
 

Conventional core flooding approaches can often take up 

to a month (often more than a week) to complete a single 

core flooding experiment and are not sufficient for the 

screening target [9, 10]. Keeping this in mind, a new high 

throughput core flooding unit was developed for the 

selection of EOR surfactants or related chemicals. A 

similar effort was published by Baldygin et al.. Their 

system comprised sand pack samples in combination with 

liquid flooding [11].  

The efficiency gains of the new system presented in 

this study is a result of three main improvements 

compared to a conventional core flooding design. Firstly, 

a smaller core sample with a reduced diameter is used 

which minimizes the sample rock and fluid consumptions 

and responds faster to fluid injections. For this reason our 

new core flooding setup using a minimized rock sample 

was named “Lilliput” [12], which will be referred to in the 

following sections as the new core flooding system 

discussed in this paper. Secondly, in-line sensors and flow 

meters are used for flow control, and, together with an 

integrated computer program, a feedback loop enables an 

automatic core flooding process. Lastly, the whole setup 

is designed with simplified operation procedures, such as 

the use of an oven with a sliding base that allows for easy 

access to all components of the system. The high-pressure 

fluid vessels and core holders are designed with finger-

tight nuts that simplify assembly as well as a “plug and 

play” design of the core sample installation. As a 

consequence, the Lilliput core flooding system is at least 

10 times more efficient than the conventional core 

flooding unit in terms of required experimental duration 

as 2 weeks of conventional core flooding are reduced to a 

single-day experiment. 

2 Detailed Design  

2.1 Flow diagram 

The Lilliput core flooding unit consist of three main parts: 

the fluid injections and controls, the core holder unit 

where fluid floods through the rock sample and the 

outflow of the core flooding unit including the effluent 

analysis and back pressure regulation. A flow diagram of 

the Lilliput unit is shown in Fig. 1.  

Two Quizix™ pumps (QX6000 series, with 410 bar 

working pressure, flow rate ranging from 0.001mL/min to 

50 mL/min, cylinder volume 12.3 mL) are utilized to 

deliver the sample fluid. One pump is connected to three 

parallel high-pressure vessels used as the reservoir for the 

aqueous phase; another pump is connected to the oil 

reservoir. The gas phase, either N2 or CO2 from gas 

cylinders is connected to the inlet of the core with the gas 

flow rate regulated by a Bronkhorst™ gas flow meter 

(EL-flow series, working pressure of 100 bar). Depending 

on the screening purposes, the injection fluid can be 

switched sequentially between the aqueous phase, the oil 

phase or gaseous phase, with two phases co-injection or 

three phases joint injections. 

The high-pressure fluid vessels (manufactured in-

house with a design pressure of 200 bar, temperature 

200C) are placed together with a core holder in an oven. 

Prior to any fluid injection, the fluids and rock sample are 

heated up to the target experimental temperature. To 

minimize the risk of corrosion, all the wetting parts in the 

oven are made of HC276™. Due to the smaller core 

sample and thus smaller pore volumes, the capacity of the 

4 fluid vessels is sufficient to provide continued core 

flooding for 400 pore volumes (PV).  

The fluid that comes out of the core will first pass 

through a cooler and then through an in-line Bronkhorst 

liquid mass flow meter (mini CORI-FLOW™ Coriolis) 

for the effluent oil fraction analysis. This meter is 

applicable for the liquid phase, e.g. oil and brine, or 

emulsion phase mass flowrate measurement A membrane 

type back pressure regulator is connected before the fluid 

is vented from the system. The maximum temperature of 

the setup is 120°C and the maximum operating pressure 

is 100 bar.  

 

 

Fig. 1. Flow diagram of the core flooding for general EOR screening. P-1 and P-2: Quizix pump; V1, V2, V3, V4: High pressure fluid 

vessel with piston; KSV: switch valve; PCV: pressure control valve; FIC: flow indicator/controller; PI: pressure transducer; WI: weight 

indicator. 
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2.2 Core holder 

The core holder is an important element of a core flooding 

unit. In conventional core flooding setup, there are a few 

typical sizes for the core, from 1 inch to 3 inches in 

diameter, and with a length from 5 cm to 1 m. The core 

samples used on Lilliput setup have a smaller diameter, 1 

cm, and a variable length between 5 cm to 17 cm. The 

choices of core sample length depend on the available 

material and the purpose of the experiment. For less 

consolidated rock, long and slim core samples are fragile 

and difficult to prepare. In such cases, the rock samples 

are used together with two end dummy pieces made from 

PEEK with a 1mm inner diameter fluid pass to make up 

the total length of 17 cm. Due to the choice of a smaller 

diameter the total pore volume is significantly reduced. 

As a result, it takes less time to reach a steady flooding 

state under the same flooding condition compared to a 

larger core. 

The core holder is placed vertically, and the flooding 

direction is from the bottom to the top. During a core 

flooding experiment the cylindrical surfaces need to be 

sealed to prevent fluid stream flow at the surface of the 

core. Often epoxy sealing or confining pressure on rubber 

sleeves are used in conventional core flooding setup [13, 

14]. In the Lilliput unit, the “plug and play” core assemble 

is realized by using rubber sleeves to seal the cylindrical 

surface, see Fig. 2. While loading or unloading a rock 

sample to the core holder, vacuum pressure is applied 

outside of the rubber sleeve to enlarge the diameters of the 

sleeve. During the fluid flooding stage, confining pressure 

is applied outside of the sleeve with a pressure 

approximately 10 bar higher than the highest fluid 

pressure in the core. Two high pressure metal tips 

connected to the pressure transducers with distance of 5 

cm are fixed to the rubber sleeve body. These tips are 

designed to avoid direct contact with the rock sample, 

which prevents any damage from occurring during the 

rock sample installation. The two pressure tips endure 

expansion or restriction of the rubber sleeve around the 

tips during the experiment. The core sleeve withstands the 

required 90 bar pressure difference [15], demonstrating a 

good sealing performance and functioning as the key time 

saver during the core assembling process.  

 

Fig. 2. Core holder design using rubber sleeve with moulded in 

mini pressure tip. 

With this design of the rubber sleeve, the core 

installation or unloading time takes only 5 minutes, 

instead of typically several hours for a conventional 

Hassler-type core holder using sleeves, or even days if one 

chooses to use epoxy which involves epoxy aging, side 

pressure tip drilling and excess epoxy trimming. In the 

Lilliput unit the core changing procedure only involves 

opening the oven, turning the hand-tight-nuts and 

switching the confining pressure to vacuum, see Fig. 3. 

The core mounting process is dramatically simplified.  

 

Fig. 3. Instruction of core holder installation on Lilliput setup 

with sliding oven and hand-tight nut. 

2.3 Feedback loop control 

During the core flooding experiment, the automated 

flooding process is regulated by a feedback loop control 

program, as show in Fig. 4. Depending on the purpose of 

the experiment, different criteria are chosen for 

controlling the core flooding program. First, the flooding 

fluids are pumped into the core with an initial flow rate 

given by the operator. Once the flow has started, the 

sensors around the core measure temperature, pressures, 

flowrate and effluent composition. These measurements 

are acquired by the computer program every 5 seconds. 

By reading these inputs, the computer program judges the 

in-situ flow status and regulates the fluid flow 

accordingly.  

 

Fig. 4. Computer controlled feedback flow regulation on Lilliput 

core flooding unit. 

The main benefit for the feedback loop control is 

enabling an automatic flooding process with limited 
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human supervision. Some of the conventional core 

flooding units can run through the flooding program with 

user-defined flooding steps. But often these approaches 

suffer from either long running periods for each step to 

ensure a steady state is reached or it requires constant 

monitoring by the operator.  

Gases are often injected into oil reservoirs to enhance 

oil recovery. Due to the much lower gas viscosity 

compared to reservoir liquid phases, gas can have early 

break-through to the production well or might be 

fingering to the top of the reservoir without efficiently 

displacing the oil. Foam can achieve better conformance 

control. One of the important parameters used to quantify 

the effect of foam is by identifying the extra flow 

resistance created by foam.   

Taking a foam resistance factor experiment as example, it 

would be ideal to have a constant total volumetric flow 

rate in the core for the performance evaluation [16]. 

However, due to the high gas compressibility, the manual 

regulation of gas flow is challenging and often introduces 

several percent, sometimes even 20%, uncertainty [17]. 

The computer-regulated foam flooding experiment is 

efficient and more precise as shown in Fig. 5, where the 

automatic fluid flow regulation by the computer program 

and the result of the experiment are presented. During the 

whole period, from 2400 s to 6500 s, there was no user-

interference by the operator. All steps are completed by 

the computer automatically. 

 

Fig. 5. Automatic core flooding processes for a foam resistance 

factor experiment. The four user-predefined flooding sequences 

have different foam gas/liquid ratios. The switch between 

sequences are done by the computer program by judging flow 

status criteria, here pressure stability. P-s: core sleeve confining 

pressure; P1, P2, P3, P4: 4 pressures point distributed along the 

core with the same distances; P-b: back pressure. Q-total, liquid, 

gas: in situ volumetric flow rate in total, for liquid and for gas, 

automatically regulated by the feedback flow control 

programme, using equation (9) below 

The user input to the computer are 4 flowing 

sequences with constant total in-situ volumetric flow rates 

and changing the gas/liquid ratio. Instead of specifying 

the flooding, the target criteria that the program uses is 

that of steady flow; e.g., the stabilization criterium of the 

steady pressure gradient can be given as input. The four 

different steps are taking different times to complete, and 

at the end of each step both the target total in-situ 

volumetric is regulated within 0.5% offset and a stable 

flooding state are reached. The average flooding time for 

completing one sequence is only around 16 minutes.  

A mobility reduction factor (MRF) number is often the 

required parameter derived from foam core flooding 

experiments. It is the apparent viscosity ratio of foam and 

gas flooding. Referring to Darcy’s law, the apparent 

viscosity of the fluid in the core can be expressed as 

below, 

 

𝑄𝑣−𝑐𝑜𝑟𝑒 =
𝜋𝑅2 ∙ 𝐾𝑙𝑖𝑞𝑢𝑖𝑑 ∙ ∆𝑝

𝜇𝐿
 

(1) 

𝜋𝑅2 ∙ 𝐾𝑙𝑖𝑞𝑢𝑖𝑑

𝐿
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  ∁ 

(2) 
𝑄𝑣−𝑐𝑜𝑟𝑒 ∙ 𝜇

∆𝑝
= ∁ 

(3) 

𝜇 =
∁ ∙ ∆𝑝

𝑄𝑣−𝑐𝑜𝑟𝑒

 

(4) 

where, R is the radius of the core, ∆p is the pressure drop 

over the core, and L is the length of the core, Kliquid is the 

permeability of the liquid in the core, Qv is the volumetric 

flow rate, and μ is the apparent viscosity, since foam is 

compressible, so for the same amount of gas the volume 

of it are different in the line and in the core. The ratio of 

Qv-core and Qv-line can be written as, 

 
𝑄𝑣−𝑐𝑜𝑟𝑒

𝑄𝑣−𝑙𝑖𝑛𝑒

=
𝑉𝑔𝑎𝑠−𝑐𝑜𝑟𝑒 + 𝑉𝑤𝑎𝑡𝑒𝑟−𝑐𝑜𝑟𝑒

𝑉𝑔𝑎𝑠−𝑙𝑖𝑛𝑒 + 𝑉𝑤𝑎𝑡𝑒𝑟−𝑙𝑖𝑛𝑒

 

(5) 

where V is the volume of the fluid, with known gas 

fraction, fg-line in the line. For N2 the dependency of 

density on pressure at the same temperature condition is 

nearly linear, written as below, 

 
𝑉𝑔𝑎𝑠−𝑙𝑖𝑛𝑒

𝑉𝑔𝑎𝑠−𝑐𝑜𝑟𝑒

=
𝜌𝑔𝑎𝑠−𝑐𝑜𝑟𝑒

𝜌𝑔𝑎𝑠−𝑙𝑖𝑛𝑒

=
𝑎 ∙ 𝑝𝑐𝑜𝑟𝑒 + 𝑏

𝑎 ∙ 𝑝𝑙𝑖𝑛𝑒 + 𝑏
 

(6) 

where a, b are the known parameter of the linear 

relationship shown in Fig. 6 [18], and ρ is the density. For 

a simple model below, with p0 as the gas pressure in the 

line before entering the core, and p1, p2 as the pressure at 

the inlet and outlet of the core. The apparent viscosity can 

be written further as equation (7), 



 

 

Fig. 6. The dependency of N2 density on pressure at different 

temperatures. 

𝜇 =
∁

𝑄𝑣−𝑙𝑖𝑛𝑒

∙
𝑝1 − 𝑝2

[
𝑎𝑝0 + 𝑏

𝑎 (
𝑝1 + 𝑝2

2
) + 𝑏

− 1] ∙ 𝑓𝑔−𝑙𝑖𝑛𝑒 + 1

 

(7) 

 

Using conventional core flooding units, the apparent 

viscosity is calculated by equation (7) using the controlled 

gas volume in the line.  For the Lilliput unit, Qv-core is 

automatically regulated to the target value. Here it is 

assumed that the pressure gradient in the core is constant 

and the in-situ core pressure can be represented by the 

average of p1 and p2. The gas fraction in line and in core 

has the relationship below, 

 

𝑘 =
𝑎𝑝0 + 𝑏

𝑎 (
𝑝1 + 𝑝2

2
) + 𝑏

 

(8) 
𝑓𝑔−𝑐𝑜𝑟𝑒

1 − 𝑓𝑔−𝑐𝑜𝑟𝑒

= 𝑘 ∙
𝑓𝑔−𝑙𝑖𝑛𝑒

1 − 𝑓𝑔−𝑙𝑖𝑛𝑒

 

(9) 

equation (9) is embedded in the computer program on 

Lilliput to control the in-situ gas fraction. It is a function 

of parameters including user defined Qv-core, temperature. 

p1 and p2. It should be noticed that the nearly linear 

density dependency on pressure is only applicable to N2, 

under the applicable working conditions. For CO2, a non-

linear approximation, together with the additional 

correction on the gas solubility in the fluid is applied. 

With the above simplified core assembling procedure 

and the computer-controlled feedback loop, the time 

required for core flooding experiments using the Lilliput 

unit is compared with conventional larger core flooding 

experiments, see Table 2. In general, the efficiency gain 

is above 90% and the manpower requirement is 

dramatically reduced. In EOR surfactants or chemicals 

screening workflow, the rock and fluid samples are also 

prepared in batch to save time. 

Table 2. Comparation of time consumption for delivering one 

core flooding experiment on average conventional medium size 

core flooding unit and on Lilliput unit. 

Procedures  conventional  

(Φ: 2inches,  

L: 30 cm) 

Lilliput  

(Φ: 1 cm,  

L: 17 cm) 

1.Fluid sample 

filling to the 

reservoirs 

10 minutes, for 20 

PV flooding 

10 minutes, 

for 400 PV 

flooding 

2.Core sample 

mounting 

8 hours for sleeve-

seal; 2 days for 

epoxy-seal 

5 minutes  

3.User defined 

flooding 

sequences and 

criteria  

5 minutes 5 minutes 

4.Execution of 

the flooding, 

foam flooding 

at 20 feet/day  

> 2 days machine 

time, (50% of 

time needs 

operator’s 

supervision) 

< 4 hour, (no 

supervision 

of the 

operator) 

Total time 3 – 5 days  < 0.5 days 

Notations: Φ: diameter; L: length; PV: pore volume 

3 Screening performance evaluation  

One of the concerns with using smaller core sample is the 

reliability of the result, especially for those screening 

cases aiming to provide the highest oil recovery recipes. 

In principle, the smaller the sample is, the more 

challenging it is to measure the oil production precisely. 

To compensate this drawback on the setup, both an inline 

density meter and mass balance are used to improve the 

accuracy for the effluent analysis. At the same time, the 

system has a compact design with a shortened flowline 

and reduced inner diameter of tubing to minimize the dead 

volumes. The dead volume before the core account for 

about 2.5% of an average pore volume of core sample, 

after the core, the dead volume is 5% of the pore volume 

To validate the screening reliability of the Lilliput core 

flooding unit, two core flooding experiments also 

conducted on conventional core flooding units – 

experiments A and B - were reproduced on the Lilliput 

setup. The conventional core flooding unit has a before 

and after core dead volume about 5% and 6%, 

respectively, of average pore volume.  

The experimental details of these two experiments are 

listed in Table 3. The purpose of ASP core flooding 

experiments discussed here is to quantify the performance 

of different ASP recipes regarding their EOR 

protentional. In brief, significant additional oil recovery 

from the ASP flooding was seen in a successful ASP 

formula design in experiment A but not experiment B for 

both setups. 

Table 3. Details of the two reference experiments 

Experiment A – high oil recovery 

Rock type Berea 

Core direction 

vertica

l 

Pore volume (mL) 122 

Brine permeability at reservoir temp (mD) 74 

Crude oil viscosity (mPa.s) 3.9 



 

Brine viscosity at 80 °C (mPa.s) 0.4 

Viscosity of ASP at 80 °C (mPa.s) 8.5 

Pore volumes ASP injected (PV) 0.4 

Pore volumes polymer injected (PV) 3 

Viscosity of polymer at 80 °C (mPa.s) 8.6 

Saturations:  

Original oil in place (OOIP) (mL) 

67.5 

±6 

Oil produced waterflood (%PV): 17±6 

Oil produced ASP/Polymer flood(%PV): 34±6 

 

Experiment B – low oil recovery 

Rock type Berea 

Core direction vertical 

Pore volume (mL) 121 

Brine permeability at reservoir temp (mD) 75 

Crude oil viscosity (mPa.s) 0.9 

Brine Viscosity at T-reservoir (mPa.s) 0.4 

Viscosity of ASP at 90 °C (mPa.s) 10.7 

Pore volumes ASP injected (PV) 0.4 

Pore volumes polymer injected (PV) 3 

Viscosity of polymer at 90 °C (mPa.s) 7.3 

Saturations:   

Original oil in place (OOIP) (mL) 75 ±6 

Oil produced waterflood (%PV): 19±6 

Oil produced ASP/Polymer flood(%PV): 6.6±6 

The rock samples used for the evaluation are 

sandstone Berea outcrop rock with porosities of 

approximately 25% and permeabilities of approximately 

100 millidarcy (mD). These rock samples are originally 

water-wet, and no pre-experiment treatment such as 

cleaning or aging with oil was applied to ensure 

consistency with the reference experiments. From an 

independent ASP core flooding experiment with CT-

based saturation monitoring [19], no obvious capillary 

end effect was observed from 27 cm long cores, and 

capillary end effect is occurring within the 2 cm zone from 

15 cm cores. In this study, the refence experiments use 30 

cm long core samples, for which no significant capillary 

end effects during the water flood is expected. 

Furthermore, for the Lilliput setup, the core samples have 

a very slim and long shape (1cm in dimeter and 17 cm in 

length), where the capillary end effect is considered to 

have limited volumetric influence over the total pore 

volume. The capillary end effect correction can be made 

with the reference method [20], but within a screening  

focus in the work flow, this step was omitted. Identical oil 

saturation and brine flooding procedures are applied to the 

experiment on the Lilliput system and the reference study. 

In all steps, the same fluid and flooding speed was applied 

to both experiments. Different from the reference case, the 

flooding procedure on the Lilliput setup does not have an 

additional polymer drive after the ASP flooding, instead a 

slightly larger amount of 2-3 pore volumes of only ASP 

was injected to the core continually, with a subsequent 

brine drive as detailed in Table 4. 

Table 4. Flooding procedures followed on the Lilliput setup 

and for reference experiment A 

Steps 

Flooding speed 

(feet/day) 

Injection volume  

(PV) 

brine permeability 60, 30, 20 around 30 

Oil saturation 10 Around 15 

Brine flooding 3 

until no additional 

oil recovery  

ASP flooding 3 2 to 3 

Brine driving  3 5 

For the re-executed experiment A, the additional oil 

production from ASP flooding is 1.9 mL. The additional 

oil recovery over the total pore volume is around 47%, see 

more detailed comparation are listed in Table 5, 

Table 5. Comparing the experiment carried out on the Lilliput 

system with the reference experiment A 

 Items Ref exp A Lilliput 

Rock permeability (mD) 74 105 

Apparent ASP viscosity (cp) 16  13 - 18 

Core dimension, 

Length/Diameter (cm) 
30/5 17/1 

ASP injection (PV) 0.4 3 

Additional oil recovery % to 

the total PV 
34 ± 6 47 ± 5 

The pressure drop across the core during different 

flooding phases is another key parameter to identify the 

flooding behavior on the Lilliput setup. Figure 7 

illustrates the apparent viscosity at the later stage of the 

ASP flooding period using the Lilliput system. This 

viscosity varies between 13 cp and 18 cp during the 

experiment, which is comparable to the value of the 

reference experiment (16 cp). 

 

Fig. 7. Core flooding experiment on Lilliput unit. Four flooding 

periods: step 1, brine permeability measurement at three 

different injection rates; step 2, oil saturation period; step 3, ASP 

injecting period; step 4, brine drive. Steps are highlighted with 

different colour. 

For experiment B, which was also reproduced on the 

Lilliput unit, the additional oil production from ASP 

solution flooding is approximately 0.3 mL. The additional 

oil recovery referenced to the total pore volume is 

approximately 10%, compared to the reference recovery 



 

of 6.6%. For both the conventional and the Lilliput 

experiment, continually increasing apparent viscosities 

were observed during the ASP injection. The apparent 

viscosities after injecting 0.4 PV of ASP solution are 80 

cp and 130 cp, respectively, for the reference- and the 

Lilliput experiments. For the experiment with the Lilliput 

system, the higher length-to-diameter ratio aggravated the 

injectivity issue, where a higher apparent viscosity was 

observed. 

Table 6. Comparing the experiment carried out on Lilliput with 

the reference experiment B 

 Items Ref exp B Lilliput 

Rock permeability (mD) 75 100 

Apparent ASP viscosity (cp) 

0.4 PV injection 
80 130 

Core dimension, 

Length/Diameter (cm) 
30/5 17/1 

Length/Diameter ratio 6 17 

ASP injection (PV) 0.4 3 

Additional oil recovery % to 

the total PV 
6.6 ± 6 10 ± 5 

 

For both cases tested, the additional oil recovery 

determined using the Lilliput system is in good agreement 

with the reference experiments, but both Lilliput results 

are also slightly higher than the reference experiments. 

This could be the result of the extra 2-3 pore volume of 

ASP solution injected during the experiments with the 

Lilliput system instead of 0.4 pore volume ASP plus 

polymer injected during the experiment with the 

conventional core flooding system. Even so, qualitatively 

the results obtained with the Lilliput systems demonstrate 

that this automated core flooding system can distinguish 

the efficiency of ASP solutions. This capability is 

typically sufficient for screening purposes of chemical 

EOR flooding. 

Regarding efficiency, each core flooding experiment 

is completed within 1 day (24 hours) with the sample 

preparation done during the day and the automatic 

flooding taking place during the night. The experimental 

results are in good agreement with the references 

regarding the pressure gradient/apparent viscosity across 

the core and the fraction of additional oil recovery. The 

measurement of initial oil saturation and residual oil 

saturation measurement, which requires real time X-ray 

scanning are omitted during the evaluation. The 

estimation of additional oil recovery is simply based on 

the volume of oil produced during the ASP flooding 

phases.  

4 Summary 

The newly designed automated core flooding using 

smaller core samples and a fully automated experimental 

control and data acquisition system has demonstrated 

more than 90% efficiency gain compared to conventional 

core flooding systems, with dramatically streamlined 

operation and improved control of the gas flow regulation. 

For foam experiments, the unit demonstrated its high 

precision in in-situ flow control and in-situ gas/liquid 

ratio. The ASP experiment carried out with the Lilliput 

setup verified the reliability of replacing a larger core 

sample by a mini core. The “plug and play” core holder 

design, the simplified operational procedures, the 

automation feedback control loop and the utilization of 

smart sensors can be applied to conventional core flood 

setups to improve the efficiency. Parallel core flooding 

units with the same unit design can be used to boost the 

screening capacity further.  

The project was carried out within Shell Global Solutions 

International B.V. During the development of this new core 

flooding unit, the workshop department was heavily involved 

and contributed to the designing and construction of the setup. 
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