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Abstract 

 

Article Info 

Waterflooding is one of the secondary oil recovery methods practised in the oil and gas 
industry to improve the extraction of residual oil from oil reservoirs. The idea of 
understanding the behaviour of reservoirs should be explored further so that the appropriate 
action can be conducted in the targeted area to optimise oil production. Thus, the 
intervention of a radiotracer is introduced to provide the fluid flow details in a reservoir. 
In this study, Technetium-99m (Tc-99m) was used for waterflooding activity inside a 
fabricated sand column. Tc-99m was selected due to its availability and short-lived tracer 
(6 hours). It also emits gamma rays with an energy of 0.140 MeV. The sand column was 
compacted with a 150 µm grain size of sand and 5 mL of approximately 3614MBq activity 
Tc-99m was injected inside the column which was arranged vertically. The Residence time 
distribution (RTD) model was developed from the results collected at the outlet of the sand 
column. The RTD model indicated the vertical sand column behaved as a Perfect Mixer in 
a Parallel (PMP) model and the RTD experiment verified the model well. The experimental 
RTD showed the existence of channelling that resembles the parallel paths that reduce 
water flooding efficiency. Moreover, the study also showed that the tracer activity can be 
as minimum as possible as long as it is detectable for data analysis.    
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1.0 Introduction  

Radiotracer technology (RT) has been applied in 
industries for more than 50 years in plant diagnostic and 
troubleshooting without plant shutdown (International 
Atomic Energy Agency, 2008). This technology has 
been more prevalent in several applications such as 
determining the dead zone/stagnant zones in wastewater 
treatment plants (WWTP), measurement of flow rates 
for the calibration of flowmeter or non-installed 
flowmeter, determination of leaks in buried pipelines 
and industrial heat exchangers and last but not least 
inter-well (IWTT) communication in oilfields (IAEA, 
2001, 2004; Othman & Kamarudin, 2014). RT can be 
performed by injecting a radiotracer at the inlet of the 
system (injection well) and monitoring it at the outlet 
(production well). The data output can be treated and 
analysed to investigate the behaviour of the system.  The 
dynamic flow pattern of fluid in a reservoir can be 
measured by tagging injection water with a suitable 

nuclide. A response curve versus time can be obtained 
and analysed. 

To date, information on the use of radiotracer to 
determine the Residence time distribution (RTD) model 
for water flooding activity to improve crude oil recovery 
is scarce. Only recently, investigations on radiotracer 
intervention during water flooding in commercial core 
flood rigs have been carried out. The investigation 
reported that the radiotracer can provide information on 
the core flood which enables researchers to improve 
their parameters for water flooding optimisation 
(Othman et al., 2020). Hence the motivation of this work 
is to integrate radiotracer technology into the activities 
of waterflooding.  

Waterflooding is a common secondary recovery oil 
extraction method that can enhance oil recovery by up 
to 45 percent of the overall recovery factor. 
Waterflooding is commonly used due to its availability, 
cost-effectiveness and simplicity (Danial Azim Che 
Aziz et al., 2020; Zitha et al., 2011). To evaluate the 
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effectiveness of the waterflooding, sweep efficiency 
evaluation should be done. Sweep efficiency experiment 
has been conducted all around the oil and gas industry. 
Studies have been done using core flooding, simulation, 
analytical model or evaluation using substitution index 
(Al-Shalabi & Sepehrnoori, 2016; Dollah et al., 2018). 
In this work, radiotracer was utilised to assist in the 
understanding of its sweep efficiency.  

The knowledge of the total/swept efficiency is not a 
simple task because the reservoirs are underground 
formations and therefore remote to man and 
conventional tools (Hamidi & Rafati, 2012; Rahmani et 
al., 2013). A radiotracer is a tool that accesses and runs 
across the reservoir, contacting portions of interest and 
giving information about the total/swept efficiency 
(Melo & Almeida, 2017). The output from the analysis 
can be in the form of residence time distribution (RTD) 
which can represent the fluid flow in the reservoir and 
be interpreted using RTD models.  

2.0 Methodology 

2.1 Material  

Two radiotracer experiments have been carried out to 
investigate the information that can be retrieved from 
this new approach during the waterflooding study. 
Technetium-99m (Tc-99m), a metastable nuclear isomer 
of technetium-99, was used as the radioactive tracer in 
this study. It is the most used radioisotope in the medical 
radiopharmaceutical field for the imaging of various 
parts of internal organs such as the brain, kidney, 
thyroid, liver, bone, and heart (Mettler & Guiberteau, 
2012; Pinkerton et al., 1985; Ranamukhaarachchi et al., 
2019; Schölmerich et al., 1988; van der Velden et al., 
2019). The metastable isotope is extracted from a 
decaying sample of molybdenum-99 (99Mo) using a 
technetium-99m generator, also known as a Moly 
generator (Rodríguez López et al., 2017; Skuridin et al., 
2016). In each experiment, 5 mL of Tc-99m was eluted 
from a Molybdenum-99 generator to produce a liquid 
radiotracer.   

2.2  Experimental setup 

The experimental setup to conduct the waterflooding 
activity is shown in Fig. 1. About 30 cm length of sand 
column was compacted with 150 µm sand particles and 
arranged in a vertical position. After that, about 300 mL 
of prepared formation water was added to the column 
followed by 200 mL of kerosene as a light oil sample. 
Upon completion, two Sodium Iodide (NaI) scintillation 
detectors were arranged at the inlet and outlet of the 

column, labelled D1 and D2 respectively. These 
detectors were connected to a Data Acquisition System 
(DAS) that was attached to a laptop computer for data 
monitoring and storage. A syringe pump was attached at 
the upstream of the set-up to supply continuous NaCl 
saline water (300 ppm) for water flooding activity.  

Once the column was saturated and ready for water 
flooding, 5 mL of the liquid Tc-99m was injected 
instantaneously. The pump for saline water injection 
was then turned on to commence waterflooding. The 
radiation signals were monitored and recorded on the 
laptop. Finally, the oil recovery and water effluent were 
collected at the outlet of the column. The experiment 
ended when the radiation signals approached the 
background reading. The experiment was repeated for 
consistency. Table 1 shows the parameters involved in 
the radiotracer experiments. 

2.3 Residence time distribution (RTD) Model 

Residence time distribution (RTD) is a fundamental 
parameter in reactor design that provides the time the 
particles reside in a particular vessel such as a reactor 
(Bhivgade et al., 2019; Jegede et al., 2019; Menon et al., 
2019; Sievers & Stickel, 2018; Wojewódka et al., 2019). 
It is rich in processing vessel information which enables 
it to characterise the extent of their deviation from ideal 
behaviour. The mean residence time (MRT) is the 
average time that a tracer resides in the system.  

 
Fig. 1: Schematic diagram of the experimental setup 
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The MRT can be calculated using the first moment 
(Mi) in discrete form as shown in Eq. (1). The RTD 
(𝐸𝐸(𝑡𝑡)) can be calculated using Eq. (2).  

𝑀𝑀𝑖𝑖 = ∫ 𝑡𝑡𝐶𝐶𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑∞
0

∫ 𝐶𝐶𝑖𝑖(𝑡𝑡)𝑑𝑑𝑑𝑑∞
0

                                                   (1) 

where i=1,2…n 

𝐸𝐸(𝑡𝑡) = 𝐶𝐶(𝑡𝑡)
∫ 𝐶𝐶 (𝑡𝑡)𝑑𝑑𝑑𝑑∞
0

                                                         (2) 

where C(t) is the concentration of radiotracer monitored 
by NaI scintillation detectors in counts per second (cps) 
as the numerator, and the denominator is the area under 
the curve of plotted C(t).  

The detected signal is normalised by dividing it by 
the area under the curve. The RTD models can provide 
theoretical information or describe the hydrodynamic 
behaviour of the reactor (IAEA, 2001; International 
Atomic Energy Agency, 2008).  

In 2008, the International Atomic Energy Agency 
(IAEA) recommended six mathematical models to be 
used with the RTD experiments. These models are the 
axial dispersed plug flow model, the axial dispersed plug 
flow with exchange model, the Perfect Mixers in Series 
(PMS) model, the PMS with exchange model, the PMP 
model and the perfect mixers with recycle model 
respectively. Each model has specific parameters, which 
are optimised by fitting the model RTD function to the 
experimental RTD data by the least-squares curve fitting 
method. The quality of the fit is judged by choosing the 
model parameters to minimise the sum of square errors 
(SSE) between the data and the model function (Fazli-
Abukheyli & Darvishi, 2019; Lu et al., 2019; Sugiharto 
et al., 2009). The SSE of the differences between the 
model and the data are minimised and fulfilled using Eq. 
(3): 

 
𝑆𝑆𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑆𝑆𝑆𝑆𝑆𝑆) = [ 1

𝑁𝑁𝑇𝑇
∫ [𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒(𝜃𝜃) −∞
0

𝐸𝐸𝑚𝑚 (𝜃𝜃,𝑁𝑁)]2 𝑑𝑑𝑑𝑑]1/2 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀                                  (3) 
 

where NT is the number of data points, Eexp(θ) is the 
experimentally measured curve, and Em (θ, N) is the 
simulated model.  

3.0  Results and discussion 

The results from the replicates of experiments were 
comparable. The radiotracer activity was determined 
prior to the waterflooding experiment. 

3.1  Radiotracer activity determination  

 Technetium-99m is a short half-life tracer, with a 
photopeak of gamma-ray emission of 0.140 MeV, 
making it a very minimal risk of toxicity. The dose rate 
of Tc-99m (μSv/h) at a one meter distance from the 
source was measured using a portable survey meter 
(Ludlum model 3) fitted with a pancake-type radiation 
detector (Model 44-9). The liquid of 5 mL Tc-99m was 
kept in a vial and it has to be unshielded in order to 
measure the actual activity of Tc-99m. The activity of 
Tc-99m at the site can be determined using Eq. (4) with 
proper unit conversions (Woods, 1982a). Table 2 shows 
the values of the measured dose rate and the calculated 
activity. 

 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 �µ𝑆𝑆𝑆𝑆

ℎ
� = 𝛤𝛤(µ 𝑆𝑆𝑆𝑆

ℎ
/

𝑀𝑀𝑀𝑀𝑀𝑀) 𝑥𝑥 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑦𝑦(𝑚𝑚𝑚𝑚𝑚𝑚)/𝑟𝑟2    (4) 
 

3.2 Waterflooding tracer experiment  

The percentage of oil recovery obtained from the 
waterflood experiment is shown in Table 3. The use of 
radiotracer (Tc-99m) did not influence the yield of oil. 

The raw data obtained from the radiotracer 
experiment contained statistical fluctuations that needed 
to be treated prior to RTD determination. The raw data 
were subjected to treatment steps such as background 
removal, radioactive decay, starting-point correction, 
filtering and data extrapolation (Goswami et al., 2020; 
Kasban et al., 2010, 2016; Othman et al., 2018; Sheoran 
et al., 2018).  

Fig. 2 shows the results of one of the radiotracer 
experiments after data treatment. The results for the 
other experiment were very consistent with this result 
and therefore not discussed in this paper. The injection 
time and first tracer arrival time (FTA) at the outlet of 
the column were detected at 100 s and 5800 s, 
respectively. 

Table 1: Parameter of each experimental setup 
Parameters 99mTc (1) 99mTc (2) 

Flowrate, Q (mL/min) 
Saturated oil (mL), Sor 

3.5 
198 

3.5 
200 

Formation water volume, Vf (mL)  335 310 
Water flooding volume, Vw (mL) 
Dose rate of 99mTc (μSv/h) @ 1m 

712 
120 

543 
30 

Table 2 Parameters of calculation of activity at site 
Parameters Exp (1) Exp (2) 
Dose rate of Tc-99m (μSv/h) @ 1m  120 30 
Tc-99m Γ(µSv/h/MBq) 0.0332 0.0332 
Energy (MeV) 0.140 0.140 
Activity of 5mL Tc-99m (MBq) 
r (distance of 5mL Tc-99m) 

3614 
1.0 

903  
1.0 
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The long duration taken by the tracer to arrive at 
FTA, which is approximately 1.6 hours, indicates the 
struggle the injected water had to overcome in order to 
emerge at outlet D2. Several possible reasons for the 
extended time are the flow rate, the resistance due to 
compact sand and the gravitational force (Chequer et al., 
2019; Mora et al., 2016; Sun et al., 2018; Zhong et al., 
2020). The 3.5 mL/min was most probably insufficient 
force to supply water to the whole column during water 
flooding activity. Although the idea of using the low 
flow rate was to reduce fingering effects, the vertical 
arrangements aggravated the waterflooding efficiency. 
Thus, it was incapable of enhancing the oil recovery. 
Moreover, the compacted sand has caused difficulties 
for the water supply to reach the surface, thus it sought 
the low-pressure area or any cracks to seep through the 
surface. The water-laden at the bottom has created a 
pressure build-up and caused the formation of fine 
cracks from the bottom to the top of the sand column. A 
significant amount of time was required for the pressure 
build-up before FTA was achieved. Inevitably, the 
gravitational force was another major reason for the 
lengthy time whereby the water flow needs equitable 
force and ample time to counter the vertical arrangement 
before reaching the outlet of the column. 

Similar findings have been reported in the 
characteristics of upward seepage flow in sand columns 
and proposed that different particle shapes and sizes as 
well as packing porosity contribute to a significant effect 
on the seepage flow of fluid (Fen et al., 2020; Ma et al., 
2019). 

Fig. 3 shows the RTD curve after normalisation using 
Eq. (1). It clearly showed that additional spikes area 
observed once the radiotracer arrived at the outlet of the 
column (D2). The spikes are indications of channelling 
or parallel paths occurring inside the column. These 
parallel paths have introduced short-circuiting or bypass 
whereby the liquid radiotracer Tc-99m had found the 
shortest way to penetrate the surface of the sand column. 
This phenomenon does not represent the bulk fluid 
during water flooding activity. Most probably, the bulk 
fluid of saline water split into smaller volumes that 
caused a low sweeping volume of residual oil (Fannir et 
al., 2018; Suekane et al., 2017).  

It can be concluded also that the sand pack was not 
properly packed thus it created weak spots with low 
pressure. The pressure gradient caused the existence of 
parallel paths along the vertical column that facilitated 
the fluid flow. Moreover, the vertical arrangement and 
low flow rate have added to its casualties. As mentioned 

in the previous section, IAEA introduced six RTD 
models to be fitted to the radiotracer experiment. 
Nevertheless, in this study, only two RTD models 
successfully fitted the experimental results. These 
models are the perfect mixer in series model (PMS) and 
perfect mixers in parallel model (PMP) as shown in Fig. 
4 and 5, respectively.  

Comparing between Fig. 4 and 5, both the PMS and 
PMP models, respectively, appeared very similar to one 
another. The selection of the best fitted RTD model was 
then done based upon the minimum value of Error in 
Sum of Squares (SSE) (Sugiharto et al., 2009). The SSE 
values are shown in Table 4, which shows that the PMP 
model has a lower SSE value as compared to the PMS 
model. Thus, the PMP model was chosen as the best 
RTD model.   

The PMP model simply consists of the association of 
two series of perfect mixers arranged in parallel. The 
arrangement of PMP is shown in Fig. 6. 

 
Table 3: Results of oil recovery 

Parameters Results Exp 1 Results Exp 2 
Saturated oil, Sor 
(mL) 

198  200 

Recovered oil (mL) 123 118 
% Oil recovery 62.1              59.0 

 
Table 4 Sum of squares error (SSE) 

Models Parameters SSE Ranks 
 τ 1 τ2 J1 J2   

Perfect 
mixer in 

series 
Model 

771 - 38 - 1.59 x 
10-9 

2 

Perfect 
mixer in 
parallel 
Model 

771 39 38 3500 1.39 x 
10-9 

1 

J = number of mixers, τ = mean residence time 
 
The first parallel path consists of J1 and Q1 for V1 

and the second path comprises of J2 and Q2 for V2 
respectively. The total flow rate is denoted as Q. Where 
J is the number of perfect mixers arranged in series for 
successive parallel paths. Moreover, each parallel path 
has its own τ, mean residence time that represents the 
Eq. (5): 

 
τ=V/Q               (5) 

 
where V is the volume of formation water, Q is the 
flowrate of water-flooding (mL/min).  
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Fig 2: Experimental tracer results at position D2 after data 

treatment; counts per seconds in cps versus time in 
seconds (s) 

 

 
Fig. 3: Residence time distribution (RTD) E(t) curve of 
the experimental results after normalisation using Eq. 1 

at D2; RTD versus time in seconds (s) 
 

 
Fig. 5: Experimental residence time distribution (RTD) 

using perfect mixer in parallel (PMP) model; RTD 
versus time in seconds (s) 

 

 

Thus, the mean residence time, τ is the average time 
the particles reside inside the column in minute. In this 
study, the V was the volume of formation water which 
was 335 mL and Q was 3.5 mL, respectively. Hence, the 
calculated τ was 96 min. The discrepancies of the 
calculated τ to model can be translated to the presence 
of channelling flow or parallel flow in the column which 
can be observed from the τ obtained from the PMP 
model as shown in Table 4. 

4.0 Conclusions 

Several highlights have been discovered in this work. 
Tc-99m worked wonders as a liquid radiotracer for 
waterflooding activity. The experimental curves fitted 
two out of the six RTD models as described by IAEA. 
Of the two models, the PMP resulted in a slightly lower 

 
Fig. 4: Experimental residence time distribution (RTD) 
using perfect mixer in series (PMS) model; RTD versus 

time in seconds (s) 

 

 
Fig. 6: Perfect mixer in parallel (PMP) model 

diagram 
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SSE value as compared to the PMS. The PMP RTD 
Model describes the vertical column well.  

The results also verified the presence of channelling 
and parallel paths in the vertical sand column. It can be 
implied that water flooding did not fully purge the 
residual oil in bulk instead it splits and fingers into 
several sections. The vertical arrangement with a slow 
flow rate even aggravated the oil production since the 
water supply had to counter the gravitational force. 
Thus, it is recommended the arrangement be modified to 
a horizontal position for future works. Finally, the 
activity of the radiotracer can be as minimum as possible 
as long as the signals are detectable.  
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