating test costs.





Choosing the Candidate Well and Test Interval



In many cases, the choice of candidate wells in a field is restricted.  In active fields, very few unused wellbores are available at any given time.  The inherent requirements of the tracer test -- watered-out well, sound casing, completion in the target zone, etc., -- may limit the selection to one or two wells.  This is especially true if cost restrictions dictate using an existing completion.



In other cases, the choice may be broader.  The available wells may penetrate multiple potential zones, all of which may be more or less depleted.  Multiple tests may be planned in the same hole, in which case the order of testing is important, since minimizing scheduling problems and costs of workover procedures must be considered.



In choosing the candidate well and test interval, the responsible engineer must take into account certain principles of the single-well chemical tracer procedure:



(1)	Vertical isolation of the test interval is very important.  The flow of brine containing tracers must be essentially radial and reversible if test results are to be interpreted quantitatively for SOR.  Whenever possible we plan to run tests during injection to make sure the fluid enters only the target interval.  It is important to have good logs to use in choosing the shale barriers or other confining layers to define the test zone.  If doubt exists, workover procedures should be considered to establish vertical confinement.



(2)	The target zone should be well depleted near the candidate well.  Suitable production tests should be planned to confirm low oil production.  A producing oil cut of 2% or less is desirable but not essential.  Tests can be run in zones with significant oil mobility (see Chapter 2).  It must be recognized that the apparent oil saturation determined will be somewhere between initial So and true residual saturation SOR.  The apparent So will depend on the K-value of the ester used.  The closer to SOR the initial saturation is, the less the uncertainty in its value will be.



(3)	Thick zones should be tested as a single interval only if other factors prevent subdivision into thinner zones.  In theory the procedure is independent of test interval thickness (and porosity) and, as seen in Chapter 5, heights of test zones have varied from 8 to over 100 feet.  However, the procedure basically gives a single number for SOR.  This number is a water-permeability-weighted average over the entire interval.  The thicker the zone, the more likely it is that reservoir layers of different properties will get averaged into the single answer.  If intermediate shale barriers exist, we would consider testing subintervals starting at the bottom of a sequence of layers and working up hole.  Total cost of such a  series will be less than the same number of tests in different wells.  Another advantage of the thinner section is that test volume (and thereby costs) can be reduced, as shown below, without sacrificing depth of investigation. 



(4)	The candidate well should in no case have been used for water flood injection prior to the test.  Large volumes of injected water produce irreversible changes in the residual oil near the wellbore  Both hydrodynamic stripping and leaching of soluble fractions will produce abnormally low values of apparent SOR.



(5)	We avoid choosing wells that have been hydraulically fractured, whether intentionally or inadvertently.  The assumption of radial flow is invalid in a fractured zone.  Integrity of vertical confinement is often in doubt.  Both factors will make test interpretation difficult if not impossible.



(6)	If alternative sites are available after considering the above factors, the choice can be based on convenience of the surface location.  The test requires a source of injection water; suitable production means; a way to gauge production; some way to dispose of the produced fluids; and sufficient space to locate pumps, filters, analytical equipment, and separators/tankage if appropriate.  For an offshore test, these considerations may play a major role in well site selection.





Well Completion



Good test results depend on minimizing the well-bore volume. If possible, a packer should be run on the end of the tubing (no stinger!) and set as near to the top of the test interval as practical.  Generally speaking, bypassed (dead) volume should be avoided in the well-bore as well as in the surface piping system.



A packer is essential if gas lift will be used as the production mechanism.  Gas lift design must avoid backflow of tubing fluids into the annulus during injection or shut-in phases of the test.



If a submersible pump (electric or rod driven) is to be used, provision must be made for injecting fluid containing tracers through or around the pump.  In the case of a rod pump, this may only require that the plunger be unseated temporarily during injection.  In other installations, the rods and insert may have to be pulled to allow tracer injection.  In one application of a submersible electric pump, a sliding-sleeve valve above the pump was activated by a wire line.



In a few cases, injection has been down the annulus with a rod pump in place in the tubing (no packer, of course).  This should only be considered if the casing is known to be in excellent condition (no corrosion).



One factor must be considered whatever the configuration of pump and well-bore.  Solutions of about 1% ester in brine will cause swelling of many types of elastomers.  When in doubt, it is prudent to test exposed gaskets, seals, o-rings, etc., by soaking for a few days in the 1% ester solution.  Excessive swelling can render such parts inoperative.





Sizing A Test and Choosing the Ester



The major advantage of the single-well tracer method is the volume of reservoir it samples.  Coring and logging procedures for SOR determination look at a few cubic feet at most.  The normal chemical tracer test contacts many thousand cubic feet.



Chapter 5 indicates that the radius of investigation of past tests has varied from 6 to over 20 feet from the wellbore.  Assuming an average porosity of 25%, SOR of 25%, and a "(“ factor for the tracer of 1.0, we can calculate the required volume to be injected per vertical foot of interval:
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The injected volumes for most tests have been within a smaller range, 40-70 bbls/ft.  This assures a reasonable depth of investigation, far beyond well-bore damage in most cases.



The injectivity and productivity of the candidate well must now be considered.  In planning a test we need to consider total test duration, which will be a primary factor in test cost.  We must plan on producing back at least twice as much fluid as we intend to inject, in order to get complete tracer profiles.  In cases where large dispersion or significant fluid drift is expected, more than twice the injected volume may have to be produced.



We assume that the well will accept fluid at a rate qINJ.  Surface pressure during injection must be kept below parting (fracture) pressure (best results have been obtained when the well took fluid "on vacuum")  We also assume the well can be produced at steady rate qPROD (by gas lift, rod pump, submersible pump, or natural flow).  As shown in Chapter 2, test sensitivity depends on the ratio of total flowing time (injection plus production) to shut-in time (hydrolysis or soak period).  Best results are obtained if
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although this is not an absolute requirement.  If the total test volume is to be QTOT, the test duration is then approximately,
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This assumes that the calculated soak time is long enough to get sufficient ester hydrolysis so that the product alcohol can be detected.  Hydrolysis of 10% of the injected ester is considered a normal lower limit.



However, soak time (plus flow time) should not be so long that all the ester is reacted.  Again referring to Chapter 2, test sensitivity begins to suffer when more than about 50% of the ester is hydrolyzed during the test -- injection, soak, and production.  Sensitivity is severely affected for 80% conversion, which can probably be taken as an absolute upper limit.  The fraction converted is given approximately by 



	� EMBED Equation.2  ���	3-3



where k is the first order hydrolysis rate constant for the ester.



k depends of course on the choice of ester, but also on the reservoir temperature.  Data from previous tests are available for methyl acetate, ethyl acetate, propyl acetate, ethyl formate, and propyl formate.  Correlations for estimating k as a function of temperature are given in Chapter 5 for ethyl acetate and propyl formate, the two most frequently used primary esters.



Assuming reservoir temperature is known, we can now put limits on QTOT and choose an ester:



(a)	QTOT = 40H - 70H bbls,



where H = stratum thickness.  This guarantees adequate depth of investigation.



(b)	Given qINJ and qPROD,
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(c)	From equation  III-3,
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	Using the limits 0.1 < (HYD < 0.8,



or	� EMBED Equation.2  ���



i.e.,	� EMBED Equation.2  ���



This range is sufficiently broad that a suitable ester can be found in the temperature range 70ºF to 250ºF.  The formates appear to be about 50-80 times as reactive as the corresponding acetates; this dictates using formate esters at low reservoir temperatures.  The "crossover" temperature seems to be about 1200ºF. Above this temperature, acetates are preferred.



The other factor in the choice of ester is the distribution coefficient (KA value).  As shown in Chapter 2, there is an optimal range for the parameter (A,



(d)	0.5 < (A < 2



which gives best test sensitivity.  That is, the amount of shift of the product (alcohol) peak is greatest for a given difference in SOR if BA is in this range.  Since some experimental uncertainty in the product profile is inevitable, we try to keep (A within these limits where practical.



Panning for optimal ( requires, of course, an estimate of SOR since
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Solving for KA
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One exception to this rule might be noted.  If low conversion of ester to product is expected, and if the injected ester may contain some product as a contaminant, it is preferable to have (A > 2.  The product profile will then show better separation between the alcohol injected with the ester and the alcohol produced by hydrolysis in the reservoir.  The simulator can then be used to divide the two sources of product so that the contaminant can be ignored.





Example Case



A hypothetical reservoir with the following known properties will be used to obtain a test design:



H	=	24 feet (sand)



TRES	=	150ºF



(	=	0.25 (porosity)



qINJ	=	600 bbls per day (vacuum)



qPROD	=	400 bbls per day (rod pump)



Test water	=	formation water, 50,000 ppm T.D.S.



Oil	=	30ºAPI, 400 scf/bbl GOR, naphthenic



(SOR)est	=	20% ; well produced < 1% oil during last test.



RI	=	radius of test investigation
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(a)	Choose Q = 50 bbls/ft. ; use (A = 1 for estimating radius of investigation, RI (see

equation VII-7).  Then QTOT = 50x24 = 1200 bbls.
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(b)
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2 days  injection



10  days  shut-in  (soak),



6 days production.



(c)	The hydrolysis rate constant k should be in the range,
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Referring to Fig 5-3 in Chapter 5, the reservoir temperature of 150ºF gives a range of k of .02 - .03 for acetates.  Formates are definitely too reactive at this temperature. 



(d)	For an “average” oil such as this one, and for a brine with T.D.S. of 50,000 ppm, we would expect the following K values for the possible acetates (see equation 5-1 for ethyl acetate):



Methyl Acetate   -   	KA 	( 	1.6

Ethyl Acetate	KA	( 	5.2

Iso-Propyl Acetate 	KA	( 	12

Propyl Acetate	KA	( 	16



The estimated values of ( are then



(()Methyl Ac	( 	0.4

(()Ethyl Ac	( 	1.3

(()IPAC	( 	3



The indicated choice is ethyl acetate.  Radius of investigation will then be 14 feet, since 1+(A = 2.3 (see (a)).



The normal range of concentration for ester in the injection brine is 0.5 - 2.0% by volume.  For ethyl acetate in 50,000 ppm T.D.S. brine, about 6% is the saturated concentration.  This means that 1% ethyl acetate solution can be mixed with minimal difficulty, either continuously, or as a batch if suitable tanks are available.  If the ester is continuously added to the brine stream, we use a high-velocity packed section of pipe (static mixer) immediately downstream of the addition point in the piping.



The choice of 1% ethyl acetate seems to be reasonable for two other reasons:



(a)	Since some dispersion of the tracer bank always occurs, the peak concentration of ester will average about 0.5% or less during a test.  With KA = 5.2, this means that the local residual oil phase contains less than 3% ethyl acetate when the ester peak is passing.  This amount of swelling is probably negligible in terms of mobilizing the oil.  The temporary change in oil properties, such as interfacial tension, should also be minimal.



(b)	From (c) above, we expect about 20% of the ester to be hydrolyzed.  This should give an alcohol peak concentration near 0.1% for the product profile.  Good gas chromatography procedure allows detection of ethanol in brine down to the .001% level (10 ppm).  This analytical precision is quite adequate to produce a good quality product profile during back-flow.



Finally, the fraction of the injected brine which contains ester must be decided on.  Sensitivity tests outlined in Chapter VII, have shown that 0.25 < F < 0.50 is best, where 
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For our example, a reasonable choice would be QESTER = 400 bbls of 1% ethyl acetate.  This would be followed by the injection of 800 bbls of brine containing no ethyl acetate to displace the primary tracer out to RI = 14 ft.



A material balance tracer is normally added to the entire bank of injected water.  Methanol, ethanol, isopropanol and tritiated water have been used.  This identifies the injected water, and helps in the simulation procedure, since production of non-injected water is thus readily detected.  The dispersion parameter in the simulation program can usually be estimated by fitting the return curve for this material balance tracer.



In cases where significant fluid drift and/or flow irreversibilities are expected, two or even three material balance tracers may be injected in different patterns.  Unique information is often obtained from each tracer in such cases.



Returning to the example, we choose to inject 400 bbls of 1% ethyl acetate in formation water.  The "push" bank will be 800 bbls of formation water; the entire 1200 bbls will contain 0.5% methanol as the material balance tracer.  We will also add 1% isopropanol for the last 100 bbls as a well-bore and drift tracer.  This will help us during the simulation phase of the test in two ways:



(a)	The appearance of the first production from the formation itself will be marked by a sudden drop in isopropanol concentration.  The fluid which was retained in the wellbore during the shut-in period is not subject to drift and dispersion, so its isopropanol concentration should remain at 1%.



(b)	The small-volume isopropanol bank injected into the formation is quite sensitive to fluid drift.  A 50 bbl net injection into our 25 foot zone will have a radius of only 4+ feet.  The isopropanol will be in the formation for just over 10 days (last injected, first produced).  A drift velocity of as little as 0.2 feet per day will cause significant distortion of the isopropanol production profile, while not bothering the methanol, ethyl acetate, and ethanol curves at all.  This second tracer will often allow the simulation to differentiate between drift and other disturbing effects, such as selective plugging (check valve effect) and other flow irreversibilities.



Based on the above, we plan to order a minimum of four bbls (168 gallons) of ethyl acetate, six bbls (252 gallons) of methanol, and one bbl (42 gallons) of isopropanol.  These numbers would usually be rounded up to the nearest drum (55 gallons).  The purest available grade of chemicals (99%+ if possible) should be used to avoid "stray" peaks on the gas chromatograph.



The Chemical Buyers Guide should be consulted for information on manufacturers of formates.  Solvent wholesalers normally stock the alcohols and acetates, or will be able to locate and arrange shipment.  Special containers will be required for air transport of these chemicals to remote test locations.



At 1980 prices, the total chemical cost of this test would be about  $1500.  This does not include cost of shipping or special containers if the chemicals have to be air freighted to a remote site.

�Chapter 4

Test Execution





Preparing the Candidate Well for the Test



We assume now that the candidate well has been chosen and completed in the test interval.  The test has been sized, the primary tracer decided upon and ordered in proper quantity.  We must now prepare the well and surface site for the test(s).  We will further assume a "normal" onshore location in what follows.  Where experience is available, we will discuss problems associated with remote and/or offshore sites.



We now have to consider the problems associated with injecting into and producing from the test interval at the desired rates.



Successful injection depends on having a clean well-bore throughout the injection period of the test.  This requires two things:



(a)	All fluid put into the well must be carefully filtered.  Precipitation of solids after filtration must be avoided.  These problems will be discussed below.



(b)	The well-bore must be clean initially.  This requires that a good cleanup procedure be carried out before injection.  As part of the workover, the well-bore below the test interval should have been cleaned of sediments by bailing, reversing out, etc.  The tubing (or casing if a tubingless completion is used) should be free of scale, etc., which might flake off during injection and block perforations and/or sand face.



Production of brine from the well after the hydrolysis period is the most critical phase of a single-well tracer test.  Whenever possible the well should be production tested prior to chemical injection to check out the lifting mechanism, separators, and whatever metering system is to be used.  It is especially important to be able to meter and sample carefully during initial production from the well.  Good interpretation depends on knowing when the first fluid arrives from the formation itself.





Test Water



If possible, water from the target formation should be used for the injection phase of the test.  This insures compatibility with the porous medium, and avoids salinity contrast between injected and native water, which can cause problems.  The distribution coefficient of the primary tracer depends on salinity and temperature as shown in Figs. 5-1 and 5-2.  If the injected water has widely different salinity than the resident water, a mixing zone will result.  The K-value of tracer in this zone will vary, which will complicate interpretation of test results.



In some cases, formation water will not be available.  The question arises as to whether the formation should be pre-flushed with injection water before adding tracers.  There are a number of good reasons not to pre-flush:



(1)	The injected brine containing tracer acts as a pre-flush, since the primary tracer, being retarded by the residual oil, will tend to lag behind the brine mixing zone.

(2)	Pre-flushing can strip the residual oil of light ends (methane, C02, ethane, etc.) because of their water solubility.  This can reduce the value of SOR,' and also change the oil composition, which can in turn change the K-value of the tracer.



(3)	Unless the injected water is at reservoir temperature, a zone of different temperature will be generated by the pre-flush.  Since the K-value is also temperature dependent, another uncertainty is generated.  In the absence of pre-flush the tracer bank will normally run ahead of the temperature front, so that the tracer contacts oil at reservoir temperature. (See Chapter 2)





Injection Phase



We assume now that the candidate well is completed and equipped for injection of brine containing tracers into the target zone.  Source water for the test is also assumed available, either from a pipeline or in tanks at the site which can be refilled by truck as needed.



Fig. 4-1 diagrams a typical installation for injection.  Brine is drawn from the tankage (1) by centrifugal pump (2) which delivers the water through the filters (3) to the mixing point (4).  Filtration in one or two stages is required to remove suspended solids and liquids (oil) down to 1 micron or less, depending on the permeability of the target formation.  Careful design of the filtration system is very important if progressive plugging of the formation is to be avoided.  Injection of dirty fluid has caused flow irreversibilities (check-valve effect) in a number of previous tests.



The chemicals to be mixed with the brine are drawn from drums (5) and injected at the mixing point (4) using variable-rate positive displacement pumps (6).  The stroke length/rate of these pumps is set to give the desired tracer concentration in the mixed stream leaving the static mixer (7).  Concentrations are monitored by taking samples at (8)  and analyzing for tracer concentration using a gas chromatograph (9).  The tracer solution is metered (10) and fed to the final pump (11) for injection into the well.  If the well will take fluid at the design rate on vacuum, (I 1) is replaced by a control valve so that positive pressure can be maintained at the meters.



As noted above, it is essential to avoid exceeding the breakdown (fracture) pressure of the target formation.  If the well will not take fluid at the design rate without excessive pressure at (11), the indicated pumping rate must be slowed.  This will require adjusting the chemical pumps at (6) to maintain desired concentrations in the brine.  It is also worth noting that significant falloff of injection rate is frequently an indication of a dirty well-bore.



Injection is normally continued (24 hour operation) until the design volumes of primary tracer and push bank have been injected.  Plots of tracer concentration vs. volume injected are prepared for later use in test interpretation.  Flowmeter and/or temperature surveys are sometimes run at the end of injection to verify fluid entry into the target zone.  The well is then shut-in for the reaction (soak) period.





Shut-In Period



The soak period is designed to allow at least 10% but not more than 80% of the injected ester to hydrolyze.  During this time, necessary steps are carried out to get the well ready to produce.  Pumps are installed, a portable test separator is moved in and hooked up, piping changes are made, etc. as appropriate.  Whatever operations take place, precautions should be taken to avoid disturbing the fluid in the well.



�������� EMBED MSDraw.1.01  ���



FIGURE 4-1

Typical Fluid Injection System





Production Phase



The basic data on which test interpretation depends are the production profiles of the tracers.  The plots of tracer concentrations vs. volume of fluid produced are used either directly or as the standard for fitting simulator predictions to obtain SOR.



Both good sampling and good analytical procedure are required to obtain reliable concentration measurements.  Some precautions to be observed in sampling are:



(1)	The sample point should be as close as possible to the well head.  The sample must be taken from the flowing stream (avoid dead volume between the flow and the sample point).  Purge the sample lines carefully before taking a sample.



(2)	Each sample must be correlated with the volume produced when it is taken.  Samples should be taken at least as frequently as they can be analyzed at the site, but at intervals of no less than 1% of the injected volume, until all concentration curves have declined to less than 10% of their peak values.



(3)	Volatilization of tracers from the sample should be minimized.  Direct transfer of fluid into a suitable sample vial through a septum is advisable to avoid loss to the atmosphere.  Passing the sample line through an ice bath can also be effective in lowering volatility.  This is especially important if gas lift or solution gas is flowing with the liquid being sampled.





(4)	Samples should be stored in a suitable refrigerator or ice chest to avoid further hydrolysis of ester.  Loss of ester through rubber stoppers may be significant because of the high solubility of esters in rubber.  Use of impermeable stoppers is advised.



The samples are usually analyzed immediately by on-site gas chromatograph.  Field analysis is adequate for preparing rough plots so that the progress of the test can be monitored.  Good sample preservation is necessary when the samples are to be rerun later under controlled conditions.  This has often been the case, since final interpretation may require precision which can only be obtained under laboratory conditions.



Perhaps the most critical parameter of a single-well tracer test is the correct measurement of produced fluid volume.  The theory of the test (see sections 1 and 6) indicates that the answer depends on when the tracers appear rather than what concentrations appear.  Metering the produced fluid must not only be internally consistent throughout the production phase; it must also agree with the injected fluid volume measurement, if the simulator is to be used for interpretations.



The most reliable metering is probably obtained when tanks are available to pump from during injection and produce into during back-flow.  It is then possible to read a sight glass or strap the fluid level at the time each sample is taken.  Volume corrections can then be made later if plots of concentrations vs. volume produced from the reservoir are desired.



If positive displacement or turbine meters are used, it is usual practice to provide redundancy in case of meter failure during either flow phase of a test.  During production, some gas will be produced after the injected volume has been back flowed even if a rod pump is used.  In cases where gas lift is the production mechanism, gas is always associated with the fluid to be sampled.  In all cases, a gas-liquid separator must be installed ahead of the meters.  Meters provided with the separator should be calibrated before the test if possible, and should always be backed up with other devices.



It is important throughout a single-well tracer test, but especially so during production, that all potentially relevant observations be recorded.  An adequate data sheet will include spaces for time; operator names; fluid volume injected or produced as measured by all meters and/or tanks; sample number; chromatograph results for all tracer concentrations in the sample; pertinent pressure readings; flow rate over the last interval; fluid temperature, pH, salinity (where appropriate); and remarks regarding filter changes, separator behavior (gas-production, etc.), or appearance of samples (solids? oil in the fluid?).



In many cases, such data have been very useful in explaining apparent anomalies in the production curves.  The interpretation process described in Chapter 7 may be difficult or impossible if these data are missing.

�Chapter 5

Single-Well Chemical Tracer Test History and Field Data





Introduction



Between 1968 and 1978 approximately 60 tests for residual oil saturation (SOR) measurement were run using the single-well method.  One of the major objectives of this D.O.E. contract was to compile a history of these past industry efforts.  The single-well chemical tracer test is accepted by many as one of the quantitative methods for measuring SOR.  It has had a success percentage of over 80%, based on the number of tests considered interpretable by the companies reporting results.  We feel that this is significant.  We have attempted to present all the available data in an organized manner so that the entire industry can evaluate the method.



A second reason for this compilation is to show how past tests have been run and to compare test designs with the guidelines developed in Chapters 2, 3 and 4.  In Chapter 7, we have reinterpreted some of the tests to illustrate the procedures used to obtain SOR.



We requested test results from all companies licensed by Exxon Production Research Company to perform the single-well chemical tracer test.  The response has been most gratifying.  We would like to thank the Production Research staffs of Amoco, Atlantic Richfield, Cities Service, Conoco, Exxon, Shell and Union Oil for their kind cooperation in providing the test data to us.  The compilation represents essentially a complete record of tracer tests to mid-1978.



Many of the tests reported here are already in the literature.  However, since much of the information is still considered proprietary by the donors, we have not identified any of the tests as to company or field.



Table 5-1 lists the important formation and test parameters for the 59 tests reported.  The tracer production profiles (tracer concentration versus barrels produced) are also essential for a realistic evaluation of the single-well method.  A graphical presentation of the primary ester, product alco-hol, and material balance tracer production profiles for almost every test is given in appendix B.



Inspection of Table 5-1 will show a number of pairs of tests run in the same formation interval. (For example, tests 2 and 3, 4 and 5, 6 and 7, 8 and 9, 11 and 12, 17 and 18, etc.)  It has been a common practice to run a "mini-test" first to evaluate uncertain or unknown factors before running the main tracer test.  We have listed the mini-test separately in all cases where interpretable results were obtained.



We summarize now the important design considerations in the tests, and comment briefly on their characteristic effects on the shape of the production profiles.





Choice of Tracers



The choice of a chemical to be used as the primary reactive tracer is not an easy one.  Several requirements must be met:



The primary tracer and its product tracer must be quantitatively distinguishable from normal reservoir components.



It must react in the reservoir fluid at reservoir temperature at a reasonable rate and form a stable product.



It should have a distribution coefficient, KA, in the range 2 - 10.  This will give a ( on the order of unity for the usual range of SOR expected. (See chapter 2)



The distribution coefficient of the product tracer should be appreciably different from that of the primary tracer so that separation will occur during the production phase.  KB � EMBED Equation.2  ���  is preferred.



It must not be strongly adsorbed by the reservoir rock surface.



The tracer should be inexpensive, safe, and readily available.  It should be non-corrosive at low concentrations and should not be surface active in the oil-brine system.



As Table 5-1 shows, ethyl acetate has been the most widely used of the chemicals that meet these requirements.  It reacts with water to form ethanol, the product tracer.  Ethanol is not normally found in reservoir fluids, is stable, and has a K value of less than 0.1. Neither ethyl acetate nor ethanol has a significant effect on the brine-oil-rock system at the concentration levels used.



Ethyl acetate and ethanol concentrations in brine can be measured at levels as low as 0.001 volume percent using standard gas chromatography.  The relatively inexpensive and portable analytical equipment is usually set up at the field site, enabling immediate analysis of injection and production samples.



When reservoir temperature is 120ºF or below, the rate of reaction of ethyl acetate is low enough that it would require a very long shut-in time to produce a reasonable concentration for the product tracer, ethanol.  When this occurs, it is advisable to switch to a tracer with a higher reactivity.  A chemical which meets the above requirements for a tracer for the single-well test and which has a higher reactivity at lower temperatures is propyl formate.  Table 5-1 shows that this was, in fact, the most commonly used tracer when reservoir temperature was below 120º F. The product tracer formed is n-propanol.



Other chemicals used as primary tracers include ethyl formate, methyl acetate, and isopropyl acetate.  The product tracers are then ethanol, methanol, and isopropanol, respectively.





Injection Profile



One of the test design factors is the injection profile of the primary tracer.  Qualitatively we know the test requires a bank of fluid containing the primary tracer and a bank of formation fluid to push the primary tracer out into the formation.  The relative proportions of these two banks can be expressed in terms of the variable F of Chapter 2, which is defined as the fraction of total injected bank which contains primary tracer.  Good design is for the leading 25 - 50% of the injected fluid to contain ester; i.e., 0.25 < F < 0. 5.



In table 5-1, the total injected fluid has been divided into two parts.  In accordance with the standard procedure for running a single-well test, the first phase of injection is the bank of fluid containing the primary tracer (tracer bank).  The second phase is the bank of formation fluid used to push the tracer bank out into the formation.  The total injected fluid volume is the sum of the tracer volume and push volume.  The indicated injection and production rates are averaged over the duration of the appropriate test phase, i.e., � EMBED Equation.2  ���.  When two rates are specified for the injection phase, the first applies to the tracer bank and the second to the push bank.  In every case, the constraint 0.25 < F < 0.5 has been observed.





Shut-In Time



Another important test parameter is the duration of the shut-in period.  Ideally, the shut-in time should be much longer than the sum of injection plus production times.  The less product tracer produced during the flow times compared to that produced during the shut-in phase, the more sensitive the test will be.  In most field tests, very lengthy shut-in periods are not practical for a variety of reasons.  However, we would like to require that the shut-in time be at least twice as long as the flow time.  From Table 5-1, we see that tests numbered 1, 7, 10, 12, 18, 19, 20, 21, 22, 32, 35, 39, 41, 45, 46, 47, 48, 52, 53, and 56 fail to meet this guideline.



It should be noted that this constraint ignores the complication of fluid drift in the formation.  A high drift velocity limits the shut-in time since the tracer bank will drift away from the well-bore and the production profiles will be too distorted for interpretation if shut-in time is too long.  Thus, in many cases the shut-in time is a compromise between the desire to make the test ideal (shut-in time much longer than the flow time) and the limitations imposed by any overall drift velocity that is present in the formation.  The effect of drift during shut-in on test sensitivity is discussed in Chapter 2.





SOR  Measured



The goal of the test is to determine the residual oil saturation of the test formation.  A few tests were not interpreted or were not interpretable.  The SOR for these tests is given as N.I. . The values of SOR listed in the tables are those supplied by the donating companies.



As with any experimental method, the specification of SOR is incomplete without an accompanying experimental error.  If no experimental error was supplied we have made a guess based on our examination of the data.  These numbers are indicated by parentheses.



The range of SOR measured in the 59 tests is surprisingly broad, ranging from 0% to 40%.  During test 58, the fluid was accidentally injected into a known water sand because of a casing leak.  The measured SOR is 0%, which is an excellent verification of the lower limit measurable by the single-well chemical tracer method.





General Limits on Test Conditions



We have summarized the reservoir conditions under which tests have been run.  These are given in Table 5-2.  Not reported in Table 5-1 is the lithology of the test section.  Almost all the tests have been run in sandstone formations.  However, at least five of the reported tests are known to have been in limestone reservoirs.



Also not reported is the production mechanism.  Rod-pumps, submersible electric pumps, gas-lift and natural flow have all been used successfully in single-well chemical tracer tests.  Local conditions control the choice of method.  We have no evidence which suggests one method gives better test results than another.

�The Concentration Profiles



The production profiles (tracer concentrations versus barrels produced) of these tests are presented in Appendix B. in these graphs we have adopted the following uniform notation:





��	O	material balance tracer, usually methanol



��	X	primary ester



��	(	product (alcohol) tracer.



The graphs were replotted from tabular data furnished by the donors or from literature curves.  In most cases, only a fraction of the available data points are plotted.  We have sketched curves through the data to emphasize the basic nature of the profiles.  These curves are not to be considered simulations or even interpretations of the tests.  No numerical results were obtained from them.



Inspection of the figures in Appendix B shows a variety of concentration units for tracers.  Volume %, ppm, and chromatograph counts are used by different donors of these data.  This merely underscores the observation made in Chapter 2 that the absolute value of concentration is not important in the single-well chemical tracer test.  It is the position of the tracer peaks on the produced volume scale which determines SOR.





Characteristics of Test Profiles



Much can be inferred from casual observation of the shapes of test profiles.  In a number of cases, the unreacted ester peak is bell-shaped and centered at the expected produced volume.  The product alcohol curve is also bell-shaped, arriving earlier and appearing to be "narrower" than the ester profile.  The material balance tracer concentration falls to half the injected concentration at about the injected volume.



In such cases we can say that the test is "ideal." The primary assumptions of the method - reversible radial flow, local equilibrium, etc. - seem to be valid.  Tests 3, 4, 5, 11, 13, 24, 25, 26, 27, 28, 29, 30, 31, 36, 37, 48, 53, 54, and 55 fall in this classification.  The amount of dispersion (peak spreading) varies considerably.



The remaining two-thirds of the tests reported show varying degrees of non-ideal appearance.  Some identifiable defects are:



(1)	The ester and material balance tracer concentration profiles are normal, but the product alcohol curve is abnormal.  In tests 14, 35, 40 and 41, the alcohol curve is definitely two-peaked.  The later peak is located at the same produced volume as the ester peak, which was propyl formate in all cases.  The second peak is almost certainly propyl alcohol contaminant in the injected ester.  This problem is discussed in Chapter 7.  In tests 12 and 37, the alcohol peak is simply too wide to be consistent with any single value of SOR.  In both cases, the tests can be simulated by assuming two or more layers with different values of SOR.



(2)	Significant fluid drift in the formation distorts the profiles of all the tracers.  Tests 1, 6, 7, 8, 9, 18, 20, 32, 45, 46, 49, 50, 51, and 58 can probably be simulated with Exxon Production Research Company's two-dimensional tracer test program, which includes drift velocity as a fitting parameter.



(3)	Wellbore and/or formation problems produce non-reversible flow patterns.  Partial plugging during injection (which cleans up during production) can cause two or more peaks to appear in the ester curves.  Fracturing during injection can cause even greater distortion of produced concentration profiles.  These effects can look much like fluid drift effects in some cases.  Tests 10, 16, 19, 21, 22, 23, 34, 39, 42, 43, 44, 56, 57, and 59 show varying amounts of apparent flow irreversibility.



(4)	In some cases, design errors make the test results uninterpretable.  For example, in test 38 propyl formate was used at a reservoir temperature of 165ºF.  Most of the ester apparently reacted during the injection phase of the test.



(5)	In surprisingly few cases, such as test 52, the data are totally featureless.  Interpretation is out of the question, whatever the cause of the distortion might be.



These initial observations are useful as a guide to how to begin interpreting a test.  The initial choice to be made is "Which model do we use?" The eventual success in fitting the profiles is very dependent on this decision, since the precision which is assigned to the final SOR value is limited by how well the optimized model fits the field concentration profiles.



It is also clear from these examples that information other than a value for SOR can be expected from every test.  High dispersion, drift velocity, and flow irreversibilities can all be symptoms of potential problems if an enhanced oil recovery project is being considered.





Correlations



As mentioned previously, two numbers important to the design and analysis of a single-well test are the distribution coefficient of the primary tracer (K value) and the hydrolysis rate constant.  The K value is important if one is to design the test for the optimum value of (.  The hydrolysis rate constant is necessary if one is to choose a reasonable shut-in time.



Figures 5-1 and 5-2 are graphical presentations of K values as a function of temperature for the two most commonly used tracers, ethyl acetate and propyl formate.  These data were donated along with earlier test results by the companies acknowledged above.  A very approximate fit to these data is given by:



	� EMBED Equation.2  ���	5-1



	� EMBED Equation.2  ���	5-2



where	Ss	=	salinity (T.D.S.) in ppm

	T 	=	temperature in ºF



these results are for the ranges



	0	<	Ss  <  200,000

	80º	<	T  <  221º (ETHYL ACETATE)
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FIGURE 5-1

K(ETAC) versus Temperature, Salinity
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FIGURE 5-2

K(PRFR) versus Temperature

�Equation 5-1 predicts KA(ETAC) to within 20% while 5-2 gives KA(PRFR) to within 30%.  It should be noticed that for propyl formate, when the dependence on salinity is taken into account, the dependence on temperature is apparently negligible.



The salinity of the formation fluid is indicated for each data point.  While there does appear to be a trend with salinity, the correlation is not particularly good.  This would indicate that some other formation parameters, such as oil composition, influence the K value.  These relationships are the subject of further study by Geochem Research Inc. under another D.O.E. contract.



The hydrolysis rate constants for the same two primary tracers as functions of temperature are shown in Figures 5-3 and 5-4.  Experience suggests 120ºF as a crossover temperature for switching from propyl formate to ethyl acetate.  Below 120ºF the reactivity of ethyl acetate is so low as to necessitate an impractical long shut-in time.  On the other hand, above 120ºF propyl formate reacts too fast for a practical test to be run.



Although there is a relatively large amount of scatter in the data, these graphs can be used to obtain a rough value of expected hydrolysis rate constant based on reservoir temperature.  A linear least squares fit of the data gives



	� EMBED Equation.2  ���	5-3

with a correlation coefficient with an absolute magnitude 0.87.  For propyl formate we find that



	� EMBED Equation.2  ���	5-4

with a correlation coefficient of magnitude 0.385.
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FIGURE 5-3

k)ETAC) versus Temperature
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FIG 5-4

kH (PRFR) Versus Temperature





�TABLE 5-1

Test and Formation Parameters for 59 Single-Well Tracer Tests



�

Forma-tion

height, ft�

Por-

osity�

Reservoir Temp

 ºF�



Salinity,

ppm�

Permea

-bility,

md�

Pri-

mary tracer�

Tracer conc., vol %�

Tracer volume, bbls.�

Push volume, bbls.�

Injection rate, bbls/day�

Produc-

tion rate bbls/day�

Shut-in time, days�

Drift velocity, ft/day�Tracer distri-

bution

coeff�

SOR,%�������������������Test 1�20�.25�140�63,000�1000�etac�2.0�300�741�214�378�9.17�1.0�5.1�10(4��Test 2�20�.34�164�100,000�800�etac�1.0�100�80�596�760�2.87�.1�6.7�12(3��Test 3�20�.34�164�100,000�800�etac�1.0�1000�980�1,000�650�12�.1�6.7�12.5(

1.5��Test 4�20�.34�170�72,500�490�etac�.98�83�84�1,000�840�2.86�.1�7.66�18(3��Test 5�20�.34�170�72,500�490�etac�1.5�550�1,370�1,020�850�12�.1�7.74�19(1��Test 6�17�.1�210�4,000�50�etac�1.5�65�96�585�709�6�2�6.5�N.I.��Test 7�17�.1�210�4,000�50�etac�1.0�500�1,164�446�760�5�2�6.5�15(5��Test 8�54�.23�148�63,000�1,000�etac�1.01�100�201�436�530�3.17�.65�5.1�14(4��Test 9�54�.23�148�63,000�1,000�etac�1.04�400�800�396/

470�478�9.06�.68�5.1�14(4��Test 10�12�.31�174�59,000��etac�1.11�500�1,300�1,515/

1,802�654�3.18�3�4.3�30(3��Test 11�20�.325�170�54,400�400�etac�1.074�200�600�957�716�2.92�.5�4.68�33(1.5��Test 12�20�.325�170�54,400�400�etac�1.03�1,400�4,150�969�732�5.73�.5�4.68�37(2��Test 13�19�.24�157�78,000�200�etac�.9�200�405�365�160�10.35�.3�6.8�22(3��Test 14�20�.19�90�10,000�79�prfr�.8�50�150�167�105�2.54�0�8.41�25(2��Test 15�20�.19�90�10,000�79�prfr�1.0�40�175.5�150�88�2.54�0�9.12�24(2��Test 16�24�.35�131�8,000�1,000�prfr�.7�400�820�1,538/910�699�3.5�2�6.8�23(5��Test 17�43�.18�83�5,000�300�prfr�.5�132�268�650�610�2�1.4�7.75�10(3��Test 18�43�.18�83�5,000�300�prfr�.5�500�1,500�1,080�700�3�1.4�7.75�N.I.��Test 19�42�.18�83�5,000�300�prfr�.5�500�2,125�1,050�850�3�1�7.75�10(1��Test 20�37�.18�83�5,000�300�prfr�.5�500�1,500�1,100�640�3�2.5�7.75�20(3��Test 21�70�.2�118�10,000�52�etac�1.0�38�93�50�150�4.17�.2�3.45�N.I.��Test 22�70�.2�118�10,000�52�etac�1.1�97�275�37.2�148�11.13�.2�3.45�30(4��Test 23�50�.33�145�80,000�1,000�etac�.88�314�686�690�890�5.5�.9�6.5�12(4��Test 24�37�.31�141�10,000�800�etac�.51�330�780�970/82�850�9.5�.3�3.29�25(2��Test 25�37�.25�172�100,000�1,000�etac�.9�400�1,200�1,142/845�823�10.5�0�8.17�12(1.5��Test 26�72�.28�170�100,000�1,000�etac�.97�900�2,100�900/
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TABLE 5 - 2

Summary of Test Conditions for 59 Single-Well Chemical Tracer Tests



	Variable	Range



	Formation height	8-100 ft.

	Porosity	0.07-0.34

	Res. Temperature	80º-221 0F

	Brine Salinity	0-200,000 ppm(T.D.S.)

	Permeability	4.5-1000 md.

	Drift Velocity	0-4 ft/day

	SOR,%	0-40%



�Chapter 6

Experimental Determination of K-Values





Introduction



The single-well chemical tracer test procedure has two quite distinct parts.  During the "field" part, data are obtained from which we calculate (A, the retardation factor for the primary tracer.  As discussed in theory in Chapter 2 and in the practical sense in Chapter 7, (A can be calculated from the field data in two ways: by detailed simulation or by direct integration to obtain mean retention volumes.



Whichever method is used, the field data yield only (A, not SOR.  The distribution coefficient KA for the primary tracer must still be determined in the laboratory.  Only then can we use the formula,



	� EMBED Equation.2  ���

to obtain the desired result.



This chapter reviews some procedures for measuring KA at appropriate conditions, namely reservoir temperature, pressure, and composition of the brine and oil phases.  We also discuss how KA depends on tracer concentration itself, and how this dependence can be measured or estimated.





The Static Equilibrium Cell Method



The problem of contacting two immiscible phases at high pressure and temperature is certainly not new.  The literature on phase equilibrium in hydrocarbon-aqueous systems is voluminous.  Our problem is only somewhat special in that we need to measure how tracer components are distributed between oil and brine, so that accurate measurement of concentration at low levels is a primary consideration.
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FIGURE 6-1

Equilibrium Cell Apparatus for K-Value Determination

A simple equilibrium cell apparatus is shown in Figure 6-1.  The cell, of known internal volume Vc, is first filled with brine containing tracer at concentration Co.  (All filling lines are assumed to have negligible volume.)  Samples can be taken for gas chromatograph (G.C.) analysis to confirm Co. The cell is raised to reservoir temperature T in the oven. The cell is maintained at reservoir pressure P using the mercury pump.



Crude oil is then pumped into the cell through valve 1 while brine leaves through valve 2 to be measured.  After volume Vo has entered the cell, valves 1 and 2 are closed and the cell is rocked to achieve equilibrium.  Samples are then taken to measure the equilibrium tracer concentration C1.



The calculation of K from these data follows:



(a) 	The total number of moles of tracer in the cell after the oil displaces brine volume

Vo is 



	� EMBED Equation.2  ���	6-1

(b)	The number of moles of tracer in the water at equilibrium is



	� EMBED Equation.2  ���	6-2

(c)	Hence, the number of moles of tracer transferred to the oil is



	� EMBED Equation.2  ���	6-3

and the oil phase concentration is



	� EMBED Equation.2  ���	6-4

(d)	The equilibrium K value is then



	� EMBED Equation.2  ���	6-5



This derivation ignores the changes in oil and water volume when (n1 moles of tracer leave the water and enter the oil during equilibration.  Corrections can be made for this effect if molar volumes for the tracer are known.



This method with various modifications has been used by Exxon Production Research Co. and its licensees to obtain most of the K-values reported in Chapter 5.  The procedure gives reproducible results if performed carefully.  It has the following drawbacks:



(1)	G.C. sampling of liquids containing dissolved gases at high pressure is quite difficult.  Gas evolution can cause sample size variation if hypodermic sampling is used.  High pressure sampling valves are difficult to use at these conditions (up to 5000 psi) when brine is to be sampled in very small quantities (a few microliters).



(2)	Only a single point can be determined per run.  The system must be broken down and cleaned between runs.  Reassembling without producing leaks is difficult.



(3)	There is no direct indication that equilibrium has truly been reached.  The system must be rocked and sampled until c1 appears to be constant.  This is a problem when highly reactive esters are being tested.

Dynamic (Column Flow) Method



Some of these drawbacks are avoided by the dynamic or column flow method.  A schematic of the equipment and procedure is shown in Figure 6-2.



In Method A, brine containing tracers is forced through a packed column at a constant rate, which is determined by the movement of the piston in the downstream pump.  The brine and other fluids are driven by gas pressure in the supply vessels.



After a baseline concentration co is established by G.C. sampling at the column exit, a known volume of crude oil is admitted to the column by closing valve (W) and opening valve (V).  Oil volume is measured by the volumetric pump (P).  The valves are then returned to their original positions to allow brine with tracer to flow again.



The oil is trapped by the column packing and exposed to brine containing tracer.  The output concentration behaves as shown in Figure 6-2, Method A, because of the tracer which enters the oil.  The number of moles of tracer which leaves the brine is then 



	� EMBED Equation.2  ���	6-6

where c(v) is the measured concentration as a f unction of produced volume v. The oil phase concentration after the transfer is then



	� EMBED Equation.2  ���	6-7

and the distribution coefficient is given by



	� EMBED Equation.2  ���� EMBED Equation.2  ���	6-8



An alternative procedure is shown as Method B in Figure 6-2.  With volume of oil Vo already in the column, brine containing no tracer is forced through the column.  After zero concentration baseline is achieved, three-way valve (V) is switched to allow brine containing methanol and ester at concentration co to enter the column.



After a delay v1  = VCOL  -  Vo  =  Vw, the methanol appears.  We assume KMETHANOL= 0. Thus, ester appears later, since some of it is lost to the trapped oil.  The number of moles of ester in the oil is



	� EMBED Equation.2  ���	6-9



Hence,



	� EMBED Equation.2  ���	6-10



as before.



Method B has the advantage that it can be repeated with different ester concentrations co and even at different temperatures with the same shot of oil in the system.  Care must be taken that the brine is pre-equilibrated with the crude to avoid leaching of light ends out of the oil.



The dynamic methods still require high pressure G.C. sampling.  However, the approach to equilibrium is obvious from the data itself.  This method has been used to obtain a few K-values by Exxon Production Research Co.
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FIGURE 6-2

Column Flow Method of K-Value Determination





Experimental Procedure of Kapoor15



A recirculation procedure suggested by Carlisle14 has been investigated by Kapoor.  The work was supported by this contract; the results have been previously transmitted in the form of Kapoor's M.S. Thesis from the Chemical Engineering Department at Rice University.15



The procedure is based on circulating brine in a constant volume system.  The brine contacts oil which is held stationary by the packing material in an equilibrium cell.  Tracer concentration is monitored constantly and measured quantitatively by a low dead-volume spectrophotometer cell which is also in the brine circulation loop.  Oil and tracer are added to the circulating loop using six-port sampling valves with calibrated sample loops.



The apparatus used by Kapoor is shown in Fig. 6-3.  The procedure is described in detail in the next section.



The major items and their purposes are:



(1)	The two cylinder positive displacement Milton-Roy circulating pump (K), which moves brine independently through the main circulating loop (A) and through the reference loop (B).  The pump has a glass piston and has a pressure rating of 5000 psi with a temperature rating up to 160ºF. The flow rate can be adjusted by adjusting the stroke length of the pump.  It can deliver liquid at a rate of 30 to 560 cc/hr.



	V5	V2
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FIGURE 6-3

Recirculating Brine Apparatus for K-Value Determination





(2)	The high pressure, high temperature six-port Valco valve (C) for admitting tracer A into the main loop.  The valve is rated for pressures up to 4500 psi and temperatures up to 250ºF.



(3)	The high pressure, high temperature six port Valco valve (D) for admitting oil into the main loop.



(4)	The contacting column (E), a 1/2" O.D. stainless steel column capable of withstanding 10,000 psi at 160ºF. The upper part of the column is packed with stainless steel wool to retain the oil.



(5)	The heat exchanger (F) which cools the circulating brine containing tracer A to room conditions before it enters the analytical system.  The double pipe heat exchanger has 1/4" stainless steel tubing as the shell side and 1/8" stainless steel tubing as the tube side.  The shell side water flow rate was maintained at 500 cc/min.



(6)	The Shoeffel Model SF 770 Spectrophotometer (G), which continuously compares the optical density of the brine plus tracer A in the main loop (A) with that of brine in the reference loop (B).  The instrument consists of a deuterium lamp capable of emitting light in the range of 190-770 nm adjustable monochromater, and photomultiplier.  The light is split into two beams and passed through two stainless steel cuvettes with quartz windows, one of which is a part of the main loop and the other one is a part of the reference loop B.  The wavelength of the reference/sample light beam can be adjusted by monochromater.  An optimum wavelength of 220 nm was selected and the instrument was calibrated at this wavelength.



(7)	The feed and pressure balancing system (H) which maintains system pressure during a run. It is also used to measure the main loop volume and to fill the oil loop of the six port valve (D).  System H consists of transfer vessels for oil (HI); for brine  (H2); and a Ruska Volumetric pump (H3) for metering fluids at pressures up to 10,000 psi.



(8)	The primary tracer feed system (1), which loads the tracer valve (C), consists of a second  Ruska pump (II), capable of 10,000 psi working pressure, and a back-pressure regulator (12) to maintain the tracer loop at system pressure during the loop filling operation.  The pump is connected through a timer to the power supply.  The timer is also connected to a four way, solenoid, air switching valve and a remote actuator to the six port valve (C).  After equilibrium is reached, the timer switches the position of the six port valve (C).  Once the loop is loaded with tracer, the timer shuts off the pump and switches the position of the valve (C) so  as  to  let the tracer loop become a part of the main loop A.



(9)	The oven, (J) which reheats the brine in the main loop from the pump (K) and maintains the components (C)  -  (E) at reservoir temperature.  The temperature control unit in the oven consists of a 500 watt heater with a voltage Variac in series, a 50 watt heater with an on-off temperature controller in series and a blower for circulating the air in the oven so as to avoid any hot spots.





Experimental Procedure



Three steps precede apparatus calibration and K value determination: the brine and oil to be used are introduced into the pressure vessels which have been evacuated to remove dissolved air.  Both fluids are pressurized using the Ruska Pump (H3) (Fig. 6-3).  The ester whose K value has to be determined is drawn into the Ruska Pump (11).  The apparatus is then ready.





Volume Calibrations



The loop volumes (main loop (A), Oil loop (D1) and ester loop (C1)) are determined as functions of pressure and temperature by the following procedure.



Loop (A) is evacuated through valves (V1), (V2) and (V5) using the vacuum pump (see Fig. 6-3).  The loop is then filled with brine from cylinder (H2) and pressured up to dissolve any entrapped gas.  The oven (J) temperature is adjusted to the desired value.



The volume of loop (A) is then read from the Ruska Volumetric Pump (H3) at a particular pressure and temperature.  The ester loop (C1) is evacuated and filled through valves (V3) and (V7).  Its volume is obtained by a similar procedure.  The oil loop (D1) is evacuated and filled through valves (V5) and (V7).  Its volume is similarly obtained.  Repeating the above procedure at different pressures and temperatures allows determination of the three system volumes as functions of pressure and temperature.





Ester Concentration



The response of the spectrophotometer to ester concentration in brine is determined as follows:



A steady baseline is obtained by flowing brine of known salinity through main loop (A) and reference loop (B), which are maintained at the same pressure.  After the baseline is steady, a known amount of ester is injected into loop (A) using valve (C).  After thorough circulation, the optical density is recorded.  This procedure is repeated to establish a calibration curve as shown in Fig. 6-4 for ethyl acetate at 220 nm at room temperature.
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	VOLUME PERCENT ETHYL ACETATE



Figure 6-4

Spectrophotometer Calibration Curve





K-Value Determination



After the calibrations are completed, the apparatus is used to measure distribution coefficients as follows:



(a)	The brine in loops (A) and (B) is circulated to obtain a steady baseline reading on the spectrophotometer.



(b)	The oil loop (D1) is filled with oil and the ester loop (C1) is filled with ester at reservoir pressure, controlled by the back pressure regulator (12).



(c)	The position of the six port valve (C) is switched to let the ester loop become a part of the main loop (A).  After thorough mixing, an equilibrium concentration, C0, is recorded on the Spectrophotometer.



(d)	The position of the oil valve (D) is switched to make the oil loop (D1), part of the main loop.  The oil is retained in the upper part of the column (F), which is packed with stainless steel wool.



(e)	The ester transfers from the brine phase into the oil phase until equilibrium is reached, while continuously circulating in loop (A).  The final value C1 is recorded.



(f)	A K-value is thus obtained at a particular temperature and concentration of ester.



(g)	Another shot of ester is added by refilling loop (C1) and repeating step (c) and (e).  A K-value is thus obtained at the new level of concentration at a particular temperature.  This process is repeated until the concentration range of interest has been covered.



(h)	The stainless steel column (E) is then removed from the oven and the packing is discarded.  The column is rinsed with hexane, then with acetone, and finally with distilled water.



The liquid in the remaining part of loop (A) is removed by using nitrogen under 80 psig pressure.  The column is packed with fresh stainless steel wool packing and filled with distilled water which is circulated through main loop (A) for some time.  The column is removed from the oven and all the water from loop (A) is removed by using nitrogen under 80 psig pressure.



The column is placed back into the oven (J) and loop (A) is evacuated and filled up with brine by the procedure described earlier.  The temperature of the oven can be changed and the whole procedure repeated to obtain K-values at another temperature.  The mathematical details of the calculation are presented in reference 15.





G R I Recirculation Method



Geochem Research Incorporated (GRI) is currently developing an improved method for determining K-values under D.O.E. contract DE-AC1979BC10100.  The GRI method utilizes a modified version of the recirculating system investigated by Kapoor.15  As before, brine is circulated through a constant volume system containing an equilibrium cell where a premeasured aliquot of oil is held stationary.  In this apparatus, tracer concentrations are monitored periodically by gas chromatographic analysis.  Oil and tracer are again metered into the circulating system using six-port sampling valves.





Apparatus



Figure 6-5 shows the GRI system in detail.  This system consists of an equilibrium cell (A) through which the brine is continuously circulated by a Milton Roy pump (B) at rates of 200-250 ml/hr.  The equilibrium cell is a section of 1/2" tubing (16 cc internal volume) packed with stainless steel wool to retain the oil.  The flow path connecting the cell and pump (.0625” x 0.030” stainless steel tubing) also connects five (5) ultra high pressure Valco valves in series.  These valves (one eight-port, two six-port, and two four-port) allow the following operations to be carried out without changing the total system internal volume:
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FIGURE 6-5

Improved Recirculation Apparatus





(1)	Introduction of live crude oil into the brine flow system (Valve 1).  The loop size of the six-port valve controls the amount of oil added to the system.  Once this valve is actuated (90º core rotation) placing the loop in the brine path, the loop stays in the system throughout the experiment.



(2)	Introduction of tracer into the flow path (Valve 2).  Valve 2 is automatically controlled by a Valco pneumatic actuator.  Small aliquots of tracer (0.10 ml) are added to the brine according to a predetermined time sequence.  Once the ester loop is added to the flow path, it remains in the system until tracer-oil equilibrium is observed.  After equilibrium, the loop is removed from the flow path, refilled with tracer, and the cycle is repeated.  Each aliquot of tracer added to the brine increases the ester concentration by a fixed amount.  This feature allows the investigator to measure Ki as a function of tracer concentration without disassembling the system.



(3)	Analysis of brine in the flow path by gas chromatograph (Valve 3).  Valve 3 is mounted on a Shimadzu 4CM gas chromatograph with flame ionization detector.  Helium carrier gas is supplied to the injection port through engraving “a” of the valve.  Each valve core engraving (a, b, c, and d) has a volume of two microliters.  A brine sample is introduced to the chromatographic column by actuating the valve to place engraving “d”.  (filled with system brine) into the carrier gas stream.  The two microliter sample of system brine is carried into the heated injection port by the carrier gas through a four inch long, .006” I.D. stainless steel injection tube.  The sample is vaporized and separated for analysis by the G.C. column.  One and one half seconds after actuation, the valve is reversed to its starting position.  On return, engraving "a” is filled with fresh water which rinses the injection tube free of any salt accumulation.  Engraving "d” is returned to the system brine flow stream and engraving "c” is rinsed free of brine picked up from the system during injection.  Sampling is controlled by a variable (0-99 min) time base actuator. 



(4)	Evacuation and filling of the system with brine.  Valves 4 and 5 (four-port) allow the operator access to the flow stream.  By actuating valve 4 the system can be filled with brine and pressurized by a Ruska pump.  Valve 5 (when actuated) connects the system to a vacuum source for initial setup and system cleaning between analytical runs.



Each component of the G R I system is rated for service to at least 5000 psig and 200º F.





Analytical



As previously described, the G R I system is a closed circulating loop arrangement with significant versatility.  Oil volume is controlled by Valve 1 loop volume and may be changed by changing the valve sample loop.  Similarly, ester concentration is controlled by valve 2.  The step increases in ester concentration can be varied by changing the sample loop size.  A gas chromatographic analysis of system brine gives ester (tracer) concentration and any alcohol (hydrolysis product) present during the run.  Multiple tracer K-values may be run simultaneously to show any tracer interaction effects.  A new component is currently being added to the GRI system which will allow variation of the gas to oil ratio in a live crude oil during a given. analytical run.





Calculations



The partition coefficient Ki for a chemical tracer  i  in an oil-brine system is defined as follows:



	� EMBED Equation.2  ���	at equilibrium	6-11



where:



�	ci	=	Equilibrium concentration of tracer i in oil phase

	ci	=	Equilibrium concentration of tracer i in brine phase



Let	Vo	=	Volume of oil loop on valve I

	Vi	=	Volume of tracer loop on valve II

	Vs	=	Volume of system (excluding Vo, Vi)

	ni	=	Moles of tracer i added each time tracer loop is placed in the brine stream.



When the system is filled with brine only, one aliquot of tracer i is added and tracer concentration co is recorded after mixing is complete.  The oil loop is then added to the system.  After equilibrium (constant tracer concentration) is reached, concentration c1 of tracer i is recorded.  After a second aliquot of ester is added and equilibrium is observed, c2 is recorded, etc.



	Hence  � EMBED Equation.2  ���	6-12



	(ni)Brine	=	ci (Vs  +Vi)	6-13

				

	(ni)Oil = ni-(ni)Brine	=	� EMBED Equation.2  ���	6-14

and

	� EMBED Equation.2  ���	6-15



Since one tracer loop of system brine is removed from each subsequent addition of tracer, (Ki)2 follows:

	� EMBED Equation.2  ���	6-16



	� EMBED Equation.2  ���	6-17



and, after j aliquots

	� EMBED Equation.2  ���	6-18



Since	� EMBED Equation.2  ���

	� EMBED Equation.2  ���	6-19



The dependence of Ki on tracer concentration has been empirically determined to be:



	� EMBED Equation.2  ���	6-20



(Ko)i,  a  =  constants which are functions of system temperature, brine salinity, oil characteristics, etc.



A straight line plot of � EMBED Equation.2  ��� vs. concentration of tracer i will yield (Ko)i and  a  as follows:



	1/(Ko)i	=	Intercept	6-21



	-a/(Ko)i	=	Slope	6-22



This functional dependence of Ki on tracer concentration is used by the simulator programs developed by Exxon Production Research Company.



�Chapter 7

Interpretation of Single-Well Tracer Test Field Data.





Introduction



We established a theoretical basis for designing a single-well chemical tracer test in Chapter 2.  Chapters 3 and 4 were devoted to planning and executing field tests in an optimal manner.  As illustrated in Chapter 5, it has been possible to perform tracer tests successfully in a variety of reservoirs.  Chapter 6 reviewed the laboratory procedures we have used to obtain the necessary K-values to go with the field data.



Practicality, economics, safety, and other factors always enter into the planning and running of each test.  Compromises must be made which cause the test data to be sub-optimal relative to theory.  Unexpected problems - in surface equipment, in the wellbore, or even in the reservoir itself -often produce irregularities in the tracer production profiles.



The challenge to the test engineer is to take these data and turn them into a plausible answer for SOR, In this final chapter, we review our experience in getting the "best fit" value for SOR from field-measured concentration profiles.  As will be seen, a variety of other useful information may also result from the analysis.





Modeling The Test Process



As developed in Chapter 2, we usually approach interpretation of field data through detailed mathematical simulation.  This process involves six steps:



(1)	Make a reasonable set of assumptions to simplify the problem - radial, reversible flow; local equilibrium; no effect of tracers on the volume of either phase; etc.



(2)	Develop a set of partial differential equations for tracer concentrations which contain terms describing all the important effects - flow in and out of the formation; distribution of tracer between brine and oil; reaction of primary tracer to form product; and dispersive mixing of tracers associated with flow in the porous medium.



(3)	State initial and boundary conditions for the equation set which contain the actual field test data - times, injection rate, and concentration of tracers during injection; length of shut-in (soak) period; times and rates of production; well-bore and formation parameters, etc.



(4)	Reduce the equation set and initial/boundary conditions by numerical analysis to a form which can be computer programmed for numerical solution.



(5)	Write and debug a simulator program which takes test data and other parameters as input; solves the equation set with appropriate conditions over the space-time domain of the test; and prints out tracer concentration profiles during the simulated production phase of the test.



(6)	Make a series of runs with the simulator in which the variable input parameters (including SOR) are changed until the output profiles "match" the actual field - measured concentration profiles as well as possible.



In principle, of course, steps (1) through (5) need only be done once.  Step (6) can then be repeated for each new set of field data.  As we will see, this is not always practical.  Some test curves are so complex that the flow model itself must be changed.  This requires returning to step (1) and producing a new simulator program.



For example, many of the single-well chemical tracer tests reported in Chapter V show evidence of irreversible or two-dimensional flow.  Significant fluid drift occurred in the formation during the tests, causing distortion in the production profiles which cannot be modeled by a one-dimensional simulator.



Programs have been developed which include a linear fluid velocity superimposed on the radial flow in the partial differential equations of step (2) above.  This added fitting parameter, the drift velocity, can be a very useful piece of added information to be gained from the simulation of a single-well test.



Two-dimensional simulators are furnished as part of the full-technology license offered by Exxon Production Research Company.  They are also used by Geochem Research, Inc., in performing their single-test service.  These simulators were used to obtain many of the results reported in Chapter V. A detailed discussion of these simulations is beyond the scope of this report.  We will concentrate on one-dimensional flow situations.





The Simulator Program TRACRL



One of the deliverables under this contract is a single-well chemical tracer test simulator.  The computer program, TRACRL, is capable of predicting tracer production profiles for one-dimensional flow cases.  Multi-layer reservoirs without crossflow can also be modeled.



TRACRL uses the "perfectly mixed cell" model described in Appendix A-1 to accomplish step (5) of the modeling process.  The program accepts the test parameters as input on punched cards.  It prints out the produced concentrations as functions of volume of fluid produced from the test well.  Certain other computed data are also printed to assist in evaluating the test results.  The interested reader is referred to the program manual for details.



TRACRL will be used to accomplish three objectives in this final chapter:



(1)	We will reinterpret several single-well tracer tests by detailed simulation.  This will demonstrate the procedure used to obtain a "best fit" value of SOR , and also show that a one-dimensional simulator can be used to fit certain types of non-ideal test profiles.



(2)	We will use simulated test results to develop correction factors for the direct integration procedure ((Q method).  We will then apply this method to obtain SOR values for several tests reported in Chapter 5, demonstrating the effectiveness of direct integration in these relatively ideal cases. 



(3)	The same simulation test results will be used to develop an empirical correlation between peak "median" volumes and SOR.  This approximate method can be applied to certain cases when the (Q method fails.





�An "Ideal" Test Interpreted



In some cases, all the assumptions of the basic theory seem to be obeyed in a test.  The concentration profiles of the material balance, primary, and product tracers all have the expected shape.  Such a case is Test No. 3 reported in Chapter 5.



This test will be simulated using TRACRL.  The test data required by the program are contained in Table 5-1 of Chapter 5. The list of known input parameters, based on these data, is given in Table 7-1.  The only unknown parameters at the beginning of the process are:



(1)	(r  -  the dispersive mixing parameter, same as mixing length (See appendix A-1)



(2)	k   -  hydrolysis rate constant in the reaction A  (  B of primary tracer to form product



(3)	SOR



It is important to note that these unknown parameters can be evaluated in sequence, because of the way each one affects the predicted output curves.  The recommended procedure is:



(1)	Consider first the mixing parameter (r, and its effect on the ethyl acetate profile.  A series of simulator runs for various values of (r is shown in Figure 7-1.  The ethyl acetate curves are normalized by plotting C/CMAX to show how (r affects the "widths" of the predicted response curves.  We see that (r = 0.6 ft. gives a good fit for ethyl acetate.



(2)	The rate constant k is then varied to obtain the proper amount of hydrolysis during the test.  Figure 7-2 shows the predicted ethanol (product) profiles for various k with (r = 0.6 and an assumed SOR of 12.5%. A value of k = .15 days-1 gives a reasonable match for ethanol peak height at this value of SOR.











TABLE 7-1  -  INPUT DATA (FINAL RUN) TO TRACRL FOR TEST #3





tINJ 	=	1.0 days	KA	=	6.7

tFLOW 	=	2.0 days	RWB	=	0.25 ft

tSOAK	=	12.0 days	(t	=	0.02 days

tPROD	=	6.0 days		cA (injected)	=	1.0 moles/ft3

qINJ	=	1000 BBLS/day 	cB (injected)	=	0.0 moles/ft3

qPROD	=	650 BBLS/day	(r*	=	0.6 ft

H	=	20 ft	k*	=	.15 days-I

(	=	0.34 	SOR	=	0.13



	*Best fit values
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FIGURE 7-1  --  ETAC Simulations for Several Values of (r, Data From Test No. 3
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FIGURE 7-2  --  ETOH Simulations for Several values of k, Data From Test No. 3

�(3)	We then maintain ethanol peak height constant by keeping k/(1+(A) constant as we vary SOR. According to Equation 3-3, this should keep the amount of ethanol produced constant.  Figure 7-3 shows the resulting ethanol predictions for SOR = 10, 13, and 16%, again with (r = 0.6 ft.
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FIGURE 7-3

ETOH Simulations for Several Values of SOR, Data from Test No. 3





Figure 7-3 shows that SOR = 13% gives the best overall fit among the plotted curves to the actual data.  However, we do not have a well-defined measure for the precision in SOR when using this detailed simulation approach.  We must rely on bracketing the ethanol curve by varying SOR, and let the "eyeball" tell us how well we have limited the range.



We note that the final set of parameters - (r = 0.6 ft., k = 0.015 days-I , and SOR 13% - gives a very good mats to both tracer curves.  For Test No. 3, we can say that the model fits very well, and that the SOR = 13% obtained is probably within 1% of the average value in the reservoir volume contacted by the tracers.  We can also surmise that the important assumptions of the theory - radial flow, local equilibrium, etc. -probably hold in this case.



The normalization of simulator output curves as practiced in step (1) above is routine.  Theory tells us that it is the position of the peaks on the volume produced axis, not their heights, which determine SOR.  In this example, the simulator actually predicts the peak heights quite well when given the actual injected concentrations and volumes.  Conservation of material is added evidence that this test was ideal from a theoretical standpoint.  It also shows that the measurements of concentrations and volumes during both injection and production phases of the test were probably quite reliable.





Non-Ideal Simulations



Many of the cases reported in Chapter 5 are non-ideal, but still interpretable using a one-dimensional simulator such as TRACRL.  We present three such cases to demonstrate the following irregularities:



(1)	Alcohol product present in the injected ester, a common problem when formates are used



(2)	Multiple peaks in the ester and alcohol production profiles, indicating flow irreversibilities



(3)	Product alcohol peak which is much broader than would be expected from the shape of the ester peak, indicating a layered system with a range of SOR values in the layers.





Alcohol in the Injected Ester



Propanol is often present at a significant level in propyl formate because of the manufacturing process.  Unless the pH of the injected fluid is controlled,. additional propanol may form by acid catalyzed hydrolysis before the injected mixture can be buffered by the formation itself.  As observed in Chapter 5, a number of test profiles appear to be distorted by propanol which was present in the primary tracer bank.



TRACRL is capable of simulating such tests.  Table 7-2 gives the program input parameters for test number 40.  The process described in the previous example was carried out to obtain the best-fit values of (r, k, and SOR.  We then varied (CB)INIT, the input concentration of propyl alcohol.



The profiles predicted by the simulator are plotted on the field data profiles in Figure 7-4.  A good match is obtained if the injected propyl formate is assumed to contain 16% propanol.



The best-fit value of SOR = 23 + 3%, compares very well with the value 25% reported by the donors of the data for the corresponding main test.  We observe that if the test can be simulated at all, the presence of alcohol in the injected fluid is easily modeled . The sensitivity of a single-well chemical tracer test will not be adversely affected until the amount of alcohol injected becomes greater than the amount formed in the reservoir (see test no. 38).





TABLE 7-2  --  INPUT DATA (FINAL RUN) TO TRACRL FOR TEST #40



tINJ	=	0.25 days	KA	=	9.2

tFLOW	=	0.80 days 	RWB	=	.25 ft

tSOAK	=	3.0 days	(t	=	0.02 days

tPROD	=	4.0 days 	cA(injected)	=	1.0 moles/ft3

qINJ	=	200 BBLS/day 	cB(injected)*	=	0.16 moles/ft3

qPROD	=	130 BBLS/day	(r*	=	0.34 ft

H	=	23 ft 	k*	=	0.33 days-I

(	=	0.17 	SOR*	=	0.23



*Best fit values
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FIGURE 7-4

Simulation of Test No. 40 - Alcohol in the Injected Ester





Irreversible Flow



Test No. 42 in Chapter 5 shows an interesting and fairly common irregularity.  Both primary ester and product alcohol profiles have double peaks.  One mechanism to explain this behavior is flow irreversibility, although other possible reasons could be proposed.



We have modeled Test No. 42 as a two-layered reservoir using TRACRL.  The layers were assumed to be of equal height, since we have no information to indicate otherwise.  In some cases, core data or flowmeter surveys run during a test may give us a basis for more precise values for layer heights.



We also assume that the two layers “divide” the injected fluid in a constant ratio.  During production, the fluid leaves the two layers at constant rates whose ratio is different from the injection ratio.  Again we make this assumption because we have no evidence to assume any other.



In this case, the fitting process is more difficult than in the previous two cases.  We cannot use any of the profiles to find a "best-fit" (r first, because of the double peak effect.  Since the double peaks were quite well defined, we assumed that the dispersion had to be relatively small.  An arbitrary value of (r = 0.5 feet was used as a starting point.



An initial guess for the fractions of the injected fluid which entered each layer was also required.  We arbitrarily decomposed the ethyl acetate profile into two "bell-shaped” curves whose sum was the actual field-measured profile.  These curves were assumed to be the outputs from the two layers which were mixing in the wellbore.  Integration gave the areas under the curves which were assumed to be proportional to the amounts injected into the respective layers.  The results gave f1 = 0.30 and f2 = 0.70, where layer 1 is associated with the first peak to arrive.



An initial guess for the fraction of the fluid produced from each layer was obtained as follows.  The mean retention volumes ((QA)1 and ((QA)2 for the two ethyl acetate curves were calculated by the integration procedure explained below.  From impulse injection theory,16



	� EMBED Equation.2  ���	7-1



where ((QA)o is the mean retention volume for the primary tracer if the flow is reversible.  Equation 7-1 was written for layers 1 and 2; the results were then solved using the values of f1 and f2 obtained above to give g1 = 0.60 and g2 = 0.40. The preliminary indication is that layer 1 accepted only 30% of the injected fluid, but returned 60% of total production.



With these values and the test parameters listed in Table 7-3, a series of trial runs was carried out.  The f's, g's, k, and (r were varied until the simulations shown in Figures 7-5 and 7-6 were obtained.



Based on this relatively simple model, it appears that layer 1 took 27% of the fluid and produced 61%, a significant flow irreversibility.  It is encouraging to note that both layers seem to have the same (r and k. The best-fit values of (SOR)1 and (SOR)2 - 27% and 26% - are within the range 25 + 5% quoted in Table 5-1.  The estimated precision in SOR from the two-layer model is definitely better than + 5% quoted by the donor of the data.





TABLE 7-3

INPUT DATA (FINAL RUN) TO TRACRL FOR TEST #42



tINJ	=	0.125 days	cA (injected)	=	1.0 moles/ft3

tFLOW	=	0.5 days 	CB (injected)	=	0.0 moles/ft3

tSOAK	=	2.0 days	� EMBED Equation.2  ���	=	0.8 ft

tPROD	=	2.0 days	� EMBED Equation.2  ���	=	0.6 days-1

qINJ	=	534 BBLS/day	� EMBED Equation.2  ���	=	0.26

qPROD	=	417 BBLS/day	� EMBED Equation.2  ���	=	0.27

H1,H2†	=	7. ft	� EMBED Equation.2  ���	=	0.27

(1, (2	=	0.194	� EMBED Equation.2  ���	=	0.61

KA	=	3.5 	� EMBED Equation.2  ���	=	0.73

RWB	=	0.25 ft	� EMBED Equation.2  ���	=	0.39

(t	=	0.02 days



†	subscripts 1, 2 refer to layers 1 and 2

*	Best fit value
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FIGURE 7-5

Simulation of Primary and Product Tracers of Test No. 42.
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FIGURE 7-6

Simulation of Material Balance Tracer of Test No. 42.

�Multiple Layers with Different SOR



Test No. 37 was part of an extensive program reported by Bragg et al.17 to measure SOR in the same formation by many different methods.  The target zone was reported to be a "highly stratified sequence of fine, slightly silty sand intercalated with silt laminae."  Pressure core analysis showed SOR values ranging from 13 to 43% in the interval.



The production profiles shown in Appendix B for test 37 show clear evidence that the primary tracer contacted multiple layers with different values of SOR. The ethyl formate profile is quite narrow, indicating very little dispersion during the flow.  The methanol profile drops off very sharply, also indicating little dispersion.  The ethanol profile, by contrast, is quite broad.



Bragg et al. simulated this case using a four-layer model.  They based their stratification on the core data and on flowmeter surveys run during the test.  The simulator produces and mixes four different primary tracer peaks which penetrate the reservoir to different distances, but which arrive back at the wellbore at essentially the same time.  This flow reversibility of the ester in the various layers produces a narrow resultant peak.  Drift velocity was not significant in their simulation.



The product alcohol peaks do not return simultaneously, since each layer has a different SOR. The mixed resultant is thus the sum of four peaks with different arrival times.  Figure 19 in reference 17 shows an excellent match to the field profiles with an average SOR of 19%.



The range of SOR assumed in this simulation was 13 to 37%.  The authors are careful to point out several important considerations:



(1)	The fit is not unique.  Other stratifications with different assumed values of SOR would probably give as good a fit.



(2)	The position of the ethanol curve is well matched by a single layer model with SOR = 19%.  However, the shape of the curve cannot be matched with the same dispersion coefficient used to simulate the ester and methanol curves in a single layer model.



(3)	The best-fit average SOR which the single-well chemical tracer test produces is a permeability-weighted average.  The more fluid that enters a given layer, the larger the effect of that layer on the final average.  Inasmuch as higher permeability layers may have lower oil saturations, the single-well method tends to give a lower SOR than other methods which give volume-weighted averages.



(4)	If two different procedures give different answers for SOR in a formation, it does not necessarily indicate that one or both results are incorrect.  As just shown, the disparity may be an indication of heterogeneity of the formation.  This can serve as a warning to the designer of an enhanced oil recovery process to be applied to the reservoir.





The Direct Interpretation � EMBED Equation.2  ���Method



There are situations when the field engineer needs to make a quick estimate of SOR from the raw field data of a single-well chemical tracer test.  If the concentration profiles obtained are relatively "ideal," this can be done by a direct integration procedure which is developed below.



We showed in Chapter 2 that the mean retention volumes for primary tracer A and product tracer B are related by



	� EMBED Equation.2  ���	7-2



if the test is absolutely ideal.  An appropriate definition of mean retention volume which accounts for dispersion effects is



	� EMBED Equation.2  ���	7-3



where Ci(Q) is the field-measured concentration of tracer i as a function of produced volume Q.



Given a laboratory-determined value of KA and (Q's determined from 7-3, we can combine 7-2 with the definition of (A to obtain
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As outlined in Chapter 2, many of the assumptions of the "ideal" test are violated when we design and execute a practical field test.  We have used TRACRL to develop and confirm correction factors to be applied to equation 7-2 in real cases.



The most important non-ideality is caused by reaction during the injection and production phases of the test.  The two important parameters are R and r, defined after equation 2-16.  For 0 < R(1+r) < 1.0, we have confirmed that equation 2-16 is valid within ( 1% as long as the condition given in equation 2-15 holds.



Solving equation 2-16 f or (A,



	� EMBED Equation.2  ���	7-5



(A clearly approaches the ideal limit when R ( 0.



Equation 7-5 still assumes that tracer A was injected as an impulse, and that no dispersion occurs during the flow periods.  For real conditions, the injection parameter is F, defined by equation 2-9.  F is the fraction of the injected fluid volume which contains a constant concentration of  primary tracer A.  (1-F)QINJ is the "push" volume which displaces the bank of primary tracer fluid into the reservoirs.



The dispersion or mixing parameter is



	m  =  (r/rI	7-6



where (r is the mixing length parameter in TRACRL, and rI is the radius of investigation defined by 
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Based on Table 5-1, most of the field tests reported are covered by the following range of these parameters:



0	<	R(1+r)	< 	1.0

0.25	<	F 	< 	0.50

0	<	m 	< 	0.20

0.5	<	(A 	< 	4



We have made a series of runs with TRACRL to simulate tests within this range of R, r, F m and (A.  As part of its output, TRACRL computes � EMBED Equation.2  ��� from the predicted concentration profiles.  We have used the results to obtain the following empirical correction factors for equation 7-5.



	� EMBED Equation.2  ���	7-8

These corrections are valid to within 0.5% within the stated parameter ranges.





An Integration Procedure for Calculating� EMBED Equation.2  ���



The direct interpretation procedure requires calculation of � EMBED Equation.2  ��� from equation 7-3.  We note that the limits on the integrals are (o,(), while our test data covers only a finite range of produced volume Q for obvious reasons.  Some method for extrapolating the concentration "tails” to infinite Q must be used.



We have found empirically that most tracer profiles appear to decay exponentially if we wait long enough.  That is, the tail of a tracer profile C(Q) can be approximated by
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for Q > Q*.  The constants C*, Q*, and a are obtained by plotting (n C vs. Q and determining where the straight line behavior begins (Q*), what the slope is (1/a), and the value of C at Q*(C*).



The integral in the denominator of equation 7-3 can be written
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	(1)	(2)



Integral (1) can be obtained by quadrature from the smoothed data for Ci(Q).  Integral (2) is
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Similarly, we can separate the integral in the numerator into two parts, the second of which is



	� EMBED Equation.2  ���	7-12





Examples of Direct Interpretation By the (Q Method



We will again use Test No. 3 as an example since it proved to be "ideal." The primary tracer profile is shown in Figure 7-7.  The break-up of the curve for use in the trapezoidal approximation is indicated by the dashed lines.  The coordinates used in the trapezoidal rules for both the primary and product tracer are given in table 7-4.







TABLE 7-4

COORDINATES CHOSEN FROM GRAPHS 7-6 AND 7-8 FOR USE IN NUMERICAL INTEGRATION



	ETHYL ALCOHOL	ETHYL ACETATE



BBLS x 10-2	Counts x 10-4	BBLS x 10-2	Counts x 10-3



	1	0	3	0.05

	2	0.5	4	0.35

	3	1.75	5	0.9

	4	4.25	6	1.7

	5	6.5	7	3.1

	6	7.5	8	4.7

	7	8.1	9	5.8

	8	7.7	10	7.0

	9	6.8	11	8.3

	10	5.8	12	9.0

	11	4.7	13	9.2

	12	3.9	14	9.2

	13	3.3	15	8.9

	14	2.7	16	8.6

	15	2.15	17	7.9

	16	1.75	18	7.0

			19	6.1

			20	5.4

			21	4.7

			22	3.95

			23	3.3

	24	2.7
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FIGURE 7-7  --  Integration of Primary Tracer Profile, Test No. 3
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FIGURE 7-8  --  Exponential “Tail” of Primary Tracer Profile, Test No. 3

�The concentration values of the primary tracer for large Q are plotted as (n C versus Q in Figure 7-8 to show the exponential behavior.  From this curve, we obtain



	� EMBED Equation.2  ���	7-13



for Q greater than 2400 barrels.  From the numerical integration and from equation 7-10 we obtain



	� EMBED Equation.2  ���



Similarly for the numerator, again using numerical integration and equation 7-12, we find



	� EMBED Equation.2  ���



From equation 7-3



	� EMBED Equation.2  ���



The units of concentration of the tracer cancel out of this result, supporting our contention that the absolute value of concentration is not important in a single-well chemical tracer test.
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FIGURE 7-9  --  Integration of Product Tracer Profile, Test No. 3
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FIGURE 7-10 

Exponential “Tail” of Product Tracer Profile, Test No. 3





The concentration profile of the product tracer is shown in Figure 7-9 and for large Q as (n C versus Q in Figure 7-10.  From the latter we obtain
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Proceeding in the same manner as for the primary tracer, we find



	� EMBED Equation.2  ���



The final result is then



	� EMBED Equation.2  ���



Using this result and the parameters of the test, we can apply the correction factors for injection time non-ideality R and, profile parameter F, dispersion m.  From Table 5-1 we find that

�

	KA	=	6.7

	F	=	.505	(equation 2-9)

	R	=	.1653	(equation 2-10)

	r	=	1.538	(equation 2-11)

	rI	=	� EMBED Equation.2  ���	(equation 7-7)



We know that (r = 0.6 ft. from the direct simulation.  Hence,



	� EMBED Equation.2  ���	(equation 7-6)

Substituting these values into equation 7-5, we obtain



	� EMBED Equation.2  ���	7-15



Equation 7-8 can be written as



	� EMBED Equation.2  ���	7-16



If equation 7-16 is substituted into equation 7-15, both sides-of that resultant equation are functions of SOR.  If we plot the right and left hand sides of that equation as functions of SOR, the intersection of those curves gives the value of SOR which is the solution.  Denoting the left hand side by f1(SOR) and the right-hand side by f2(SOR), the following table can be calculated.



SOR	f1(SOR)	f2(SOR)



0.10	0.744	.907

0.11	0.828	.905

0.12	0.914	.908



The plotted intersection occurs at approximately 11.9%. This result agrees with the result obtained from detailed simulation to within experimental error (12.5 ( 1.5%).





A Second Example



For this example we have chosen a "mini-test" , Test No. 27.  The mean retention volumes were calculated as in the first example.  The results give
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As in the previous example, from Table 5-1 we find



	KA	=	3.8

	F	=	0.333

	R	=	.1236

	r	=	.802

	rI	=	� EMBED Equation.2  ���



The donors of the data reported a "best fit" value of (r = 0.72 ft.  Using equation 7-5 and 7-8 we find that the SOR is 29.5%. This is within 0.5 pore volume percent of the answer reported by the donors of the data, who used the detailed simulation procedure.  This is one of a number of cases in which the mini-test, used to investigate formation parameters such as drift velocity and reaction rate, was of sufficiently good quality to make a "main" test redundant.





Third Example



For our final example we have chosen Test 36.  This test was run using two primary tracers.  We have chosen the propyl formate data for the direct interpretation calculation.  Numerical calculation of the mean retention volumes gives
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From Table 5-1 we find



	KA	=	9.9

	F	=	0.276

	R	=	.0845

	r	=	2.07

	rI	=	� EMBED Equation.2  ���



and we are given that (r = 0.2 ft. Using this information in equations 7-5 and 7-8 we calculate SOR = 16.8%. The result obtained from detailed simulation is 18 ( 4%.





Problems With the � EMBED Equation.2  ��� Method



The direct integration � EMBED Equation.2  ���procedure has a sound basis in theory, as shown in Chapter 2.  The theoretical correction for flow-to-reaction time ratio, approximated well by equation 7-5, was also very useful in estimating the sensitivity of a real test.  The empirical correction of equation 7-8 is relatively unimportant for the ideal examples just given.



Unfortunately, the (Q method fails to give reasonable results in a number of "semi-ideal" cases which we have tried.  One or more of the following defects in the CB(Q) profile is at fault:



(1)	Poor precision in the analytical data, intensified by low reaction rate which caused the amount of product B to be too low.  The analytical extension procedure involving equations 7-9 through 7-12 is either impossible or produces an unrealistically large � EMBED Equation.2  ���.



(2)	Product B injected with the primary ester A. In these cases, � EMBED Equation.2  ��� could be corrected if we knew how much B was injected.  Since this requires a detailed simulation anyway, the � EMBED Equation.2  ���method is redundant.



(3)	Reaction rate which is not constant.  In at least one case (Test No. 12), the pre-injection of cold brine before the tracer injection produced a two-temperature environment for the test.  The alcohol was produced at quite different rates at the two temperatures.  The resulting profile showed significant distortion, which caused � EMBED Equation.2  ��� to be incorrect.





The Peak Median Method



We have developed a very approximate method for obtaining SOR directly from the location of the A and B peaks on the Q axis.  We define the peak median (Qi)m as shown below:
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The median can usually be determined reasonably well even though the profile "tails" badly.  We only require that the A and B profiles have single, well-defined peaks. 



TRACRL was used to obtain empirical correction factors for equation 7-2, where � EMBED Equation.2  ��� and � EMBED Equation.2  ��� are approximated by (QA)M and (QB)M.  The result is
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�where r, R, and m are defined as before. R and r are obtained directly from the test injection and production history.  The mixing length (r is needed to calculate m.  It must be estimated if it is not available from direct simulation attempts.



The estimated precision in (A from equation 7-18 is + 10%, assuming the parameters are within the following ranges:



	0.25	<	F	<	0.50

	0.5	<	(A	<	2

	0	<	� EMBED Equation.2  ���	<	0.5

	0	<	m	<	.2



We present two examples of the "median Q" method for which the � EMBED Equation.2  ��� method failed. The first is test No. 54. The measured median volumes were



	(QA)M	=	1420 bbls

	(QB)M	=	545 bbls



The necessary parameters are from Table 5-1 and ((r) from the data donor;



	KA	=	3.2

	R	=	.252

	r	=	1.03

	RI	=	10 ft

	(r	=	0.2 ft



From equation 7-18,



	� EMBED Equation.2  ���



The estimated SOR follows from the definition of (A, equation 6-1:



	� EMBED Equation.2  ���



This compares with 0.39 + .03 reported by the donors.



Our second example is test No. 11. The median volumes and parameters are



	(QA)M	=	605 bbls

	(QA)M	=	249 bbls.

	KA	=	4.68

	R	=	.288

	r	=	1.337

	RI	=	10.5 ft

	(r	=	0.4 ft (est.)

�

From equation 7-18,



and	� EMBED Equation.2  ���



The donors of the data reported SOR = 0.266 + .013 from direct simulation "best fit."  This result was subsequently adjusted to SOR = 0.33 based on stripping of the oil phase which was assumed to have occurred because of pre-injection of brine.



�CONCLUSIONS





As shown in Table 5-1, over 80% of the tests reported were considered interpretable by the donors.  Detailed simulation was carried out in every case, usually with one of the versions of the Exxon Production Research Co. two-dimensional simulator program.



As we have seen, some of the more ideal tests could have been interpreted by direct methods.  A reasonably reliable value of SOR would have been calculated, but other information which results from detailed simulation would have been missed.



We conclude that the overall effort which goes into planning and executing a single-well chemical tracer test is great enough to justify the best possible interpretation effort.  This requires detailed simulation, performed by someone experienced in the modeling of complex reservoir flow problems.  Careful planning and execution of the test procedure can minimize but not eliminate the irregularities in the field data.  The inevitable complexity and diversity of reservoirs will continue to challenge the single-well chemical tracer tester.
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�NOMENCLATURE





co	-	initial tracer concentration in brine during experimental determination of K-values



ci	-	concentration of tracer i in brine at equilibrium



(ci	-	concentration of tracer i in oil at equilibrium



D	-	drift parameter, used in direct interpretation procedure when correcting for fluid drift, defined in equation 2-25



� EMBED Equation.2  ���	-	dispersion tensor, defined in equation 2-5



E	-	extent of reaction for single-well test, defined in equation A.4.9



F	-	ratio of injected barrels of fluid containing primary tracer to total barrels injected, defined in equation 2-9.



fi	-	in multi-layer formations, fraction of fluid entering layer i



fo	-	oil fractional flow, defined in equation 2-44



gi	-	in multi-layer formations, fraction of fluid produced from layer i



H	-	formation height (ft)



Ki	-	distribution coefficient of tracer i, defined in equation 2-3



(Ko)i	-	constant in equation 6-20 defining Ki



k	-	hydrolysis rate constant



m	-	ratio of mixing length to radius of investigation, defined in equation 7-6



N	-	total number of layers in a multi-layer formation



ni	-	moles of i in brine



(ni	-	moles of i in oil



no	-	total number of moles of tracer in cell, defined in equation 6-1



P1, P2	-	empirical correction factors for fluid drift; see equations 2-26 through 2-29



QESTER	-	volume of ester solution injected



Qi	-	barrels produced when component i appears



(Qi	-	mean retention volume (barrels) of component i, defined in equation 2-12



� EMBED Equation.2  ���	-	mean retention volume (barrels) of component i in the reversible limit, defined in equation 2-38



QINJ	-	total amount of fluid (in barrels) injected during injection phase of single-well test



QPROD	-	total amount of fluid (in barrels) produced during production phase of single-well test



QTOT	-	total test volume defined in equation 2-2



qINJ	-	injection rate (barrels/day)



qPROD	-	production rate (barrels/day)



R	-	ratio of injection to shut-in time, defined in equation 2-10



(i	-	reaction source of tracer i, defined in equation 2-5



RI	-	radius of investigation defined in equation 3-1a and 7-7



RWB	-	radius of well bore in field tests



r	-	ratio of production to injection time, defined in equation 2-11



(r	-	mixing length, defined in appendix A-1



S	-	sensitivity of single-well test, defined in equation 2-17



SDRIFT	-	sensitivity of a single-well test affected by linear brine movement defined in equations 2-30, and 2-34



SIDEAL	-	sensitivity of single well test under ideal conditions, defined in equation 2-18



So	-	location oil saturation



(So	-	actual oil saturation near the well



SOR	-	residual oil saturation (0 < SOR < 1)



Ss	-	salinity in ppm, defined in equations 5-1, 5-2.



s1,s2	-	in direct interpretation procedure, correction factors for multi-layer effect, defined in equations 2-39 through 2-41



(SCF)BRINE	-	solubility in standard cubic feet per barrel of brine of the soluble component at reservoir conditions.



(SCF)OIL	-	solubility in standard cubic feet per reservoir barrel fo the soluble component in live crude.



TRES	-	reservoir temperature, ºF



tINJ	-	injection time of single-well test



tPROD	-	production time of single-well test



tSOAK	-	shut-in time of single-well test



tTOT	-	test duration, defined by equation 3-2



UTOT	-	total Darcy flow velocity



Vc	-	internal volume of experimental equilibrium cell used in K-value determination



VD	-	interstitial velocity of tracer i



Vi	-	volume of component i



(Vi	-	interstitial velocity of tracer i



Vi	-	volume of component i



(VL	-	theoretical frontal velocity, defined in equation 2-48



Vo	-	volume of crude oil pumped in to displace some of brine in cell at start of K-value determination



(Vo	-	local interstitial oil velocity



� EMBED Equation.2  ���	-	in two phase flow, velocity of oil at saturation So, defined in equation 2-45



(VT	-	thermal front velocity, defined in 



(Vw	-	interstitial brine velocity



Vw	-	volume of water remaining in cell during K-value determination



(	-	dimensionless dispersion parameter, defined in equation A.2.5



(i	-	retardation factor of tracer i, defined in equation 2-2



(HYD	-	fraction of product tracer produced by hydrolysis during single-well test, defined in equation 3-3



(	-	porosity of formation, 0 < ( < 1



(	-	dimensionless time parameter, defined in equation A.2.6



(c	-	volumetric heat capacity, defined in equation 2-50



�Appendix A 

Theory Derivations





Appendix A-1:

Perfectly-mixed cell model for radial flow in porous media.



In reference 10, equation 2-5 was replaced by a finite-cell model for the case of axial flow in a tubular packed-bed reactor.  The flow of reactants and products was assumed to be at "very large" (greater than 100) Reynolds number based on particle size.  Under these conditions, the elements of the dispersion tensor � EMBED Equation.2  ��� were known to be linear functions of the axial velocity component (Vz (see reference 10 for additional references).



There is also considerable evidence (see for example Blackwell, et al., ref. 17) that � EMBED Equation.2  ���is linearly related to interstitial velocity for slow flow of liquids in natural porous media.  We consider equation 2-5 for radial flow (cylindrical coordinates, with � EMBED Equation.2  ���both zero):



	� EMBED Equation.2  ���	A.1.1



where the radial component of water velocity obeys



	� EMBED Equation.2  ���	A.1.2



We then assume linear variation of Dr with (Vr



	� EMBED Equation.2  ���	A.1.3



Using A.1.2, we can then rewrite A.1.1 to give



	� EMBED Equation.2  ���	A.1.4



Following reference 10, we partially finite difference A.1.4 on the discrete axis, r = i(r, using central differences.  The result is



	� EMBED Equation.2  ���	A.1.5



If we now choose (r  =  2(, A.1.5 reduces to



	� EMBED Equation.2  ���	A.1.6



which is the material balance for tracer in a perfectly mixed cell (see Figure A.1).



As in the case of axial flow reactors, there is direct physical correspondence between the two types of models for radial flow in porous media.  The cell model, as expressed by equation (A.1.6), conserves mass of component i absolutely.  It requires only initial conditions for the � EMBED Equation.2  ���(at zero time) and a single boundary condition for input concentration at the appropriate location.





Appendix A-2



Consider the test formation to be modeled by a linear system of N perfectly mixed cells, each of length (. Each cell has a fraction representing oil saturated pores, SOR, and a fraction representing the water-filled pore space, 1-SOR  One such cell is depicted in Fig. A.2.1. Assume that a primary tracer, A, is injected in a brine solution into this model, and that it subsequently undergoes a first order reaction (presumably hydrolysis in a real field test) to give a secondary tracer B. If the concentrations of A and B in the brine in any cell i are denoted by CA,i and CB,i respectively, the material balance of any cell is, for tracer A,



	� EMBED Equation.2  ���	A.2.1



where



VT 	=	total volume of cell i



(CA	= 	concentration of tracer A in oil



Q 	= 	flow rate (barrels/day)



k 	=	rate constant governing the reaction of tracer A to tracer B 



The material balance for tracer B is



� EMBED Equation.2  ���	A.2.2



assuming that B is not soluble in the oil phase.



The tracer distribution coefficient is defined as



	� EMBED Equation.2  ���	A.2.3.



Now define the following parameters



	� EMBED Equation.2  ���	A.2.4



	� EMBED Equation.2  ���	A.2.5



	� EMBED Equation.2  ���	A.2.6





� EMBED MSDraw.1.01  ���





FIGURE A.2.1

Linear Cell Model.





so that equations (A.2.1) and (A.2.2) can be written in the following dimensionless forms:





	� EMBED Equation.2  ���	A.2.7a



	� EMBED Equation.2  ���	A.2.7b



A chemical tracer test can be divided into three major segments



0 	<	 ( 	<	(1	(fluid injection)



(1	<	 ( 	<	(2	(shut-in or soak)



(2	<	 (	< 	(3	(fluid production)



During the first phase the tracer and brine are injected into the well at some known rate; during the shut-in or soak phase only the reaction of the primary tracer to produce the secondary tracer is occurring; and in the final phase the fluid is produced from the well at some known rate.



The initial condition for the problem is assumed to be a unit impulse at � EMBED Equation.2  ���



	� EMBED Equation.2  ���	A.2.8



which allows us to compute CA,1 from equation A.2.7.



	� EMBED Equation.2  ���	A.2.9



This concentration is then the initial condition for cell 2 and so on through to cell N. From this series of calculations we find that for any cell, n, we get



	� EMBED Equation.2  ���	A.2.10



Thus at the end of the injection phase, the concentration of the primary tracer in any cell n is



	� EMBED Equation.2  ���	A.2.11



As a first approximation we will assume that reaction of the primary tracer occurs only during the shut-in phase, not during the injection or production phases, so that (A.2.11) reduces to



	� EMBED Equation.2  ���	A.2.12



Therefore, for the shut-in phase, (A.2.7a) reduces to



	� EMBED Equation.2  ���	A.2.13



At the end of the shut-in phase, since no flow occurs,



	� EMBED Equation.2  ���	A.2.14



The secondary tracer is assumed to be insoluble in the oil phase ((B = 0). Consequently during the shut-in phase



	� EMBED Equation.2  ���	A.2.15



which has the solution at ( = (2



	� EMBED Equation.2  ���	A.2.16



Solving (A.2.14) for CA,i ((1) and substituting it into (A.2.16) gives



	� EMBED Equation.2  ���	A.2.17



Thus the concentration of the secondary tracer in any cell is simply some constant times the concentration of the primary tracer in that cell; this constant depends only on (, ( and ((2-(1). This constant is denoted by F.



For the production phase each cell is assumed to make an independent contribution to the production of fluid in cell number 1 (the observation point). The equations superpose the contributions from each cell. The contribution of cell i (denoted by the superscript i) to cell number 1 at time ( (( > (2) is





	� EMBED Equation.2  ���	A.2.18



The total concentration in the first cell is simply the sum of the contributions from all N cells



	� EMBED Equation.2  ���	A.2.19



Similarly for the secondary tracer



	� EMBED Equation.2  ���	A.2.20



or, using (A.2.17)



	� EMBED Equation.2  ���	A.2.2



Again, summing the contributions from all N cells.



	� EMBED Equation.2  ���	A.2.22

�The mean residence times of the tracers are defined as



	� EMBED Equation.2  ���	A.2.23



	� EMBED Equation.2  ���	A.2.24



where (( is the time during the production phase, (( = ( - (2



Using equation (A.2.19) in (A.2.23) we find that



	� EMBED Equation.2  ���	A.2.25



or



	� EMBED Equation.2  ���	A.2.26



Let us now define



	� EMBED Equation.2  ���	A.2.27



Then (A.2.26) can be written as



	� EMBED Equation.2  ���	A.2.28



If � EMBED Equation.2  ��� in (A.2.21) � EMBED Equation.2  ��� can be expressed as 



	� EMBED Equation.2  ���	A.2.29



Dividing � EMBED Equation.2  ��� cancels all the integrals so that



	� EMBED Equation.2  ���	A.2.30





Thus the ratio of the residence time of the primary tracer to that of the secondary tracer is simply equal to 1+(A.  Since the mean residence volume is linearly related to the mean residence time we can write



	� EMBED Equation.2  ���	A.2.31



where, for example,



	� EMBED Equation.2  ���	A.2.32



Thus if we can numerically calculate � EMBED Equation.2  ��� from our field test data and if we can measure the distribution coefficient KA, of the primary tracer in the laboratory, equation (A.2.31) in conjunction with definition (A.2.4) shows we can then determine the residual oil saturation.





Appendix A-3



Here we present the analytical solution to the basic fluid flow equations describing a chemical tracer test without dispersive effects. A test of this nature can be divided into 3 time periods as follows

	o	<	t	<	t1	-	injection phase

	t1 	< 	t 	< 	t2	-	shut-in or soak phase

	t2 	<	t	<	t3	-	production phase.



This calculation will assume that the primary tracer is injected as a unit impulse at t = 0+.  In dimensionless form the basic equations describing the flow of the primary tracer, A, and secondary tracer, B, are



	� EMBED Equation.2  ���	A.3.1



	� EMBED Equation.2  ���	A.3.2



where the parameters (, (, ( and z are defined by



	� EMBED Equation.2  ���	A.3.3



	� EMBED Equation.2  ���	A.3.4



	� EMBED Equation.2  ���	A.3.5a



	� EMBED Equation.2  ���	A.3.5b



and	K A	=	distribution coefficient of tracer A

	SOR	=	residual oil saturation of our test formation

	k	=	rate constant governing reaction of primary tracer to secondary tracer B

	(	=	distance which secondary tracer travels during injection phase, the characteristic length of the test.

	V	=	fluid velocity in the pores, assumed to be the same during injection and production phases.



We are assuming from the beginning that the secondary tracer is insoluble in oil ((B = 0).



We assume an impulse input , with unit quantity at x=t=0.  Then during the injection phase (A.3.1) and (A.3.2) we have the solutions



	� EMBED Equation.2  ���	A.3.6





	� EMBED Equation.2  ���	A.3.7



and thus at the end of the injection phase, the concentrations have the values



	� EMBED Equation.2  ���	A.3.8



where the impulse is now located at � EMBED Equation.2  ��� and



	� EMBED Equation.2  ���	A.3.9



Figure A.3.1 gives a pictorial representation of what happens in this model during injection.  In the model we assume that no dispersion (peak broadening during flow) occurs. However in Fig. A.3.1 for the impulse concentration of tracer A we have shown some structure in the profile simply for clarity.



During the next (shut-in) phase, the chemical reaction converting the primary tracer to secondary tracer occurs without flow.  Consequently the only secondary tracer produced during this phase is at � EMBED Equation.2  ��� and at the end of this phase we have



	� EMBED Equation.2  ���	A.3.10



	� EMBED Equation.2  ���	A.3.11



The first term in (A.3.11) represents the amount of B formed during the injection phase and the second term the amount of B formed during the shut-in phase.



The production phase can be considered the reverse of the injection phase except that the impulse value of A has been reduced by the amount of tracer B produced during injection and shut-in.  Thus the production profiles of the tracers will be mirror images of those obtained during injection except for amplitude. At this point it is convenient to introduce (( = ( - (, the time since the end of the soak phase.  With the introduction of this variable, we find that during the production phase we have



	� EMBED Equation.2  ���	A.3.12
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FIGURE A.3.1.

Concentration Profiles at the End of the Injection Phase in the Impulse Model.





The amount of tracer B produced during this phase is



	� EMBED Equation.2  ���	A.3.13



The total concentration of B is given by the sum of (A.3.13) and (A.3.11), corrected for change in position as B flows back toward the well.



These concentration profiles can now be converted to concentrations measured at Z=0 as functions of ((, the time since production started. These are the concentrations which would be measured at the wellbore in a single-well tracer test if no dispersion occurred:



	� EMBED Equation.2  ���	A.3.14



	� EMBED Equation.2  ���

	� EMBED Equation.2  ���	A.3.15



From these results we can calculate the mean residence times of the two tracers using the formula



	� EMBED Equation.2  ���	A.3.16



Using (A.3.14) in (A.3.16) we find that  � EMBED Equation.2  ���	A.3.17



After considerable labor using (A.3.15) in (A.3.16) we obtain



	� EMBED Equation.2  ���	A.3.18



Since the flow rates are proportional to time, we can write finally,



	� EMBED Equation.2  ���	A.3.19



In most real applications, the assumption that injection rate is equal to production rate is not valid. If we let r = qINJ/qPROD, the ratio of injection to production rates, we can show that equation (A.3.19) in the more general case is



	� EMBED Equation.2  ���	A.3.20



When we reintroduce the original variables K, tINJ, and tSOAK, equation A.3.20 is converted to Equation 2-14.





Appendix A-4



We now wish to examine the final result of Appendix A-3 in the limit of small extent of reaction. We assume that this assumption will have no effect, to first order, on the mean retention time of the primary tracer. Thus, we still have that



	� EMBED Equation.2  ���	A.4.1



For the product tracer (tracer B), during the injection and production phases we will approximate the concentration by (see equations (A.3.9) and (A.3.13)



	� EMBED Equation.2  ���	A.4.2



Thus, during the injection and production phases we have the contributions



	� EMBED Equation.2  ���	A.4.3a



	� EMBED Equation.2  ���	A.4.3b



	� EMBED Equation.2  ���	A.4.4a



	� EMBED Equation.2  ���	A.4.4b



During the soak phase, if we expand the exponential in the second term of (A.3.11) and keep first order terms we find that



	� EMBED Equation.2  ���	A.4.5



	� EMBED Equation.2  ���	A.4.6



Adding the contributions during all 3 phases and calculating ((B, we find that



	� EMBED Equation.2  ���	A.4.7



This leads to



	� EMBED Equation.2  ���	A.4.8



Since (2 - (2 is (SOAK, and since the dimensionless times ( are linearly related to the real times t, equation (A.4.8) is equivalent to equation 2-16, the desired result.  The same result can be obtained directly from equation (A.3.20) by expanding the exponentials and discarding terms containing ( to powers higher than zero.



The extent of reaction, E, for a single well test is the fraction of tracer A converted to tracer B during the entire time of the test.  For the impulse approximation that we have used, this is given by



	� EMBED Equation.2  ���	A.4.9



Taking E = 0.5 and the case where the soak time is twice the injection time, we have made computer calculations to compare the complete expression (A.3.19) with the approximation, equation (A.4.8). The results are



		( = .5	( = 1	( = 2



	A.3.19	� EMBED Equation.2  ���	1.3298	1.5924	1.9842



	A.4.8	� EMBED Equation.2  ���	1.3333	1.6000  	2.000



If E is smaller (E < .5) the agreement is even better.  This supports the claim of equation 2-15.

�Appendix B.

Field Test Concentration Profiles





The production profiles (tracer concentrations versus barrels produced) of the tests presented in Appendix B the following uniform notation



���			material balance tracer, usually methanol

��		X	primary ester

��		(	product (alcohol) tracer.



The graphs were replotted from tabular data furnished by the donors or from literature curves.  In most cases, only a fraction of the available data points are plotted.  We have sketched curves through the data to emphasize the basic nature of the profiles.  These curves are not to be considered simulations or even interpretations of the tests.  No numerical results were obtained from them.



Inspection of the figures in Appendix B shows a variety of concentration units for tracers.  Volume %, ppm, and chromatograph counts are used by different donors of these data.  This merely underscores the observation made in Chapter II that the absolute value of concentration is not important in the singe-well chemical tracer test.  It is the position of the tracer peaks on the produced volume scale which determines SOR.
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