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Abstract –Temperature profile testing was performed using a 30 stage 5-cm centrifugal contactor 
pilot plant.  These tests were performed to evaluate the ability to control process temperature by 
adjusting feed solution temperatures. This would eliminate the need for complex jacketed heat 
exchanger installation on the centrifugal contactors. Thermocouples were installed on the inlet 
and outlets of each stage, as well as directly in the mixing zone of several of the contactor stages.  
Lamp oil, a commercially available alkane mixture of C14 to C18 chains, and tap water adjusted 
to pH 2 with nitric acid were the solution feeds for the temperature profile testing.  Temperature 
data profiles for an array of total throughputs and contactor rpm values for both single-phase and 
two-phase systems were collected with selected profiles. The total throughput ranged from 0.5-1.4 
L/min with rotor speeds from 3500-4000 rpm. Inlet solution temperatures ranging from ambient 
up to 50 °C were tested. Results of the two-phase temperature profile testing are detailed.  

I. INTRODUCTION 

An annular centrifugal contactor pilot plant consisting 
of 30 stages of commercial 5 cm Costner Industries 
Nevada Corp. (CINC) V-02 units has been built and 
operated at Idaho National Laboratory (INL). The purpose 
of construction of the pilot plant is to allow for the 
evaluation, on a pilot plant scale, of the performance of a 
large number of centrifugal contactors during solvent 
extraction flowsheet operation. Specifically, operational 
data to support solvent extraction system design is needed. 
Needs include; temperature profiles across the cascade 
under both ambient and elevated feed solution 
temperatures, hydraulic performance of the centrifugal 
contactors, and stage wise efficiency at various locations 
during start-up and at equilibrium process conditions.  

Recent pilot scale centrifugal contactor studies at INL 
have been limited to single-stage performance 
measurements. To date, test reports for CINC V-02 (5 cm) 
and V-05 (12.5 cm) contactors have been published that 
provide both hydraulic and mass transfer data as well as 
reliability and Clean-in-Place (CIP) capability of these 
commercially available units.1,2,3,4 Combined contactor 
sizes tested exhibit good performance in the total 
throughput (sum of aqueous and organic flowrates) range 
of 0.2 to 30 L/min. In addition, single unit mass transfer 
efficiencies are quite high for processes with rapid 
kinetics, nearly 100%. However, as most flowsheet tests 

performed with actual spent fuel feed solutions are limited 
to 1 or 2 cm mini-contactors, reported stage efficiencies 
are somewhat lower due to flow inconsistencies related to 
geometric limitations. In addition, stage-wise sampling at 
low flows can upset process equilibrium so it is avoided in 
mini-contactors. These factors can lead to an over-
estimation of the number of stages required for a particular 
flowsheet. Pilot scale testing provides design data for 
steady-state operating parameters and stage-wise efficiency 
for flowsheets where stable element surrogates can be 
used. This 30-stage V-02 cascade has been assembled to 
test those fuel cycle flowsheets with stable surrogates, to 
provide performance data for models such as Argonne 
Model for Universal Solvent Extraction (AMUSE). 

An additional purpose for setup of the centrifugal 
contactor pilot plant is to study detailed stage-wise 
temperature profiles under varied operating conditions. 
Detailed temperature profile studies provide information 
needed to enhance solvent extraction flowsheet 
performance. This testing will also assess solution 
temperature control options such as in-line inlet solution 
heaters and their ability to maintain solution temperatures 
across a given number of stages as compared to other 
solution heating equipment such as thermal jackets on 
individual stages. The addition of thermal jackets to 
centrifugal contactors adds additional complexity to 
operation and it would be beneficial to control temperature 
via control of feed solution temperature if possible. The 
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evaluation of the effect of feed solution temperature on 
process temperatures and evaluation of the ability to 
control process temperature through feed temperature 
adjustment is the focus of this paper. 

Preliminary testing was conducted with all 30 
contactors interconnected for continuous counter-current 
flow. System operating tests and initial temperature profile 
measurements were completed in this configuration prior 
to temperature profile testing of two discreet sections that 
required added feed and discharge connections. Lamp oil, 
a commercially available alkane mixture of C14 to C18 
chains, and tap water adjusted to pH 2 with nitric acid 
were the feeds for all the testing described in this report.  

II. SYSTEM DESCRIPTION 

A modular centrifugal contactor pilot plant has been 
constructed at the INL. The pilot plant is sectioned into 
five identical modules each supporting 6 stages and a fluid 
feed system. The entire cascade consists of 30 inter-
connected stages all mounted on a stainless steel support 
structure. All fluid process equipment is contained within a 
spill containment system. The pilot plant also has 
automated process control capabilities coupled with a data 
acquisition system. A photo of the completed pilot plant is 
shown below in Figure 1. 

Fig. 1. 30 Stage Pilot Plant. 

The mechanical equipment making up the pilot plant 
includes; thirty 5 cm centrifugal contactors with frequency 
drives, five liquid supply pumps, four process solution 
heaters with controllers, multiple thermocouples, and 
assorted fluid flow components. The flow system is shown 
in Figure 2. The centrifugal contactors are constructed of 

stainless steel (316L) and have housings with incorporated 
phase collector rings and inlet/outlet flow tubes. Each 
contactor has a 5 cm diameter rotor with a light/heavy 
phase weir package all attached to a shaft and bearing 
assembly connected to the motor. The contactors were 
obtained commercially from CINC Processing Equipment, 
Inc. They are rated for a total throughput operating range 
of 0.1 to 2.0 L/min and have a rotor speed range of 2000 to 
6000 rpm. Contactors were installed as received from the 
manufacturer with no additional heat exchanging 
equipment such as thermal jackets added. 

Fig. 2. Feed flow/temperature control. 

Type T thermocouples used for all temperature monitoring 
in the system, were obtained from Omega® Engineering. 
Three sizes/types of type T thermocouples were installed 
throughout the process. All contactor inlet thermocouples 
are 1/32 in. diameter and 6 in. in length. The drain and lab 
temperature thermocouples are 1/16 in. diameter and also 6 
in. in length. The contactor surface temperatures were 
monitored with a surface type thermocouple consisting of a 
thin junction captured in an adhesive tab. Type T 
thermocouples have a narrow temperature range of -250 ºC 
to 350 ºC and an accuracy of ± 1ºC making them the 
proper choice for this application.  

Hardware supporting the automated process control 
configuration and data acquisition system was purchased 
from National Instruments™ and housed in a metal cabinet 
adjacent to the pilot plant. Hardware consists of chassis 
and boards for analog and digital input/output signals, 
connector blocks for shielded cable connection, and a 
master/scanner interface for DeviceNet™ communications. 
The thermocouple terminal block modules and amplifiers 
for thermocouple connectivity and communications are 
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also housed in the cabinet. LabVIEW™ version 8.2 was 
incorporated as the graphical user interface for process 
signal to automated control. 

The functionality of the automated process control 
consists of full control of pump speed for flowrates in 
either manual or automatic mode, contactor on/off and rpm 
adjustment, solution temperature heating via the heater 
controller, and real-time process monitoring of temperature 
and flowrates. 

Programs generated in LabVIEW™ enabled a wide 
variety of process conditions and configurations to be 
selected. The software programming directs the user to an 
initial setup screen to select desired flowsheet 
configurations including pumps and heaters as well as 
drain and surface stage thermocouple positioning. The 
setup screen allows for five processes i.e. extraction, scrub, 
strip, etc. to be selected and uniquely identifies each with a 
different color for stages selected for each process, 
allowing for maximum flexibility of process configuration 
selections. There is also a window to allow users to input 
comments into the data file header. Once the setup screen 
has been finalized the user is directed to a process control 
screen that is used to control all process parameters and 
monitor process conditions. With the process control 
screen in operation, the data acquisitioning and the rate at 
which data is acquired can be initiated. The user can also 
select graphical representations of desired pump charts for 
real-time flowrate monitoring.  

III. EXPERIMENTAL 

Thermocouples used to measure inlet/outlet solution 
temperatures for each stage are installed through the top of 
cross fittings installed at each contactor inlet and extend 
down into the solution flow path. Thermocouple 
positioning for the temperature profile testing is as follows; 
at both phase inlet tubes for each contactor, on stage 1 
aqueous outlet and stage 30 organic outlet, and two 
thermocouples positioned at the west and east end of the 
cascade directly behind stage 4 and stage 27 and at 
contactor height for ambient lab temperature measurement. 
The drain thermocouples are inserted upward through 
housing drain lines and extend 1/4 in. above the interior 
housing base to the top of the curved vanes on the hi-mix 
bottom plates. This puts the thermocouples in direct 
contact with mixed solutions just before they enter the 
rotor. The adhesive tab surface thermocouples are attached 
to the outside of the housings approximately 1 in. above 
the housing base. This distance allows for all mixing 
heights associated with test flowrates to be at or above the 
thermocouple positions. Surface and drain thermocouples 
are attached to stages 1, 7, 13, 19, 25 and 30. 

Two-phase testing was performed using tap water, 
adjusted to pH 2 with nitric acid, and lamp oil. Lamp oil is 
a paraffinic hydrocarbon that is a liquid at room 
temperature. I has similar physical properties to dodecane 
(e.g., density, viscosity, and heat capacity), which is a 
common diluent used in aqueous separations processes. 
Aqueous solution entered the cascade at stage 30 and 
organic solution entered at stage 1. Three tests were 
performed with this configuration. The first test provided a 
baseline ambient temperature profile, followed by two 
extended runs with both aqueous and organic phases 
heated to 40 °C and 50 °C. The baseline ambient 
temperature test was performed as a once-through process 
while both phases were recirculated throughout the 
duration of the extended tests. The ambient temperature 
test lasted for about 3 hours while the two extended tests 
lasted nearly 8 hours. The target total throughput was 1.5 
L/min with rotor speed of 4000 rpm for all three tests. All 
two-phase testing was completed at organic to aqueous 
flowrate ratio (O/A) of ~1. Actual O/A ratios were 
determined from measured effluent flowrates during two-
phase testing. 

A final two-phase extraction/heated strip test was also 
completed. This test was performed to evaluate a 
temperature profile across both a 15 stage extraction 
section and a 15 stage strip section. This configuration was 
chosen to mimic a typical flowsheet (e.g., PUREX) in 
which the extraction section is operated near ambient 
temperature and the strip section at an elevated 
temperature. The same two phase test solutions were used 
in both sections with the aqueous strip solution heated to 
50 °C before entering stage 30 while the extraction 
aqueous feed was at ambient temperature before entering 
stage 15. The strip solution exited the cascade at stage 16 
and the aqueous feed exited at stage 1. The organic 
solution  entered at ambient temperature and traveled the 
entire length of the cascade before exiting stage 30. The 
target total throughput for both extraction and strip 
sections was 1.5 L/min. There was no recycle of solutions 
for the extraction/heated strip test; hence, the test lasted for 
only 2.5 hours.  

III. RESULTS AND DISCUSSION 

Prior to performing the two phase temperature profile 
testing, a series of tests were performed with a single phase 
(water) at ambient and heated feed conditions.  The data 
from these numerous tests are not provided here but were 
used as a basis for the two phase testing reported below.  
Based on the single phase temperature and preliminary two 
phase testing, it was determined that very small 
temperature variation was observed between the aqueous 
inlet/outlet temperatures, organic inlet/outlet temperatures, 
surface temperatures and mixing zone temperatures. 
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Therefore, only aqueous phase outlet temperatures are 
provided in the following discussion. 

A total of four two-phase tests were completed using 
lamp oil and pH 2 tap water. The total throughput ranged 
from 1.3 to 1.4 L/min at an O/A ~ 1 for all tests. Solution 
inlet temperatures were the variable for this testing. 
Ambient temperature tests were followed by tests with 
heated input solutions at 40 °C and 50 °C. The cascade 
was then partitioned into two equal sections where stages 
1-15 were operated as the extraction section and stages 16-
30 were operated as the strip section. Temperature profile 
graphs for all tests were then generated from the acquired 
data. 

III.A.  Ambient Two-Phase Testing 

Lamp oil was pumped to stage 1 and exited stage 30 
while the pH 2 water was pumped to stage 30 and exited 
the cascade at stage 1. Both phase effluent flowrates were 
measured at 0.7 L/min resulting in an O/A ratio of 1. 
Contactor rotor speeds were set at 4000 rpm with no 
solution recycle performed. The temperatures of the 
aqueous phase exiting each stage at shutdown are plotted 
in Figure 2. 
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Fig. 2. Aqueous phase solution temperatures for each stage 
at shutdown for ambient two-phase testing. 

It is apparent from Figure 2 that the aqueous phase 
temperature increased in the cascade, likely from the heat 
of the contactor motors.  The ambient temperature was 25 
C and the aqueous phase temperature ranged from 25 ºC to 
35 ºC. The higher temperatures were observed near the 
organic feed inlet, as opposed to in the center of the 
cascade, due to the difference in heat capacity of the 
organic and aqueous solutions. 

III.B.  Heated Two-Phase Testing 

Two tests were completed for heated two-phase 
testing. Both aqueous and organic inlet solutions were 
heated for each test, the first test inlet solution 

temperatures were set to 40 °C and the second test inlet 
solution temperatures were set to 50 °C. Both phases were 
continuously recycled for the duration of each test to 
maximize runtime. Total runtime for the 40 °C test was 7.5 
hours while the 50 °C test ran for 8 hours. The total 
throughput for each test was 1.3 L/min at contactor rotor 
speeds of 4000 rpm at O/A ratios of 0.8.  The temperatures 
of the aqueous phase exiting each stage at shutdown are 
plotted in Figures 3 and 4 for the 40 °C and 50 °C tests, 
respectively. 
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Fig. 3. Aqueous phase solution temperatures for each 
stage at shutdown for 40 °C two-phase testing.  
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Fig. 4. Aqueous phase solution temperatures for each stage 
at shutdown for 50 °C two-phase testing.  

The aqueous phase temperature reached with the 40 
°C heated two-phase testing ranged from 40.2 °C to 43.5 
°C, with the highest temperatures on stages 6 and 7. Heat 
generated from the motor had minimal impact on process 
temperatures when the feed temperatures are heated to 40 
°C.  With the 50 ºC test, the aqueous phase solution 
temperature ranged from 43.7 ºC to 49.1 ºC.  The 
temperature delta between the feed inlet and the 34 ºC 
ambient temperature resulted the process solution  
decreasing in temperature across the cascade.
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III.C.  Extraction/ Strip Testing 

This testing incorporated a 15 stage extraction section 
and a 15 stage strip section. The unheated aqueous solution 
for the extraction section entered stage 15 and exited from 
stage 1. Aqueous solution heated to 50 °C for the strip 
section entered stage 30 and exited from stage 16. The 
unheated organic solution entered stage 1 and exited at 
stage 30. All solutions were processed as once-through 
with no recycle. The total throughput for both extraction 
and strip sections was 1.3 L/min at an O/A ratio of 0.9. The 
contactor rotor speeds were set to 4000 rpm. Graphs for 
the aqueous phase solution temperatures for each stage at 
shutdown for the extraction/strip testing are shown in 
Figure 5.  
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Fig. 5. Aqueous phase solution temperatures for each 
stage at shutdown for extraction/strip two-phase testing.   

The aqueous solution stage temperatures at shutdown 
provide an excellent representation of a temperature profile 
across a 15 stage heated strip section and a 15 stage 
extraction section using ambient inlet solution 
temperatures. This type of operation (i.e., increased 
temperature in strip section) is typical of many solvent 
extraction flowsheets. The temperature trends indicate the 
50 °C heated aqueous strip solution does not impact stage 
temperatures in the extraction section. However, the 
organic flow entering the strip section at stage 16, at 
ambient temperature, contributes to the decrease in 
temperature gradient across the strip section (50 °C to 38 
°C) as seen in Figure 5. The extraction section temperature 
profile is very similar to the ambient temperature profile 
for two-phase testing (Figure 2), with the higher solution 
temperatures near the organic inlet.   

Solution temperature in the extraction section was at 
29 ± 3 ºC while solution temperature in the strip section 
was at 42 ± 6 ºC.  These temperature ranges are likely 
adequate for many solvent extraction processes, indicating 
additional means of temperature control would not be 
required. However, for those flowsheets that require a 
narrow operation temperature range, additional control will 
be necessary. One method to accomplish this added control 

is to fabricate the centrifugal contactors with thermal 
heating jackets (heat exchangers) around the mixing zone.  
Heat exchange solution can then be pumped through the 
heat exchangers to help maintain a constant temperature. 
The addition of heat exchangers does add complexity to 
the system that one would like to avoid if possible. 

IV. CONCLUSIONS 

Using the CINC V-02 centrifugal contactors, small 
temperature increases to the process solutions were 
observed due to the mechanical contactor motors and 
ambient lab temperatures. At a total throughput of 1 L/min, 
the temperature of the cascade is primarily driven by 
changes in the aqueous feed temperature. Therefore, it is 
feasible that solvent extraction process sections requiring 
chilled or heated process temperature for increased 
efficiency can be operated using in-line feed solution heat 
exchangers for adequate temperature control. The addition 
of thermal jacketing to individual contactors would only be 
required for processes needing precise stage temperature 
control. Therefore, the added cost and complexity of 
thermal jackets and associated connections may not be 
necessary.  

It should be noted that the results of these test apply to 
the commercially available CINC V-02 pilot scale 
centrifugal contactor.  Similar testing is required for 
production scale contactors to evaluate the ability to 
control process temperature by adjusting feed solution 
temperatures.   It is expected that solution temperature in 
larger centrifugal contactors will be impacted to a lesser 
degree by motor heat and ambient temperatures due to the 
much larger solution flow through the centrifugal 
contactors.  
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