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ABSTRACT 

DETERMINATION OF CHEMICAL TRACER 

PARTITION COEFFICIENTS 

by 

Sunil Kapoor 

The purpose of this investigation was to develop an 

apparatus for determining the partition coefficients of the 

esters used in single well tracer tests. The single well 

tracer test has been used since 1968 to determine the residual 

oil saturations in oil reservoirs. Evaluation of the resid¬ 

ual oil saturation requires knowledge of the partition coef¬ 

ficient for the chemical tracer used. In this thesis, an 

experimental apparatus has been developed to determine par¬ 

tition coefficients at reservoir conditions of pressure, 

temperature, tracer concentration and brine salinity. 

The apparatus has been designed for pressures up to 

5000 psi and temperatures up to 200°F. These will cover 

the range of most oil reservoirs. It consists of a closed 

loop in which the oil and the brine phases are contacted. 

Pure tracer is injected in known amounts, and the concentra¬ 

tion of tracer in the brine phase is measured while the brine 

is being continuously circulated. 

After tracer concentration reaches an equilibrium 

value, a mass balance calculation gives the concentration 



of the tracer in the oil phase. Hence, the value of 

the partition coefficient can be calculated. Another 

injection of tracer is then made, and the process 

repeated. In this way the dependence of the partition 

coefficient on concentration is obtained at a particular 

temperature and pressure. 

Preliminary tests were run to determine the partition 

coefficients of ethyl acetate in synthetic brine (con¬ 

taining 10,000 ppm sodium chloride) and white oil. The 

partition coefficient was obtained at 78°F, 120°F and 

160°F for tracer concentrations up to 0,8%. The apparatus 

developed could be used to determine the partition co¬ 

efficients for live reservoir oil and samples and 

formation water. 
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CHAPTER 1 

INTRODUCTION AND THEORY 

The single well chemical tracer test has been used 

since 1968 to determine oil saturations in depleted oil 

reservoirs. Detailed accounts of its applications have 

1-7 been reported in the literature. Approximately fifty 

such tests have been completed by various companies under 

license from Exxon Production Research Company. One 

advantage of the single well tracer test is that it 

samples a relatively large volume around the well. In 

contrast to near well-bore techniques such as coring 

and electric or nuclear logging, the chemical tracer 

procedure is insensitive to formation damage and strip¬ 

ping near the well. 

The method consists of injecting a primary tracer bank 

consisting of an alkyl ester, tracer A, dissolved in 

formation water into a well. The fluid enters a form¬ 

ation which is at or near residual oil saturation because 

of prior depletion. The ester bank is followed by a bank 

of tracer-free water. The well is then shut in to allow 

a portion of the ester to hydrolyze to form the secondary 

tracer B, an alcohol. Finally, the well is produced and 

the concentrations of the two tracers A and B are mea¬ 

sured in the produced fluid. 
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The primary tracer is soluble in both the oil and 

water phases, while alcohol is basically soluble only in 

the water phase. This results in a chromatographic sep¬ 

aration of two tracers during production. The alcohol 

travels faster and returns to the well-bore earlier than 

the unreacted ester. 

The difference in arrival times is then used to deter¬ 

mine the residual oil saturation through the use of computer 

programs which simulate the test. The greater the dif¬ 

ference in arrival times, the greater the residual oil sat¬ 

uration (S ) . 

The results of a single well tracer test are determined 

by the value of 3^, defined by 

. _ fAfor 
A " ^or ' 

(1) 

where K is the average equilibrium distribution coeffi¬ 

cient of the primary tracer A between the residual oil and 

injected brine. The measured value of 3A is obtained either 

by direct computer simulation of the field-measured curves 

or by calculating the mean retention volumes of the tracers 

from these curves and applying the theory reported by Deans 
g 

and Majoros. 

must be measured at reservoir conditions of temp¬ 

erature, brine salinity, oil composition, and tracer con¬ 

centration level. Once this is done, S can be obtained or 
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from (1) in the form, 

•B, 
or K, (2) 

It is therefore required to develop an apparatus 

capable of measuring to the necessary precision at 

simulated reservoir conditions. In particular, we must be 

able to contact live crude oil with brine containing chem¬ 

ical tracers at temperatures up to 220°F and pressures up 

to 5000 psi. This covers the range of conditions for 

tracer tests which have been run. 

Previous measurements of equilibrium distribution 

coefficients have been carried out using two basic proce¬ 

dures : 

(1) Equilibrium cell (batch method): Known volumes of 

brine and live crude oil are introduced into a high-pressure 

cell which can be agitated to promote good contact of the 

two phases. Tracer A, present at known concentration in 

the brine originally, transfers partially to the oil phase. 

After equilibrium is reached, the brine phase is sampled 

and analyzed for tracer concentration. The decrease in 

concentration is used to calculate the oil phase tracer 
7 

concentration by material balance. 
g 

(2) The packed column (flowing) method: A known 

volume of crude oil is introduced into a suitable packed 

column, where it is retained as a distributed phase at 

residual saturation. Brine containing known concentrations 

of tracer A and a non-partioning tracer (such as methanol) 
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is then flowed through the bed. The brine leaving the 

bed is sampled and analyzed for tracer concentrations. 

The "break-through" curves of the two tracers are plotted. 

The difference in retention volumes between tracer A and 

the oil-insoluble tracer is used to calculate the amount 

of tracer A retained in the oil phase. 

Both of these methods require sampling of brine at 

high pressure, which is difficult. No good procedure has 

been found for introducing a reproducible volume of sample 

into a gas chromatograph at high pressure. Pressure loss 

is accompanied by gas evolution from the brine. This 

effects sample size if a syringe is used, and also results 

in stripping of ester from the brine before analysis. 

The procedure described in this thesis does not 

require sampling. As described below, a known volume of 

brine is circulated in contact with a known volume of oil 

until equilibrium is reached. The concentration of ester 

in the brine is monitored continuously by ultraviolet 

absorbance. This allows direct observation of the equi¬ 

librium process, and avoids the pressure and/or volume loss 

associated with sampling. Careful calibration of the Ü.V. 

spectrometer is required to obtain acceptable precision. 

We want to be able to determine SOJ. in the range of 

0.20 to 0.30 to a precision of + 0.02 (2% pore volume). 

If we assume is in the optimal range of 0.5 to 2.0, 

this requires measuring ÎCA to a relative precision of about 

+ 10% 
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Thus it is not sufficient to bring the oil-brine- 

tracer system to equilibrium at elevated conditions. We 

must also be able to measure the tracer concentrations in 

both oil and brine at those conditions to obtain: 

= | |
C
A|oilj equilibrium (3) 

V
CC
A
)
BR / 

This must be done rapidly, to avoid excessive hydrol¬ 

ysis of primary tracer A. It also must be done without 

changing composition of the oil, or perhaps changing it in 

a known way. 



CHAPTER 2 

EXPERIMENTAL APPARATUS 

The experiment consists of contacting a known amount 

of oil with a known amount of brine at reservoir temp¬ 

erature and pressure. A known amount of tracer is injected 

into the system before the oil is introduced and the 

concentration of the tracer is measured. The oil is then 

added. The brine is circulated until the tracer is in 

equilibrium in both phases. Knowing the volumes of the oil 

and the brine phase and the tracer concentration in the 

brine phase before and after the oil is added, a mass bal¬ 

ance gives the tracer concentration in the oil phase. 

Hence, the partition coefficient can be determined. 

The apparatus used to determine the partition coef¬ 

ficient is shown in Fig.l. The procedure used was sug¬ 

gested by Carlisle^® and is described in the next chapter. 

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 160°F. The flow rate can be adjusted by adjusting 

the stroke length of the pump. It can deliver liquid at 

6 
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a rate of 30 to 560 cc/hr. 

(2) The high pressure, high temperature six-port 

Valeo valve (C) for admitting tracer A into the main loop. 

The valve is rated for pressures up to 4500 psi and temp¬ 

eratures up to 250°F. 

(3) The high pressure, high temperature six port 

valve (D) for admitting oil into the main loop. 

C4) The contacting column, (E), a 1/2" O.D. stain¬ 

less steel column capable of withstanding 10,000 psi at 

160°F. The upper part of the column is packed with stain¬ 

less steel wool to retain the oil. 

(5) The heat exchanger {F) which cools the circu¬ 

lating 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 the 

brine in the reference loop (B). The instrument consists 

of a deuterium lamp capable of emitting light in the range 

of 190-770 nm. The light passes through two stainless steel 

cuvettes, one of which is a part of the main loop and the 

other one is a part of the reference loop B. The wave¬ 

length of absorption of the unit can be adjusted. An 

optimum wavelength of 220 nm was selected and the instrument 
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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 Volu¬ 

metric pump (H3) for metering fluids at pressures up to 

10,000 psi. 

(8) The primary tracer feed system (I) , 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 pres¬ 

sure during the loop filling operation. The pump is con¬ 

nected 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 ester, 

the timer shuts off the pump and switches the position of 

the valve (C) so as to let the ester 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 con¬ 

trol 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 
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circulating the air in the oven so as to avoid any hot 

spots in the oven. 



CHAPTER 3 

EXPERIMENTAL PROCEDURE 

The brine and oil to be used are introduced into the 

pressure vessels evacuated to remove dissolved air, then 

both fluids are pressurized using the Ruska Pump, H3 (Fig. 

1). The ester whose K value has to be determined is 

then drawn into the Ruska Pump, II. The apparatus is then 

ready for the calibration and actual K-determination steps. 

3.1 Volume Calibrations: 

The volumes of various loops (main loop A, oil loop 

D1 and ester loop Cl) are determined as functions of 

pressure and temperature by the following procedure. 

The loop A is evacuated through valves VI, V2 

and V5 using the vacuum pump (see Fig. 1). 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 the loop A is then read from the Ruska 

Volumetric Pump H3 at a particular pressure and temperature. 

The ester loop Cl is evacuated and filled through vàlves 

V3 and V7. Its volume is obtained by similar procedure. 

The oil loop Dl is then evacuated and filled through 

valves V5 and V7. Its volume is then obtained. Loop 

volumes are given in Appendix 3. By repeating the above 

10 
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procedure at different pressures and temperatures, the 

various system volumes as functions of pressure and 

temperature were obtained. 

3.2 Ester Concentration 

The response of the spectrophotometer to ester con¬ 

centration 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 base¬ 

line 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. 2 for 

ethyl acetate at 220 nm at room temperature. 

3.3 K-Value Determination 

After the calibrations are completed, the apparatus 

is used to measure distribution coefficients as follows: 

(a) The brine in the loops A and B is circulated to 

obtain a steady baseline reading on the spectro¬ 

photometer. 

(b) The oil loop (Dl) is filled with oil and the 

ester loop (Cl) is filled with ester at reservoir 

pressure, controlled by the back pressure regulator 

(12) . 
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(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, CQ, is recorded on the Spectro¬ 

photometer. 

(d) The position of the oil valve D, is switched to 

make the oil loop Dl, part of the main loop. The 

oil is retained in the upper part of the column 

F, which is packed with stainless wool. 

Ce) The ester transfers from the brine phase into the 

oil phase until equilibrium is reached by contin¬ 

uous circulation in the loop A. The final value 

is recorded. The concentration history of 

the ethyl acetate in a preliminary experiment is 

shown in Appendix 5. 

(f) A K-value is thus obtained at a particular temp¬ 

erature and concentration of ester (refer to 

Appendix 1 for calculations). 

Cg) Another shot of ester is added by refilling loop 

Cl and cycling. 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, followed by acetone 

and finally with distilled water. 
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The liquid in the remaining part of loop A is re¬ 

moved 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 the loop A is removed by using nitrogen 

under 80 psig pressure. 

The column is placed back into the oven (J) and the 

loop A is evacuated and filled up with brine by the pro¬ 

cedure described earlier. The temperature of the oven is 

now changed and the whole procedure is repeated to obtain 

K-values at another temperature. 



CHAPTER 4 

RESULTS 

The equipment was set-up as shown in Fig. 1 and a 

set of exploratory runs were done using a refined white 

oil, Marcol 70,^ as the oil phase. A 1% NaCl (synthetic 

brine) solution was the brine phase, and the ester used 

was ethyl acetate. 

The calibration curve for ethyl acetate in 1% brine 

was obtained as shown in Fig. 2. 

The results of an experiment done at 78°F with 1% 

brine and 200 psi pressure are shown in Table 1. The 

partition coefficient increases with increasing concen¬ 

tration of ethyl acetate. The method of calculation of 

K-value from the data is given in Appendix 1. 

The recorder output for a run performed at 160°F is 

included in Appendix 5. After the first injection of 

ethyl acetate, the optical density observed was 6.45 + 

0.05, (Fig. A5.1) corresponding to a concentration of 

0.233% + 0.002%. The oil was injected; as shown in the 

Fig. A5.2, the optical density dropped to 4.80 + 0.05, 

corresponding to a concentration of 0.165% + 0.002% as 

equilibrium was reached. 

The volumes of the main loop (VM + VA) was 24.55 + 

0.05 c.c. and that of the oil loop was 5.00 + 0.01 c.c. 

14 
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From the equation (Al.l) we have 

_ 24.55 X 0.233 - 24.55 x 0.193 
5 x 0.193 

= 1.02 + .10 

The results of runs performed at 120°F and 160°F are 

shown in Table 2 and Table 3 respectively. The K-value 

predictions are shown in Figures 3,4, and 5 for the 

above three cases and a plot of K value variation with 

ethyl acetate concentration is shown in Figure 6. 

The method of least squares was used to obtain the 

straight line which best fits the data when plotted as 

1/K vs. ethyl acetate concentration. 
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For the 

and K = 

For the 

and K = 

Finally 

and K = 

78°F data shown in Table 1, 

Slope = -0.28 + 0.005 

Intercept = 0.83 + 0.001 

Regression Coefficient = 0.969 

1.203 
1
 - °*33CCA)BR 

120°F results given in Table 2, 

Slope = *-0.175 + 0.005 

Intercept = 0.64 + 0.001 

Regression Coefficient = 0.999 

1.556  
1 - 0.273 (CA)BR 

the 160°F data listed in Table 3, 

Slope = -0.142 + 0.005 

Intercept = 0.521 + 0.001 

Regression Coefficient = 0.978 

1.919 
1 - 0.27ô(CA)BR 



17 

To check for the reproducibility of the K-values, 

the experiment of 160°F was repeated with 1% brine and 

at 200 psi. The results obtained match very closely with 

those obtained earlier. The charts for the experiments 

conducted at 160°F and 200 psi are enclosed in Appendix 5. 

An experiment was conducted at 78°F in which the ethyl 

acetate was injected but no oil was injected. This helps 

to check the volume of the ethyl acetate loop, Cl, and also 

the calibration curve. Data obtained has been listed in 

Table 4. The charts are enclosed in Appendix 5. (See 

figures A.5.7., A.5.8., and A.5.9.) 

Another experiment was run to check the effect of 

packing on equilibrium. Appendix 5.10 shows mixing of 

ethyl acetate with packing in the top part of the column. 

Appendix 5.11 shows mixing of ethyl acetate with very little 

packing in the bottom part of the column. In the latter 

case, oil could not be held in the column and ran into the 

spectrophotometer. Thus it was concluded that packing in 

the upper part of the column was essential to retain the oil 

and improve the mass transfer. 
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TABLE 1 

Temperature = 78°F 

Brine Salinity = 1% 

Pressure = 200 psi 

K y* OPT. Density Concentra 

1.27 0.787 5.3 0.185 

1.35 0.741 9.8 0.365 

1.52 0.658 13.9 0.533 

1.61 0.621 17.6 0.700 

1.64 0.610 19.8 0.870 

TABLE 2 

Temperature = 120°F 

Brine Salinity = 1% 

Pressure = 200 psi 

K 1/K OPT. Density Concentration, % 

1.63 0.613 5.0 0.175 

1.72 0.581 9.3 0.345 

1.81 0.552 13.3 0.510 

1.90 0.526 17.1 0.670 

2.01 0.498 19.3 0.825 



19 

TABLE 3 

Temperature = 160°F 

Brine Salinity = 1% 

Pressure = 200 psi 

K lUL 
2.02 0.495 

2.12 0.471 

2.15 0.465 

2.34 0.427 

2.45 0.408 

OPT. Density Concentration 

4.8 0.165 

8.85 0.325 

12.7 0.485 

16.3 0.630 

18.7 0.775 

TABLE 4 

NO OIL INJECTION 

Temperature = 78°F 

Brine Salinity = 1% 

Pressure = 300 psi 

VM = 23.05 c.c. 

VA = 0.0572 c.c 

Ethyl Acetate Actual cone.,% Observed cone.% 
Injection 

1 0.2475 0.2475 

OPT.Density 

6.9 

2 0.494 0.5025 13.2 

3 0.741 0.750 18.7 



CHAPTER 5 

DISCUSSIONS AND CONCLUSIONS 

The apparatus in its present configuration is close 

to meeting the experimental objectives. The flow cells 

of the spectrophotometer have been tested to 4500 psia 

at room temperature. The circulating brine in the main 

loop is cooled to ambient conditions before passing 

through the cells, so that temperature is not a limiting 

factor. All other elements of the system are rated for 

5000 psi at reservoir temperature up to 220°F. 

The experiments were conducted using synthetic (NaCl) 

brine and refined oils which contain no light ends. The 

procedure can be extended to use live crude oils and 

native brines. Pre-equilibration of the phases will 

be required to avoid transfer of components from oil to 

brine in the main circulating loop. This will be 

achieved by modifying the H system (Figure 1). A 

magnetic circulator will be used to bubble live oil 

through the brine before the various loops are filled. 

The main loop can also be run in an "open" mode, in 

which the oil sample is contacted with a known volume 

of'dead" brine before the K-value is determined. This 

will allow evaluation of the light-end stripping effects. 

20 
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As shown in Appendix 1, repeated additions of ester 

A can be accomplished without loss of relative precision. 

This assumes that equilibrium is reached after each 

addition of ester, that no hydrolysis occurs, and that 

no A is lost other than from the ester addition loop 

during cycling. The next generation of equipment will 

include gas chromatographic sampling to monitor final 

concentrations. Hydrolysis will also be determined 

quantitatively. 

The error analysis shown in Appendix 1 indicate that 

by lowering the value of VM (system volume) and by 

increasing the oil loop volume we can reduce errors. The 

system volume reduction was attempted by using a low 

dead volume filter but the new filter plugged up very 

quickly. The oil loop volume was increased from 5cc to 8cc 

and that resulted in oil being carried over into the 

spectrophotometer sample cell. 

Another method of reducing errors is by measuring 

concentrations more accurately than those measured by 

the Schoeffel Spectrophotometer. The electronics in 

the control unit of the Schoeffel Spectrophotometer lead 

to a considerable drift and hence an error in the measure¬ 

ment of concentration. Increasing the wavelength above 

220 nm would reduce the drift but the sensitivity drops 

considerably. Also drift is introduced due to the mech- 

ancial vibrations which are introduced by the pulsating 
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positive displacement pump. Hence, a gas chromatograph 

is highly recommended to measure the concentrations of 

the ethyl acetate. This would lead to decreased error 

in the K-values. 
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VOLUME PERCENT ETHYL ACETATE 

FIS 2. CALIBRATION CURVE 
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FIG. 3 * PARTITION COEFFICIENT DETERMINATION AT 
78® F AND 1% BRINE SALINITY. 
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FIG. 4 • PARTITION COEFFICIENT DETERMINATION 
AT 120® F AND 1% BRINE SALINITY 



27 

FIG. 5r PARTITION COEFFICIENT DETERMINATION 
AT 160° F AND 1% BRINE SALINITY. 
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FIG. 6 « VARIATION OF PARTITION COEFFICIENT WITH 
CONCENTRATION OF ETHYL ACETATE AT 1% BRINE 
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APPENDIX 1 

SAMPLE CALCULATIONS, ERROR ANALYSIS 

Alyl. Sample Calculations 

Prom Eq. 3 we have 

K A 
A

C
A>OII 

\
CC
A'BR ) equilibrium 

where = Partition coefficient. 

(CA) Oil = E<3uilibrium concentration of 
ethyl acetate in oil phase. 

C
C
A) BR 

= E<2uilifc*rium concentration of 
ethyl acetate in brine phase. 

Let VQ = Volume of oil loop. 

VA = Volume of ethyl acetate loop. 

VM = Volume of main loop (excluding VQ,Va) 

N^ = moles of ethyl acetate added each time the ethyl 
acetate loop is switched into the main system. 

The various steps of the experiment involve: 

Step 0: Add ethyl acetate into system and circulate 

to get a concentration CQ of the ethyl acetate in the 

brine phase. 

Step 1: Add oil into the system and record C^, the 

concentration at equilibrium of the ethyl acetate in the 

brine phase. 
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Step 2 : Add more ethyl acetate through ethyl acetate 

loop and circulate until an equilibrium concentration C2 

is recorded. 

Hence = CQ(VM + VA) 

tNA}W " 

®A)0 " 

Cl‘VM + vA) 

N
A - ‘Vw - <co - Cl> <VM + VA> 

1! H
 

*~k 
«
 

.(.cA.)0 {% _ A 
y.vM ,vA\ 

^CA^W V vo / 
(Al.l) 

When we add fresh ethyl acetate, we lose the ethyl 

acetate present in the brine which is in the ethyl acetate 

loop during cycling. 

Hence, 

V 
0 

Also, 

CKA>n ■ 

■(?-■)• a • 

/nC° \ VM (nC0 " C1 "...Cn\ . VA 

\Cn ) ^ V ^ ) ~o 

(A1.2) 

(A1.3) 

VA Now assuming « 1 we have: 
v0 

CKa) /■fo VM 
n “ V°n y • ^ (A1.4) 
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If the error in measuring concentration CQ is e , 

we have: 

CKa>n 

By making Cn we have 

CVn 

(A1.5) 

(Al.6) 

(Al.7) 

so the error in measuring KA does not accumulate as more < 

and more runs are carried out. 

The variation of with concentration has been 

empirically determined to be expressed by: 

K, (A1.8) 

A,B = constants depending on pressure, temperature, 

oil characteristics and brine salinity. 

A straight line plot of 1/K vs. concentration is pre¬ 

pared and the value of A and B are determined as follows: 

A = (Intercept) ^ 

B = A x (-Slope) . 

Consider the calculations for Table 3. 

T = 160°F. 
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CD K. 

(2) C. 

K. 

C3) C; 

K. 

C4) C 

K 

C5) C 

K 

Brine = 1%. 

Pressure = 200 psi. 

CQ = 0.233% 

C1 = 0.165% 

_ 24.55(0.233 - 0.T65) 
3 x 0.165 

= 0.325% 

24.55 X 0.233 X 2 - 0.0572 X 0.165 - 24.55 X 0.325 
5 x 0.325 

= 2.12 

= 0.485% 

24.55 x 0.233 x 3 - 0.0572(0.165 + 0.325) 
3 x Q . 485 

- 24.55 X 0.485 
5 x 0.485 2.15 

= 0.63% 

24.55 x 0.233 X 4 - 0.572(0.165 + 0.325 + 0.485) 
5 x 0.63 

- 24.55 x 0.63 _ n -> A 

5 x 0.63  " 2’34 

= 0.775% 

24.55 x 0.233 .x 5 - 0.0572 (0.165 + 0.325 + 0.485+0.63) 
5 x 0.775 

- 24.55 X 0.775 
5 x 0.775 2.45 
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Al.2: Error Analysis 

All evaluations of the uncertainty in experimental 

data are based upon estimates of the errors in the measure¬ 

ments. A reasonable method for calculating the propagation 

of the uncertainties into the final results must follow from 

these estimates. An uncertainty is the possible value that 

an error can take; an error is the difference between the true 

value and the calculated result. 

Hence we have from eqn. (3): 

Differentiating we get 

VA = 0.057 + 0.005 cc 

VQ = 5.00 + 0.01 cc 

VM = 24.5 + 0.05 cc 

CQ = 0.232% + 0.004% 

0.165% + 0.004% 



|dKA| Max = .0.00041 + 0.0041 + 0.004 

+ 0.119 + 0.16. 

= 0.28. 

Maximum Error in KA = + 0.14. Since the value of Ka 
ii 

is 2.0, this error is + 7%. 
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APPENDIX 2 

EQUIPMENT 

The specifications on some of the major equipment 

used are given below. 

A.2.1. Ruska Pump (II) 

Pump Model No.: 1458-W11 M-230. 

Maximum Working Pressure: 10,000 psi 

Displacement: 500 c.c. 

Minimum feed rate: 2.5 cc/hr. 

Maximum feed rate: 560 cc/hr. 

Number of cylinders: 2 

Drive Motor: 230V, 3 Phase, 3/4 H.P. 

Reductor Ratio: 5-1. 
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A.2.2. Schoeffel Spectrophotometer (G) 

Model: SF 770 

Operating Range: 190 run to 700 run 

Time Constant Range: 0.5 - 5.0 seconds 

Power Requirements: 115 V/60 Hz 

Window Torque: Deuterium Lamp 
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A. 3.3. Ruska Pump (H3) 

Pump Model Number: 1053 - 801 - 00. 

Maximum Working Pressure: 1000 psi 

Displacement: 47.36 c.c. 

Operation : Manual 

Number of cylinders: 1 
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A.2.4. Milton Milroy Pump (K) 

Model Number: 2396 - 57 

Maximum Working Pressure: 5000 psig 

Minimum feed rate: 29 ml/hr 

Maximum feed rate: 580 ml/hr 

Number of cylinders: 2 

Strokes Per Minute: 57 

Motor: 115 V; 50/60 Hz, 1/30 HP 
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A.2.5. Stainless Steel Column (E) 

Nipple: CNZ99012 

Connection: SF562X 

Working Pressure: 20,000 psi at 100°F 

Material: SS 316 

Tube I. D. : 0.312 inches 

Tube 0. D. : 9/16 inches 
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A, 2.6. Six port Valeo Valves (C and D) 

Model No: V-6-UHTa-HC 

Maximum Working Pressure: 4500 psi 

Maximum Working Temperature: 212°F 

Valve Material: NITRCNIC 60 

Packing Material: VALCCN H 



A. 2.7. Pressure Vessels (Hi and H2) 

Working Pressure: 5000 psi 

Tested Pressure: 8500 psi 

End Fittings: 1/8" NPT Threads 

Wall'Thickness: 0.436" 

Vessel 0. D. : 2.375" 

Material of Construction: 316 Seamless Pipe 

of Extra-Heavy Stainless Steel 
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APPENDIX 3 

CALIBRATIONS, VOLUME MEASUREMENTS 

A.3.1. Calibrations; 

The Schoeffel Spectrophotometer was calibrated by 

the following procedure: 

A zero baseline was obtained by circulating brine 

through both the sample and the reference sides. Solutions 

of known concentrations of Ethyl Acetate in brine were 

circulated through the sample side. It was found that as 

the wavelength of the instrument was decreased, the 

sensitivity increased and the noise increased, too. So 

an optimum wavelength of 220 nm- was found and the spectro¬ 

photometer was used at 220 nm throughout the course of the 

experiments. 
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A. 3.2. Volume Measurements: 

The loop A was evacuated by using the vacuum pump 

and the volume on the Ruska Pump (II) was recorded at a 

certain pressure. Both the loops Cl and Dl are not a part 

of the loop A. 

The loop A is now filled with brine by using the Ruska 

Pump (II) to the same pressure and the volume is recorded. 

The difference of the above two volumes gives the volume 

of the loop A. The above procedure is repeated until the 

volume is determined accurately. 

Now the loop Cl is evacuated by using the vacuum pump 

and the volume on the Ruska Pump (II) is recorded with a 

certain pressure. The loop Cl is now made a part of the 

loop A and the brine is filled up into the loop at the same 

above pressure and the volume of the pump is recorded. The 

difference in the above volumes gives the volume of the 

loop Cl. 

Similarly the volume of the loop Dl is obtained. 
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APPENDIX 4 

THEORY 

The movement of chemical tracers in fluids in a reser¬ 

voir can be described by the equations that describe the 

movement of components in a laboratory chromatographic column. 

Molecules of the chemical tracer i are locally distributed 

between oil and water in a porous medium. If the molecules 

are sufficiently mobile between the two phases, local equil¬ 

ibrium can be assumed. Therefore from eq 3 we have: 

K = (Ci)oil 
i (C^)water 

This thermodynamic equilibrium ratio depends on the 

nature of tracer i, the type of oil, the salinity of brine, 

the pressure and temperature of the reservoir. 
o 

Since the two fluid phases are in relative motion in the 

pores of the medium, the molecules of the tracer i will move 

with a characteristic velocity that depends on the fraction 

of time that the molecules spend in each phase. Thus if the 

probability of finding a typical i molecule in the water phase 

is p^, then the expected velocity of i molecules is: 

->• 

Vi " PiVw + {1-Pi> V0 (A4.1) 
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Since is in the range of zero to one, must lie 

between V and Vn. w u 

Assuming again that tracer i is in local equilibrium 

even though the water and oil are moving, the probability 

p^, is statistically related to the local populations of i 

by the relation: 

1 " Pi 
Pi 

tVoil 
^ni^water 

(A4.2) 

The number of i molecules in the two phases is related 

to both the volume fractions of the phases and the concen¬ 

trations by: 

<Voil 

^Ni^ water 

«Veil S0 
^Ci^water Sw 

= Ki s- 
(A4.3) 

w 

Now Sw = 1 - Sg and assuming the oil is at residual 

saturation, we have by combining Equations (A4.2) and (A4.3): 

^Pj KiSor 
1-S. = Bi- (A4.4) 

* l or 

If we solve Eq (A4.4) for p^ and substitute into 

(A4.1) knowing VQ =» 0, we can express the velocity of a 

typical tracer molecule as: 

vw 
Vi = l+&± 

(A4.5) 
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_1  
where the term 1+3^ is called the retardation factor. 

Thus we find the retardation of ethyl acetate as com¬ 

pared to the ethanol since the ethyl acetate distributes it¬ 

self between the oil and the brine phase while the ethanol 

is primarily in the brine phase. 
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