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A B S T R A C T   

In-situ measurement technology is developed for the first time to monitor the complex reaction process involved 
in the reactors during the manufacturing of grease. The evolving rheological properties of the grease with raw 
material variations, environmental factors, and human errors demand precise control of process parameters. 
These complexities result in batch-to-batch inconsistencies, causing increased costs and lost manufacturing time. 
In-situ measurement of rheological properties during grease manufacturing can contribute to achieving a 
repeatable process by providing real-time feedback to the operator for timely adjustments as process deviations 
occur. In this paper, the rheological properties of grease are measured and displayed as the accumulated entropy 
generated (AEG), a parameter derived from the principles of irreversible thermodynamics. A process sensor unit 
(PSU) was developed to determine the AEG values of a 5000 kg grease kettle by measuring the real-time current 
and voltage of the kettle agitator and mill drives and the grease process temperature. The AEG value was 
determined for ten batches of NLGI grade 2 and five batches of NLGI grade 1.5 greases. The results confirmed a 
linear correlation between grease consistency and AEG values. A linear model is developed and programmed in 
the PSU to predict grease consistency.   

1. Introduction 

According to ASTM D288, grease is defined as a product consisting of 
a solid thickening agent (thickener) in a liquid lubricant (base oil) with 
additional ingredients (performance-enhancing additives) to provide 
specific properties [1]. In general, a grease consists of 65–95 wt% base 
oil, 5–35 wt% thickening agent, and 0– 15 wt% additives [2]. The 
ingredient types (base oils, thickeners, and additives) and their weight 
percentage—which are selected based on the application specifica
tions— are formed, mixed, and homogenized in a grease kettle to 
manufacture grease. An appropriately formulated grease is expected to 
exhibit many desirable characteristics, such as delivering the correct 
viscosity, minimizing friction and wear on sliding surfaces [3], dimin
ishing oxidation, and providing thermal stability for a wide range of 
operating conditions. These features make grease an ideal lubricant for 
many critical components used across various industries, including 
automotive, metalworking, power generation, robotics, and food and 
beverage processing [4,5]. 

Grease production requires conducting a reaction to create the 
thickener, agitating the mixture of base oils and additives, followed by 

homogenization of the product through a milling process to enhance the 
mechanical stability of the grease [6]. The process initiates with the in- 
situ development of the thickener, often referred to as ’soap,’ from the 
saponification reaction of fatty acids, followed by dehydration of the 
water developed as a by-product during the reaction. The soap is heated 
to the phase transition temperature, the product is cooled to soap 
crystallization, and the additives are added [7]. Ideally, at the end of the 
cooling process, a relatively compact microstructure of soap fibers is 
obtained with the desired rheological properties specified in terms of the 
grading scale set by the National Lubricating Grease Institute (NLGI) [8]. 

From a chemical point of view, the thickening of the grease product 
can be attributed to entanglement, van der Waals, capillary forces, polar 
attractive forces, etc. [9]. However, the fiber size and specific surface 
must be balanced to achieve mechanical stability [8]. Through ho
mogenization, also referred to as the milling process, fibers undergo a 
transformation that results in their apparent shortening. This change is 
attributed to the attainment of higher specific surfaces of crystallites, 
where the intense mechanical action breaks down the fibers into finer 
particles [10]. This process enhances the inter-particle interactions and 
the attraction between the soap and oil, yielding higher mechanical 
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stability and improved rheological performance. 
Fig. 1 shows the three primary reactions involved in the 

manufacturing of grease: (i) saponification reaction with heating until 
the transition point (maximum temperature), (ii) cooling of the product, 
and (iii) mixing of additives with homogenization while cooling of the 
product. 

Aside from the process complexities described above, obtaining a 
repeatable grease consistency during every batch in single or multiple 
kettles is difficult due to the variations in the processing parameters such 
as texture (size and surface) of thickeners, the speed and duration of 
agitation and milling process, variations in the quality of the raw ma
terial and the ingredients addition time, heating, and cooling profiles 
[11–15]. Additional complications are due to the environmental con
ditions, particularly the ambient temperature. Instrument sensor drift, 
such as thermocouples or pressure transducers, can introduce variation 
into the process control scheme. As the batch nears completion, base oil 
is added or withheld to ensure the consistency meets the NLGI grade 
requirements. Consistency is measured by the penetration test (ASTM D 
217). If batch consistency is too soft and does not meet NLGI grade 
specifications, the batch is downgraded, reworked, or sold as scrap. This 
results in extra handling costs and the loss of production efficiency. 

The in-situ monitoring and process control technologies in industries 
provide insights and strategies for taking necessary corrective actions 
based on data measured [8,16–18]. One of the approaches to measure 
the in-situ rheological properties is determining the torque and/or 
power characteristic of a rotating motor and inserting it into the process 
stream during the manufacturing process. In laboratory scale experi
ments, Delgado et al. [8] and Franco et al. [17] demonstrated that 
measuring torque (and determining power) with processing time is 
useful for characterizing the evolution of the rheological properties of 
grease, the micro-structure of the fibers, and proposed models for 
determining the consistency index of the final grease product. Never
theless, installing a torque sensor on an industrial-size grease kettle re
quires modification of the kettle, which can be costly. Further, the 
developed model does not consider all the necessary parameters, such as 
the temperature, rotational speed of the agitator, and weight of the in
gredients required for characterizing the rheological property evolution 
of the grease. 

The objective of the work is to develop a scientific methodology to 
quantify the evolution of grease rheological properties during their 
production in a kettle, by employing the theory of accumulative entropy 
generation (AEG)—a parameter derived in accordance with the princi
ples of irreversible thermodynamics. The magnitude of AEG has been 
established to be constant for the conclusion of coating on a substrate 
material [19] and components under cyclic fatigue [20], under different 
constant and variable operating conditions. From these observations, 
the authors propose to validate the existence of a single value of AEG for 
the grease batch having the same consistency. The obtained AEG values 
will be correlated with grease consistency results via quality control 
(QC) checks. 

The implementation of the approach will assist the industry in 

proactively predicting grease consistency, which can lead to timely 
operator intervention by adjusting the grease manufacturing process to 
achieve the desired consistency and reduce the waiting time for QC re
sults. In the present work, the validation is carried out on an aluminum 
complex (AlC) grease manufactured on a 5000 kg industrial-size grease 
kettle. Values for AEG are determined by measuring the current and 
voltage of motor drives using current sensors, grease temperature using 
a thermocouple, and weight of the ingredients from load cells during 
reaction, agitation, and the homogenization process. 

2. Methods 

2.1. Manufacturing procedure for AlC grease 

The general reaction process involved in developing the aluminum 
complex grease is shown in Eq. (1) [5]. The acid—stearic acid 
(CH3− (CH2)16 − COOH) and base—aluminum hydroxide (Al(OH)3) are 
reacted to form soap (thickener)—aluminum tri-stearate 
(
[
CH3 − (CH2)16 − COO

]

3Al) with water (H2O) as the by-product. The 
product of the neutralization process is mixed with a base oil and with 
necessary additives to obtain the final grease product. 

CH3− (CH2)16 − COOH + Al(OH)3→
[
CH3 − (CH2)16 − COO

]

3Al + H2O
(1) 

The blending of the acids, bases, and base oil, followed by additives, 
is performed inside a grease kettle, which utilizes an agitator and a 
counter-rotating breaker bar driven by independent gear assemblies. 
The counter-rotation improves the internal circulation of the kettle 
contents and aids heat transfer as grease is continuously scrapped from 
the kettle wall and pushed towards the kettle shaft. The mixture can be 
heated or cooled in the kettle by circulating hot or cool oil through the 
kettle annulus via inlet and outlet ports shown in Fig. 2a. The setup is 
designed with valves to control the flow of the grease. The grease tem
perature is measured by a thermocouple inserted into the bulk grease 
nested in a thermowell. 

The ingredients are added to the kettle by weight at intervals defined 
by the formulation chemistry. Kettle temperature is controlled to pro
mote chemical reactions, formation of the thickener structure, and 
ingredient homogeneity. Typical trends for temperature, weight of the 
ingredients, and the rotating speed of the agitator during the different 
phases of AlC manufacturing are provided in Fig. 2b. 

The manufacturing process involved in developing the AlC grease 
can be broadly consolidated into eight steps, as described below. 

Step 1: The acids and base oil are added to the kettle. The mixture is 
blended at 60 rpm. While mixing, the kettle is heated to a temperature of 
366 K (200 ◦F). 

Step 2: At 366 K (200 ◦F), the base material is added to the mixture 
and agitated until the maximum temperature reaches 477 K (400 ◦F). 

Step 3: The mixture is cooled to 422 K (300 ◦F). 
Step 4: At 422 K (300 ◦F), the powders/flush oil are added to the 

mixture until the temperature reaches 394 K (250 ◦F) while mixing at 40 
rpm. Further cooling continues until the temperature drops to 366 K 
(200 ◦F). 

Step 5: The kettle contents are milled at 366 K (200 ◦F). 
Step 6: At 366 K (200 ◦F), additives are added to the batch. Mixing 

continues at 20 rpm. 
Step 7: The mixture is milled a second time. Mixing continues at 40 

rpm. 
Step 8: After the second milling phase is complete; everything is 

stopped, cooling continues, and a QC sample is taken. 
These eight steps must be followed exactly to obtain a repeatable 

grease consistency in every batch. Any deviation in the steps will lead to 
deviation in the final grease consistency. 

Fig. 1. Processes involved in grease production.  
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2.2. Mathematical modeling 

A schematic representation of the grease manufacturing kettle is 
shown in Fig. 3. In the grease kettle, the outer kettle surface is stationary; 
the grease inside the kettle is sheared using a counter-rotating agitator at 
an angular speed of ω resulting in a shear rate of γ̇. The system is 
considered a closed system, as there is no transfer of matter across the 
system. These reactions are characterized via the principles of irre
versible thermodynamics [21–23]. According to the second law of 
thermodynamics, the change in entropy (dS) of an irreversible system 
monotonically increases until equilibrium or a stable state is reached 
[24]. Change in entropy is given by Eq. (2). 

dS = diS+ deS (2)  

where diS is the entropy generated within the system, and deS is the 
entropy exchange with the environment [25–27]. In an irreversible 
system, diS is responsible for causing degradation and is always positive: 
diS > 0 [28]. Further, according to the second law of thermodynamics, 
dissipative systems generate entropy until the equilibrium state is 
reached and ceases to exist thereafter (diSeq = 0) [23,25]. 

The entropy generated rate per unit volume during the shearing of 
the grease in the kettle is represented as Ṡg, and is governed by the 
generalized thermodynamic forces, X, and generalized rates or flows, J 
terms, i.e., Ṡg = XJ [29–31]. Considering τ as the shear stress generated 
from shearing of the grease under a shear rate of γ̇ at the grease tem
perature T, then, τ

T is the thermodynamic force X and γ̇ is the thermo
dynamic flow J. The equation for Ṡg due to the shearing of grease is given 
by Eq. (3) 

Ṡg =
τ • γ̇

T
(3) 

In Eq. (3), τ • γ̇ can be replaced with the power required to shear the 
grease (Pshear) with unit volume (vol) i.e., P/vol. Substituting τ⋅γ̇ = P/vol 
in Eq. (2) yields Eq. (4). 

Ṡg =
Pshear

T • vol
(4) 

The power input required to shear the grease is determined by 
measuring the current and voltage of the kettle agitator drive. In a grease 
kettle, the total power (P) consumed during the shearing of the grease is 
the difference between the power required to rotate the agitator itself, 
Po, and the power required to shear the grease, Pshear. Therefore, the 
power consumed during the shearing of the grease is determined by 
calculating the difference between the total power and the power 

Fig. 2. Schematic representation of the grease kettle and standard operating conditions and procedure. (a) grease kettle, (b) Temperature, weight, and agitator speed 
at different time intervals followed during grease manufacturing. 

Fig. 3. Representation of the system considered for determining the entropy 
generation during the shearing of the grease inside a kettle. 

K. Lijesh et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 489 (2024) 151306

4

consumed by the agitator drive when the kettle is empty (zero load). 
Thus, Eq. (4) can be written in the following form. 

Ṡg =
P − Po

T • vol
(5) 

As a general procedure, before starting production, the system is run 
without grease in the kettle, and the magnitude of Po is recorded. The 
power consumed by the motor during the shearing operation is then 
determined by measuring the current and voltage. The current is 
measured by connecting a split core AC transducer sensor to one of the 
three-phase leads in the MCC (motor control center) and a constant 
voltage of 440 V is assumed. As mentioned earlier, the entropy gener
ation is calculated on the agitator and mill motors. The values of 
instantaneous entropy generation for the agitator motor (Sg(t)agi) and 
mill motor (Sg(t)mil) are determined using Eqs. (6) and (7), respectively. 

Sg(t)agi = V

(
I(t)agi − I0agi

)

T(t) × vol
(6)  

Sg(t)mil = V
(
I(t)mil − I0mil

)

T(t) × vol
(7)  

where V is the applied voltage, I0agi and I0mil are the no-load current of 
the agitator and mill motors, respectively, I(t)agi and I(t)mil are the 
instantaneous currents from the agitator and mill motors, respectively. It 
is hypothesized that batches adhering to the identical operating pro
cedure outlined in Section 2.1, resulting in the same final grease con
sistency, will exhibit a constant value of accumulated entropy 
generation (AEG) up to the conclusion of the process. The AEG for the 
agitator and mill motor using Eqs. (6) and (7), respectively, are provided 
in Eq. (8) and (9), respectively. 

AEGagi =

∫ t

0
V

(
I(t)agi − I0agi

)

T(t) × vol
dt = Constant (8)  

AEGmil =

∫ t

0
V
(
I(t)mil − I0mil

)

T(t) × vol
dt = Constant (9)  

2.3. Process sensor unit 

To determine the AEGagi and AEGmil values during the grease 
manufacturing process, two current sensors are installed, one on the 
agitator and the other on the mill motors. The current sensors are con
nected to the wires of the agitator and mill motors in the control panel. 
The current measured with time from the agitator motor and mill motor 
are I(t)agi and I(t)mil, respectively. Grease temperature is measured in 
real-time using a thermocouple. Ingredient weights are measured via 
load cells. All measured data is fed to the processing sensor unit (PSU). 
The PSU comprises a Raspberry Pi (a microprocessor) and a digital-to- 
analog converter. The PSU is programmed with Eqs. (8) and (9) to 
determine AEGagi and AEGmil. These accumulated entropies generated 
data are used for developing correlations with grease consistency. The 
real-time values of entropy generation, Sg(t)agi, and Sg(t)mil, are dis
played in real-time to the operations engineer for making decisions on 
the process deviations. The engineer can adjust the process parameter to 
achieve the correct level of AEG, which will result in the desired batch 
consistency when processing is complete. All the results are displayed on 
a monitor. The following schematic connection diagram for the 
industrial-size grease kettle (5000 kg) for acquiring current from the 
agitator motor and the mill, load cell data, and the temperature from the 
thermocouple is shown in Fig. 4. 

3. Results 

3.1. Penetration test results (δ) 

Field testing was conducted on a commercial-scale grease kettle 
available at Schaeffer Manufacturing Company, located in Saint Louis, 
Missouri. The consistency values for fifteen greases (comprising ten 
NLGI 2 and five 1.5 grade greases), obtained from the QC laboratory, are 
provided in Table 1. These consistency measurements are determined 
using the industrial standard penetration test (ASTM D217) [32]. From 
Table 1, the penetration values are observed to range between 275 and 
306 dmm for Grade 2 grease, while 302 to 312 dmm, for Grade 1.5 

Fig. 4. Schematic presentation of current, weight, and temperature measurements from the grease kettle.  
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grease. It is worth mentioning that for Batches 4 and 9, the penetration 
values are out of the specifications for Grade 2 (265–295 dmm) grease. 

3.2. Correlation between AEG and δ 

The AEG values for the considered fifteen batches are calculated 
from the real-time data of the weight of the ingredients, grease tem
perature, Iagi, and Imil obtained from the PSU. As an example, Fig. 5a 
displays the real-time values of grease temperature and ingredient 
weights for Batch 1, while Fig. 5b presents the agitator and mill currents 
for the same batch. 

Employing the real time data, the magnitude of Sg(t)agi and Sg(t)mil 

for fifteen batches is determined using Eqs. (6) and (7), respectively. The 
entropy generation data are normalized using the volume of the in
gredients at a constant density of 900 kg/m3. Further, no-load current 
for the agitator and mill motors, i.e., I0agi and I0mil, is required for 
calculating the Sg(t)agi and Sg(t)mil, which is obtained by measuring the 
current from the current sensor, by running the motors at no load [33], i. 
e., without grease. The values of I0agi and I0mil were determined to be 
13.5 and 5.0 A, respectively. Next, from Sg(t)agi and Sg(t)mil, the AEGagi, 
and AEGmil is determined until the completion of the second mill using 
Eqs. (8) and (9), respectively. 

To develop a correlation between the AEG values with grease pen
etrations, the values of AEGagi and AEGmil, are plotted against penetra
tion (δ) for all fifteen batches in Fig. 6a and b, respectively. These figures 
illustrate a linear correlation between AEGagi and AEGmil with the grease 
consistency, with a coefficient of regression fit (R2) of ~ 0.93. The 
findings indicate that higher AEG values correspond to higher grease 
consistency (or lower grease penetration values). Therefore, we postu
late that AEG determined from agitator and mill currents can be used to 
predict δ values for future batches. 

From the linear fit data, the equations for predicting δ as a function of 
AEGagi and AEGmil are determined and provided in Eqs. (10) and (11). 
Both these equations are programmed into the PSU software to predict 
the δ of all future batches. 

δ = − 0.45 × AEGagi + 383 (10)  

δ = − 0.3 × AEGmil + 376.6 (11)  

3.3. Control limits using the predictive models 

The industry’s foremost priority is to determine whether the final 
grease consistency meets the desired NLGI grade. For example, the 
specification of lower limit (LL) and upper limit (UL) of penetrations for 
NLGI 2 grade greases are 265 and 295 dmm, respectively, while for NLGI 
grade 1.5 grease, the LL and UL are 290 to 320 dmm, respectively. Our 
aim has been to develop a thermodynamic foundation for characterizing 
grease production to assist the operator in identifying whether the LL 
and UL of AEG values of the final grease consistency fall within this 
specified NLGI grade limit. 

To determine the LL and UL of AEGagi and AEGmil corresponding to 
NLGI penetration ranges, the curve fit equation provided in Eqs. (10) 
and (11), respectively, are employed. Using Eqs. (10), the LL and UL for 
AEGagi corresponding to penetration ranges of 265 to 295 dmm for NLGI 
grade 2 grease is 261 to 195 kJ/K/m3, respectively. Similarly, using Eqs. 
(11), the LL and UL for AEGmil for the same grade, grease is determined 
to be 362 to 265 J/K/m3, respectively. Likewise, using Eq. (10) the LL 
and UL of AEGagi determined for Grade 1.5 grease with a penetration 
range of 290 to 320 dmm is 206 to 140 kJ/K/m3, respectively, and for 
AEGmil is 282 to 184 J/K/m3, respectively. 

The AEG for NLGI grade 2 with the identified LL and UL of AEGagi 
and AEGmil are shown in Fig. 7a and b, respectively and for NLGI grade 
1.5 greases are shown in Fig. 7c and d, respectively. Fig. 7a and b show 
that the measured AEG values for Batches 4 and 9 of Grade 2 grease are 
lower than the lower limit. Nonetheless, in the case of Grade 1.5, all the 
batches were within the identified upper and lower limits of AEG. 

4. Discussions 

4.1. Penetration 

Examining the data in Table 1 reveals that despite following the same 
manufacturing procedures, variations in the penetration values are 
observed. To understand the reason for the variation in penetration 
values, ingredient weights, grease temperature, Iagi, and Imil, of three 
Batches (1, 3, and 9) of NLGI 2 grease—having penetration values of 
275, 285, and 306 dmm, respectively—are examined (see Fig. 8a-d). 

From Fig. 8a-d, the following observations are made.  

• From Fig. 8a, the weights of the ingredients until 200 min are nearly 
identical for all three batches; however, their weights differ by 207 
kg between Batches 3 and 9. This reveals that the weights or 

Table 1 
Worked penetration, δ, reading from QC laboratory for NLGI 2 and 1.5-grade greases.  

NLGI Grade Grade 2 Grade 1.5 
Batch 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

δ (dmm) 275 275 285 302 282 287 295 295 306 283 302 302 302 305 312  

Fig. 5. The measured weight of the accumulated ingredients, the temperature of the grease, and the currents from the agitator and mill motors with time for Batch 1. 
(a) Variation of the weight of the ingredients and temperature with time, (b) Variation of the agitator and mill motor current with time. 
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quantities of powders/flush oil and additives added after 220 min 
were different, and we postulate that variation in the weight of raw 
materials could be one of the reasons for the deviation in the pene
tration values. Similar findings have been reported by several re
searchers [34–36], indicating that the weights of each raw materials 
added to the mixture have a considerable effect on the final consis
tency of the grease.  

• From Fig. 8b, the maximum temperature is reached earlier for Batch 
1, 142 min, followed by Batches 3 and 9, 158 and 163 min, respec
tively. Further, the duration of manufacturing from the beginning of 
the operation until the completion of the second milling process for 
Batches 1, 3, and 9 is 398, 417, and 435 min, respectively. These 
observations suggest varying reaction rates among different batches. 
McGuire [34] has pointed out that the final consistency of the grease 
product is dependent on the reaction rates, and to achieve repeatable 
consistency in every batch, the reaction rates need to be consistent.  

• Referring to Fig. 8c and d, the total milling operation time for 
Batches 1, 3, and 9 is 171, 159, and 151 min, respectively. Coleman 
et al. [37] emphasized that, in manufacturing AlC grease, both the 
duration and temperature during the milling process are critical 
factors in attaining a consistent penetration value. 

From the above discussion, it is concluded that grease manufacturing 
is very complex and prone to fluctuations during production, leading to 
variations in the final consistencies of the grease. 

4.2. AEG 

From Fig. 6a and b, it is evident that the proposed AEG values 
derived from the agitator and mill currents can effectively characterize 
the variation in penetration (δ) values across different batches and 
grades. To comprehend the reason behind the AEG value in character
izing the variation with δ, we proceeded to examine the AEG values 
calculated for Batches 1, 3, and 9. For this purpose, the values of AEGagi 
and AEGmil were determined using Eqs. (8) and (9), and the values are 
plotted in Fig. 9a and b, respectively. Referring to Fig. 9a, it is apparent 
that the values of AEGagi remain consistent for all three batches until 
250 min, after which a deviation occurs. Notably, from Fig. 8a, it is 
observed that the quantity of additives added to the mixture differed 
after 220 min, potentially explaining the deviation in the AEG value and 
final consistency. 

Referring to Fig. 9a, the AEG values through the completion of the 
process based on the agitator’s current 

(
AEGagi

)
for Batches 1, 3, and 9 

are 219, 182.7, and 151 kJ/K/m3, respectively. Similarly, using mill 

Fig. 6. AEG values identified from the agitator and mill current with the δ of the grease. (a) δ versus AEG value determined using the agitator current, (b) δ versus 
AEG value determined using the mill current. 

Fig. 7. Penetration for NLGI grade 2 and 1.5 greases with test numbers with upper and lower rages of entropy generation calculated from agitator and mill current. 
(a-b) Penetration readings for NLGI grade 2 grease with LL and UL calculated from agitator current and mill currents, respectively. (c-d) Penetration readings for 
NLGI grade 1.5 grease with LL and UL calculated from agitator current and mill currents, respectively. 
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current, the AEG values (AEGmil) are determined to be 332, 295, and 
246 J/K/m3, respectively (see Fig. 9b). Comparing the values of δ (275, 
285, and 306 dmm) of Batches 1, 3, and 9 with the maximum AEGagi and 
AEGmil, it becomes evident that penetration monotonically decreased 
with different AEG’s through the completion of the process. In other 

words, the consistency of the grease monotonically increases with AEG’s 
value. Such observation has been reported for components experiencing 
fatigue, where the material having higher life under fatigue will have 
higher entropy generation to failure [38,39]. For example, the entropy 
to failure for Al 6061-T6 and SS 304 materials were ~ 4 and ~ 
60 MJm− 3K− 1, respectively. The values were roughly constant for 

Fig. 8. The measured weight of the accumulated ingredients, the temperature of the grease, and the currents from the agitator and mill motors with time. (a) 
Variation of the weight of the ingredients with time, (b) Variation of the grease temperature with time, (c) Variation of the agitator motor current with time, (d) 
Variation of the mill motor current with time. 

Fig. 9. The cumulative entropy generation calculated from the measured agitator and mill currents. (a) Agitator current, (b) Mill current.  

Fig. 10. The evolution of accumulative entropy generation calculated for the greases having 302 dmm penetration values using (a) Agitator current, (b) Mill current.  
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different specimen thicknesses, operating frequencies, and displacement 
amplitudes. 

4.2.1. AEG for constant δ 
Next, we tested the validity of Eqs. (8) and (9), i.e., the hypothesis 

that AEG values must be constant for grease batches having the same 
consistency and the manufacturing time in approximately same. We 
examined three Batches 11–13 of NLGI grade 1.5 greases, which had the 
same penetration of 302 dmm. The values of AEGagi and AEGmil deter
mined using Eqs. (8) and (9) are plotted in Fig. 10a and b, respectively. 
The evolution of the entropy generation determined using the agitator 
current, AEGagi for Batches 11–13 is observed to follow the same path for 
all three batches (see Fig. 10a) and the values of AEGagi is identified to be 
175.5, 179, and 181 kJ/K/m3, respectively. Similarly, the AEGmil 
determined from Fig. 10b for Batches 11–13 are 241, 236, and 248 J/K/ 
m3, respectively. Comparing the values AEGagi and AEGmil with the 
penetration values of Batches 11–13, it can be confirmed that for the 
batches having the same penetration value, the AEG values are 
approximately the same. 

From the above discussion, it can be deduced that the batches having the 
same consistency will have the same AEG value at the conclusion of the 
process and conversely, batches having different consistency will have 
different AEG values. 

4.3. Application of AEG 

The proposed method of utilizing AEG facilitates early prediction of 
potential issues during grease manufacturing, assisting operational 
personnel in preemptively implementing corrective measures. The 
approach requires identifying a standard batch from the test batches, by 
examining the temperature behavior, the weights of the ingredients 
added, and the penetration values within the NLGI grade limits. The 
evolution curve of the AEG of the standard batch is programmed to the 
PSU and the real-time AEG value of the test batch is compared. When a 
process engineer or operator detects a deviation from the standard 
curve, pre-emptive actions can be taken. These actions include making 
process parameter adjustments or formulation ingredient additions or 
subtractions. For example, suppose the real-time entropy generation 
value is observed to have a higher magnitude than the standard value, 
indicating higher consistency. In that case, the engineer can add base oil 
to the product or alter the milling process to attain the right consistency. 

For demonstration, we consider Batches 4 and 9, which were re
ported as the out-of-specification data (see Table 1). Examining the 
batches of Grade 2, Batch 3 is considered the standard batch, with a 
penetration value of 285 dmm. To comprehend the discrepancy between 
Batches 3 and 4, the evolution of AEG for Batches 3 and 4 is plotted in 
Fig. 11a. Fig. 11a shows that the deviation between the AEG values of 
Batches 3 and 4 is ~ 100 min. To understand the deviation, an inves
tigation of the profiles of the weight of the ingredients, temperature, and 
rotational speed of the agitator was performed, and we observed the 
agitating speed for Batch 9 was different from the standard batch (Batch 
3), from ~ 100 min. The overlay plot of agitator speed from Batches 3 

and 9 is plotted in Fig. 11b. The change in the agitator speed affects the 
consistency index and the viscoelasticity of the grease [17]. The lower 
rotational speed of the agitator leads to altered heat transfer, conse
quently resulting in a different evolution of rheological properties. In 
this case, the operational person could correct the rotational speed of the 
agitator to achieve the right consistency. 

To determine the cause of Batch 9 falling out of specification, an 
analysis is carried out by comparing the AEG values between Batch 3 
(standard batch) and Batch 9. The AEG values of Batches 3 and 9 are 
plotted in Fig. 12a and from this figure the point of deviation is observed 
at ~ 180 min. As discussed earlier in Section 4.1, the reason for the 
deviation is identified to be due to different reaction rates. This was 
confirmed by referring to Fig. 12b, which shows that the time to reach 
the maximum temperature for Batch 9 (163) is more than the standard 
batch (158). Also the cooling rate of the mixture is observed to be lower 
for Batch 9. To achieve the correct final consistency, the operational 
personnel can adjust the cooling rate to match the cooling rate of the 
standard curve. 

Batches 4 and 9, which have different desired consistency, will be 
subsequently re-worked and re-graded to meet a proper NLGI grade. 
Nevertheless, before releasing the batches to the market, it is assured 
that all quality control testing is passed. 

5. Conclusions 

In this work, we developed a procedure for applying the second law 
of thermodynamics to the grease manufacturing process to achieve the 
desired consistency confidently. The approach was field-tested in a 
grease manufacturing plant. The importance of this approach stems 
from the need for grease manufacturing, which is known to experience 
significant rheological variations during processing. More specifically, a 
batch process used to manufacture lubricating grease was used to model 
the relationship between generated entropy from thermal and me
chanical sources and a specific measure of product rheology relating to 
product consistency. A process sensor unit was developed to collect 
analog data from the continuous calculation of entropy generation. The 
authors found the relationship between the kettle agitator-generated 
entropy and the shearing operations-generated entropy to have very 
strong linear relationships to the key consistency test. Using these 
reference data, the authors propose an ideal curve for typical batches 
that can be programmed into the sensor unit to provide real-time feed
back to operator personnel. Additionally, the linear relationship be
tween generated entropy and consistency can be used to model the 
upper and lower entropy control limits that correlate with consistency 
product specifications to provide feedback on batch control at critical 
points in manufacture. Importantly, the results of extensive testing 
reveal that accumulated generated entropy is relatively constant for 
batches meeting the product specifications. 
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