
 
 

 

Integrated Multiscale Design for Emulsion Formulations: 

Novel Optimization Scheme and Experimental Validation  

________________________________________________________________________________ 

 

 

 

Master Thesis by: 

Cristhian David Tinjacá R. 

 

 

 

Supervisors: 

Jorge Mario Goméz Ramirez, PhD. 

Oscar Alberto Alvarez Solano, PhD. 

 

 

 

 

Universidad de los Andes 

Faculty of Engineering 

Chemical Engineering Department 

 

 



 
 

Integrated Multiscale Design: Optimization Proposal 

Scheme and Experimental Validation for Emulsion 

Formulations 

 

 

 

Abstract 

This work is divided into two articles in which an integrated multiscale design is prosed 

through the combination of experimental methodologies and computational techniques 

for emulsion formulations. The first article presents an optimization proposal for the 

emulsion formulations considering a multiscale approach. This proposal is based on the 

integration of mathematical model which describe molecular, microscopic and 

macroscopic properties along with consumer preferences and economic considerations. 

Through the optimization proposal, the optimal formulations are obtained and so it is 

possible to reduce the time and resource spent on experimental product design 

methodologies. In the second article, a validation and subsequent adjustment of the 

properties obtained in the formulation given by the optimization proposal is carried out. 

This study is based on the comparison of microscopic and macroscopic properties 

achieved by the optimization model and experimental data. This experimental validation 

was quite favorable since the limitations of the optimization proposal were understood 

through the relation between the multiscale properties, which allows modifications to the 

mathematical models in order to define the molecular, microscopic and macroscopic 

structure of emulsions precisely. 
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Abstract The design of higher value-added products involves the evaluation of different 

formulation alternatives, while simultaneously addressing product structure and 

functionalities, manufacturing process, and market requirements. Mathematical 

programming approaches have proven to be suitable means to reduce experimentation 

resources and development time; however, the integration of the diverse design variables 

and constraints establish a challenging modeling task that includes the implementation of 

multiple simulation software. This paper presents an optimization proposal for emulsions 

formulation considering a multiscale approach based on mathematical programming and 

independent modular representation of the (1) product structure and properties, (2) 

consumer requirements and (3) product market performance. This proposal was 

developed in Pyomo in order to provide a generic, highly configurable and modular open 

source environment for the solution of multiscale design problems, allowing the 

combination of diverse mathematical models. Two emulsion design cases are presented to 

highlight the application of the optimization model with the purpose to find the best 

formulation related to multiscale properties. The first case consists of the maximization of 

consumer preference, while the second case involves the maximization of economic 

revenue. According to the optimization proposal implementation, the results show that 

the economic-driven formulation offers a better balance between revenue and consumer 

preference. The Pyomo code is available upon request. 
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1. Introduction 

In the last decades, new trends have been developed in the chemical industry and 

academy to overcome the challenges of a globalized market1-4. Historically, the 

manufacturing of bulk commodity products was dominant, and such products were valued 

just for their purity and price; moreover, research efforts were emphasized on the 

development and improvement of the industrial process to meet given product 

specifications profitably. Current tendencies display an increasing demand for specialized 

products or materials valued for their performance and quality5,6. These products are 

referred as Consumer-Oriented Products, Consumer-Configured Products or Business-to-

Consumer Products (B2C). 

Chemical products have been classified into Basic, Intermediate and Refined Chemicals1,3,7. 

Basic products include commodity chemicals (e.g., benzene and ammonia), which are 

manufactured from natural sources. Intermediate products include specialty chemicals 

(e.g., surfactants, cosmetic and food additives), polymeric materials (e.g., polystyrene, 

polyethylene) and special-purpose solvents1, which are manufactured from the 

commodities. Finally, Refined Chemicals and Consumer Products are obtained by 

processing and/or combining both basic and intermediate chemicals 7. The latter group 

includes formulated pharmaceuticals, processed food, beauty or personal care 

applications, detergents, where is possible to find more than 20 ingredients in their 

formulation7. 

Consumer Products are structured products where the desired functionalities are strongly 

related to structural properties, operating conditions, and manufacturing process. 

Moreover, these products may have various physical forms. For example, cosmetic lotions 

and pastes are colloidal systems in which immiscible liquids as well as solid particles, are 

combined through suitable surfactants8. The design of structured products requires 

solution approaches that consider the contribution of molecular, microscopic, 

macroscopic structure and the manufacturing process in the final product properties, as 

well meet the consumer requirements and the business performance objectives3,6,9.  

Sequential methodologies have traditionally approached the design of chemical-based 

products, that can be summarized in the Cussler and Moggdrige2 (2011) four-step 

Conceptual Design paradigm: (1) definition of the consumer needs that are translated into 

engineering requirements, (2) generation of ideas that meet the needs, (3) selection 

among the proposed ideas and, finally (4) the manufacture of the product. Currently, most 

of the chemical products are developed through a combination of experimental methods 

and the use of optimization techniques. Such design approaches help to reduce the 

experimentation resources and time and produce reliable and innovative product 

formulations3,10,11.  



 
 

Despite the many benefits that mathematical modeling offers, the development of 

specialized software for the design of chemicals products has been limited. Moreover, 

software applications are mainly constructed manually and can only be applied to the 

specific cases for which they were developed12,13. Previous studies identified the 

requirements that potential generic computer-aided tools should fulfill, e.g., easy reuse 

and maintenance of existing models, support of multiscale modeling features14, and most 

importantly, modular software architecture. It enables the generation and combination of 

elaborate building blocks (model templates)12,15, and the creation of a model template 

library16. Currently, these features can be found in commercial software only for process 

simulation like AspenPlusTM, gPROMSTM, and PROIITM, and in selected modeling and 

simulation tools such as MOSAIC16,17 and ICAS-MoT18.  

To the extent of our knowledge, the VPPD-LAB19 (the Virtual Product-Process Design 

Laboratory) is the only software platform available to assist the development of 

formulated and structured products. The VPPD-LAB combines multiple database search 

methods and simulation tools to reduce the number of candidate ingredients and 

evaluate the formulation performance and stability. However, it still requires the use of 

external engines as GAMS and Matlab to determine the optimal product formulation. 

The objective of this paper is to present an optimization proposal for emulsions 

formulation considering a multiscale approach based on mathematical programming, 

which combines modular architecture, flexible problem formulation, and embedded 

simulation and optimization capabilities. We aim to provide a highly configurable model 

that enables the integration of the emulsion structure, formulation, operating conditions 

and economic performance under a unified software platform. This proposal consists of 

groups of templates containing molecular representation, property estimation, and 

pricing-customer integration models. It is expected that this proposal simplifies the 

formulation and solution of multi-scale problems and facilitates future research on 

integrated emulsified product design. 

This work was developed in Pyomo, Python-based open-source library distributed as part 

of IBM's COIN-OR initiative. Pyomo provides capabilities associated with Algebraic 

Modelling Languages (AML) such as GAMS and AMPL; however, it leverages Python's 

modular environment to access a complete set of supporting third-party libraries, in order 

to facilitate the development and deployment of generic tools in a flexible, maintainable 

and extensible manner20. Furthermore, Pyomo includes additional extensions for dynamic 

optimization and stochastic programming21 (PySP) allowing the solution for complex 

problems in a single modeling platform.  



 
 

We exemplify the use of the proposed model by solving two study cases, with different 

objective functions, of an emulsion design. Emulsions are the basis for pastes and lotions 

design in many industries. In the cosmetic industry, the emulsions are often the preferred 

vehicle for the effective delivery of active ingredients into the body, due to their practical 

topical application and their capacity to integrate ingredients with different physical and 

chemical properties8. Skin-care formulations may consist of as many as 50 different 

ingredients, that typically include water, oils, surfactants, waxes, polymers and different 

biological additives6.  

Researchers and engineers have assessed the design of cosmetic lotions -as well as other 

formulated products - through the combination of two methodological approaches, as 

seen in Table 1. (1) Systematic reduction of the number of possible ingredients and 

manufacturing alternatives through heuristic and (2) mathematical programming schemes 

for the estimation of the optimal formulation subjected to consumer, manufacturing 

and/or economic factors.  

Author Year Integrative 

Strategy 1 

Design Methodology 

Wibowo and 

Ng 8 

2002 MS, PR, CU, 

BD 

Systematic heuristic 

procedure 

F.P Bernardo 

and P.M 

Saraiva 22,23 

2006 

 

MS, CU, PR, 

BD 

Nonlinear Programming 

Solved in: GAMS/CONOPT3 

Yuen et al. 24 2009 MS, CU Integrated experiment-

modeling approach 

M. Bawajewicz 

et al. 25 

2010 CU, BD Nonlinear Programming 

Solved in: Microsoft Excel 

Solver 

R. Gani et al. 9 2016 MS, CU, PR, 

BD 

Nonlinear Programming 

Solved in: GAMS/Baron (2) 

This study 218 MS, CU, PR, 

BD 

Mixed Integer Nonlinear 

Programming 

Solved in: Pyomo/Bonmin – 

IPOPT 
1 Integrative strategies: MS = Multiscale, CU = consumer, PR = Process, 

BD = Business Decision  

Table 1. Comparison of different studies on the design of products 



 
 

Gani et al. (2016) proposed a Grand Product Design model (GDP) 9, which consists in the 

sequential solving of different models that include essential aspects in the product design 

such as manufacturing process, quality, properties, and economic evaluation. The GDP 

model uses rule-based and model-based methods, also it includes the implementation of 

different software (e.g., COMSOL, ASPEN Software Packages) and its performance focuses 

on industrial production from a simple product formulation, as can be seen in the 

respective case of study about moisturizing lotions9. 

Contrasting the GDP model, the optimization proposal developed in this work emphasizes 

the product design regarding chemical composition. The primary objective of this proposal 

is to find the optimal formulation of an emulsion (product) through multiscale approach, 

understood as the integration of molecular, microscopic and macroscopic properties of 

product with the purpose to relate it with quality requirements of potential consumers. 

Although this proposal includes model-based methods that define the operating 

conditions, market specifications, product quality, and properties, it only requires the 

Pyomo implementation and does not needs the application of external software packages; 

this simplifies the optimization problem approach associated to emulsion formulation. 

The remainder of this paper is organized as follows. Section 2 describes the structure of 

the proposed model, presents the mathematical formulation used to address the 

multiscale modeling; and, underlines the integration variables and models; Section 3 

highlights the application of the model through the design of an emulsion and describes 

how it can be adapted to diverse solution approaches. Finally, section 4 contains the 

conclusions of the study and future challenges 

2 Optimization Proposal Structure 

The optimization proposal consists of three independent modules, which are collections of 

model templates in Pyomo. These templates contain a predefined group of sets, 

parameters, variables, constraints and equations, and optional objective functions for the 

optimization problem. The three modules can be evaluated independently or plugged-in, 

depending on the solution methodology required, that could be sequential or 

simultaneous optimization. Such modularity is managed to achieve automatic initialization 

for non-linear models and might be useful to define subproblems and solve multilevel 

iterative design decomposition methods.   

Different mathematical models are grouped according to the observation scale 

(molecular, microscopic or macroscopic scale) and economic interpretation in the 

following modules: Emulsifier Module, Rheology Module, and Customer Integration 

Module. The emulsifier module provides the mathematical representation of emulsifier 

property models and molecular structure, described employing the Simplified Molecular 



 
 

Input Line Entry System (SMILES). This module requires the specification of the number of 

desired emulsifiers (molecules that enable the formation of emulsions) as well as the list 

of property models to consider in the integrated design problem.    

The second module, named rheology module, groups the microscopic and macroscopic 

scale considerations in the structured product design. This module contains models to 

estimate Sauter mean droplet diameter and emulsion viscosity, variables that relate 

product functionalities and manufacturing conditions. The rheology module requires the 

specification of the product formulation (candidate ingredients), manufacturing 

parameters and variables, i.e., impeller type, and mixing shear rate. Material balance and 

mixture equations (that refers to models for properties calculations of mixtures) are 

performed in the Stream Model, which executes all equations. The third module, or 

customer integration module, contains models for the integration of customer 

requirements concerning quality factors and performance functions. Besides, it 

determines the product price and market share through micro-economical equations such 

as single competitor model and related pricing theories26. Figure 1 summarizes the model 

structure and implemented methods; and, displays the relationship between modeling 

modules.  

 

Figure 1. Model Structure. Shared  Variables are Highlighted Between the Modules 



 
 

2.1 Emulsifier Module 

The emulsifiers are relevant in the design of cosmetic and food products, used to assist 

the mixing and stabilization of two immiscible liquids in the form of emulsions (i.e. oil 

droplets into an aqueous phase) or to help the dispersion of solid particles into a liquid 

phase 7,8. Phase behavior of oil-water-emulsifier systems has a significant influence on the 

rheological properties, stability, and customer sensorial characteristics of the product. 

In general, selection of the appropriate emulsifier (or the mixture) has been addressed 

through methodologies and criteria based on emulsion type, emulsion stability 29-31 and 

effectiveness on the interfacial tension reduction8. In this work, the selection of adequate 

emulsifier is driven by emulsion type criteria, according to Camarda et al.28 (1999) and 

Rosen et al.32 (2012) is a frequently used method in the design of emulsions. 

In emulsifier selection, through emulsion type criteria, is necessary to consider the 

emulsion classification based on the nature of the dispersed phase: oil droplets dispersed 

in water (O/W) and water droplets dispersed in oil (W/O)28,32. According to Bancroft rule, 

the type of emulsion formed depends on the affinity of emulsifier to one of the phases; 

the emulsifier that is more soluble in oil phase produces a W/O emulsion, in the opposite 

case the emulsifier produces an O/W emulsion28,32. The Hydrophilic-Lipophilic Balance 

(HLB) can be used to determine the adequate emulsifier with the goal of obtaining the 

desired emulsion; these calculations are based on the surfactant molecular structure, and 

it can be performed for mixtures of emulsifiers8. 

In addition, different authors propose emulsifier selection approaches through 

optimization methodologies: Camarda et al.28 (1999) proposed an iterative procedure in 

which molecular structure and descriptors, such as emulsifier head group size, tail length, 

and polarity drives properties of interest that includes the Hydrophilic-Lipophilic Balance 

(HLB), detergency and foam stability. Recently Mattei et al.7 (2014) developed a 

mathematical programming framework for surfactant selection, subjected to property 

constraints of non-irritability, toxicity, safety, and performance. These procedures were 

implemented in order to select an emulsifier for the design of O/W emulsions; therefore, 

the molecular structure of emulsifier was intended to achieve corresponding HLB values 

We integrate the selection of emulsifier on the mathematical programming scheme, 

restricting possible molecular candidates to specific chemical groups (i.e., alkyl-

ethoxylated alcohols and alkylphenol-ethoxylates) to reduce the combinatorial number of 

molecule possibilities and optimize over functional groups. The emulsifier module 

introduces a SMILE- based mathematical representation of the emulsifier structure and 

properties; also provides a generic mixture model. Figure 2 summarizes parameters and 

functionalities.    



 
 

 

Figure 2. Representation of Emulsifier Module 

2.1.1 Emulsifier Mathematical Description 

To integrate emulsifier candidate molecule(s) into the emulsion and process design, fast 

calculation approaches are preferred, including upper-scale modeling methods such as 

Quantitative Structure-Property Relationship (QSPR) and Quantitative Structure-Activity 

Relationship (QSAR). QSPR and QSAR models require the use of proper descriptors to 

characterize the molecule structure and physicochemical information, which are classified 

according to their algebraic, physic and geometric representation: Quantitative, 

Topological, Geometrical, Electrostatic and Quantum descriptors. 

Typographical molecular representation schemes such as SMILES (Simplified Molecular 

Input Line Entry System34) are commonly applied as tools for the calculation of molecular 

descriptors and/or base for linearized prediction models (i.e., QSPR for the estimation of 

enthalpies of formation of organometallic compounds35). Each one of the SMILES 

characters describes a molecular attribute such as atom identity, bounds, aromaticity, 

chirality, and branching.  This work proposes a SMILE based mathematical representation 

of the candidate emulsifier(s) subjected to elementary mass balance constraints and 

classification of the candidate molecules in groups (families) that hold similar chemical 

behavior and structure: 

 

𝑆𝑀 ⊆  𝑆 ∪ 𝑆𝑆 ∪ 𝑆𝑆𝑆 

 

 (1) 

𝑁𝑆𝑖 = ∑ 𝑎𝑖,𝑗 ∗ 𝑛𝑗

𝑗∈𝑀𝑎

+ ∑ 𝑐𝑖,𝑘 ∗ 𝑏𝑘

𝑘∈𝑀𝑓

+ 𝑘𝑖     | ∀𝑖, 𝑖 ∈ 𝑆𝑀  (2) 



 
 

 

𝑛𝑗
𝑚𝑖𝑛 ≤ 𝑛𝑗 ≤ 𝑛𝑗

𝑚𝑎𝑥  |  ∀𝑗, 𝑗 ∈ 𝑀𝑎 

 

 (3) 

∑ 𝑏𝑘

𝑘∈𝑀𝑓

= 1  (4, 𝑎) 

 

𝑙𝑏𝑗 ∗ 𝑏𝑘 ≤ 𝑁𝑗 ≤ 𝑢𝑏𝑗 ∗ 𝑏𝑘  | ∀(𝑗, 𝑘)  ∈ 𝐹𝑎 
 

 

(4, 𝑏) 

In the above equations, NS represents the number of SMILES attributes, 𝑛𝑗  integer 

molecular attributes such as number of ethoxylated (EO) groups and alkyl-carbon chain 

length (ACL), 𝑏𝑘 binary family identification variables,  𝑀𝑎 the set of molecular attributes 

and SM the set of possible local SMILES attributes; which involve one, two, and three 

adjacent SMILES element (𝑆, 𝑆𝑆, 𝑆𝑆𝑆) subjected to specific alphabetic rules (Equation 1). 

Mixed integer linear constraints in Equations (2) and (3) synthesize elemental mass 

balances and attribute range, respectively. Equation 4 shows family (a) and fragment (b) 

classification constraints based on connectivity and chemical feasibility rules, where 𝑁 is 

the length of the molecule and 𝐹𝑎 is the set of fragment attributes.  

QSPR group-contribution methods have been extensively implemented in product design 

due their accuracy and wide range of application36, including models for the prediction of 

emulsifier fundamental properties as the Critical Micelle Concentration (CMC), HLB and 

Cloud Point (CP) 37. Additionally, SMILES-based methods have been proven to provide an 

accurate representation and robust applicability domain. Both numerical schemes exhibit 

linear behavior and friendly computational implementation in the equation-oriented 

modeling language. For that reason, they are proposed as prediction baseline for some of 

the target properties, as shown in Table 2. Suggested extended group-contribution 

(Equation 6) and SMILES-based models (Equation 7) present the following mathematical 

representation: 

𝐶, 𝑀, 𝐸 = ℎ1(𝑁𝑆, 𝑛, 𝑏)  

 

(5) 

𝑓 (𝑌𝑙∈𝑀𝑝 ) = ∑ 𝑁𝑖 ∗ 𝐶𝑖

𝑖

+ ∑ 𝑀𝑗 ∗ 𝐷𝑗

𝑗

+ ∑ 𝑂𝑘 ∗ 𝐸𝑘

𝑖

 

 

(6) 



 
 

𝐷𝐶𝑊𝑖 = ∑ 𝐶𝑤𝑖,𝑘 ∗ 𝑁𝑆𝑘

𝑘∈𝑆𝑀

+ (𝛿 ∗ 𝐶𝑤)𝑁𝑃𝑂𝑆 + (𝛿 ∗ 𝐶𝑤)𝐵𝑂𝑁𝐷

+ (𝛿 ∗ 𝐶𝑤)𝑃𝐴𝐼𝑅+ (𝛿 ∗ 𝐶𝑤)𝐻𝐴𝐿𝑂  

 

(7, 𝑎) 

𝑓 (𝑌𝑖∈𝑀𝑝 ) = 𝐶0𝑖 + 𝐶1𝑖 ∗ 𝐷𝐶𝑊𝑖 (7, 𝑏) 

Where 𝐶, 𝑀, 𝐸 are the first, second and third order Marrero-Gani representation group 

variables, respectively7. Representation groups are estimated from local SMILE and family 

attributes (Equation 5).  PAIR, BOND, NOSP, and HALO are global molecular features, 

which are calculated from family classification constraints, each one of them related to 

the presence/absence of: 

 PAIR: Atom pairs.  

 BOND: Tree categories of chemical bonds. 

 NPOS: Nitrogen, Oxygen, Sulphur and Phosphorus atoms.  

 HALO: Fluorine, Chlorine and Bromine atoms. 

Target Properties Properties considered Model type 

Oil-in-water emulsion desired Hydrophilic-lipophilic balance (HLB) Group contribution 38 

Emulsion formation Critical Micelle Concentration (CMC) SMILE-based 

Thermal stability Cloud Temperature (CP) SMILE-based  

Emulsion density Molar volume Group contribution 

Surfactant performance Surfactant effective tension reduction Non-linear model 39 

Table 2. Surfactant design target property and related macroscopic properties 

2.1.2 Emulsifier Mixtures 

Creams, lotions and other structured products often require a mixture of surfactants to 

enhance one or more specific properties of the product (i.e., the effectiveness of surface 

tension reduction) 8,10. The selection of a surfactant mixture involves the use of adequate 

mixture property methods when they are available. However, the linear mixing rule 

described in equation 8 can be applied for mixture properties calculation; according to 

Mattei et al. 7 (2014), linear property models provide good predictions for systems with 

negligible excess properties of mixing, otherwise more exhaustive models are required. 

𝑌𝑖 = ∑ 𝑥𝑚𝑘 ∗ 𝑌𝑖,𝑘

𝑘∈𝑀𝑜

 
(8) 

 



 
 

In equation 8, 𝑥𝑚𝑘 represents the molar composition of emulsifier k in the mixture and  

𝑌𝑖,𝑘 the pure component properties. Additional constraints might be formulated to avoid 

the generation of repeated molecules and incompatible mixtures.  

2.2 Rheology Module 

Emulsion viscosity is proposed as the main design integration variable as it relates most of 

the design considerations: the product formulation, the microstructure, the emulsifier 

agent, processing methods and customer preference7. In this proposal, emulsion viscosity 

is estimated via multiscale approach, considering emulsifier properties (molecular scale), 

emulsion droplet diameter (microscopic scale), and product ingredients (formulation 

variables). Also, we assume that the emulsion is manufactured via cold process due to the 

low energy costs and the simplification of process design problem; hence, we only take 

account of the operating conditions such as impeller type and impeller diameter to obtain 

the mixing shear rate involved in emulsification process. 

 

Figure 3. Representation of Rheology Module 

The rheology module consists of a group of modeling objects designed to estimate the 

product viscosity and related integration variables. Those objects are categorized in the 

following classes: 

 Emulsion models: Includes specialized prediction models for the estimation of 

microscopic and macroscopic variables: droplet size model, viscosity model for 

diluted and concentrated emulsions and rheology modifier model (describes the 

direct effect of specific rheology modifier in emulsion viscosity). 

 Streams: Performs the balance equations (molar, mass and volume balances) using 

the information from Mixture models and Chemicals.  

o Mixture models: Estimate mixture properties. I.e., mixture viscosity 

(Refutas equation) and density of ideal mixtures. 

o Chemicals: Contains prediction models and store physical and economic 

parameters of candidate ingredients. 



 
 

 Property models: compute the equations for estimation of pure 

component properties. I.e., Arrhenius type viscosity model. 

In the next three subsections (2.2.1 – 2.2.3) we explain the fundamentals of specific 

emulsion models. 

2.2.1 Emulsion Droplet Size 

The rheological behavior of emulsified products is influenced in great extent by its 

microstructure, described by the phase fraction of the disperse phase (𝜙), the emulsion 

droplet shape and droplet size distribution 8. Microstructure parameters might be used as 

a product - process integration variables, as a result of their relationship with the 

production methods and equipment, as well as with the mixing energy consumption 25. 

Several theoretical and semi-empirical models have been proposed to relate emulsion 

rheology and microstructure; nevertheless, most frequently used models do not consider 

the droplet size distribution; instead, they consider an average measure such as the Sauter 

mean diameter (𝑑32) and maximum droplet diameter (𝑑95) 8,40.  Simple models derived 

from the Hinze-Kolmogorov theory predict the Sauter and the maximum diameter but do 

not correctly describe the size of the droplets on most of the hydraulic mixing regimes41. 

Consequently for this case is necessary to implement different mathematical models that 

allow an adequate description for mixing systems. 

According to Kolmogorov and Hinze42 (1955) studies, for the microstructure determination 

it is necessary to consider two different hydrodynamic regimes of emulsification and drop 

breakup: inertial turbulent and viscous turbulent regimes. In the inertial regime, the 

balance between the fluctuations in the hydrodynamic pressure of the continuous and the 

drop capillary pressure determines the drop diameter. Conversely, the balance between 

the viscous forces acting from the continuous phase on the drop surface and the drop 

capillary pressure determines maximum stable drop diameter (𝑑95).  Tcholakova et al. 40 

showed that at low oil volume fraction (0 ≤ 𝜙 ≤ 𝜙𝑇𝑟 , 𝜙𝑇𝑟 ≈ 0.4) 𝑑32 and 𝑑95 depend 

weakly on 𝜙; in addition, both behave according to the equations developed for inertial 

turbulent emulsification regime 43. In this case, is used mean diameter model for emulsion 

droplet calculations: 

𝑑32 = 𝐴1 (1 +
𝐴2 ∗ 𝜇𝑑 ∗ 𝜖1/3 ∗ 𝑑32

2/3

𝜎𝑜𝑤
 )

3/5

𝜎𝑜𝑤
3/5

∗ 𝜌𝑐
−3/5

∗ 𝜖−2/5 

 

 

(9) 

𝜖 = 𝑏1 ∗ 𝑁𝑠
3𝐷𝐼𝑚

2  (10) 



 
 

In equation 12 𝜖 represents the turbulent energy dissipation. Numerical constant  𝑏1 

depends on the specific impeller geometry. Constants 𝐴1 and 𝐴2 account the relative 

contributions of the capillarity pressure, respectively 40. For intermediate oil fractions 

(𝜙𝑇𝑟 < 𝜙 ≤ 0.8) the turbulent emulsification is observed; in consequence, mean drop 

diameter could be described according to the following equation: 

𝑑32 = 10−3(�̇�)−0.5 ∗ (
𝜇𝑑

𝜇𝑒
)

1/6

 (11) 

2.2.2 Emulsion Viscosity  

The dispersed phase concentration strongly influences emulsion rheological behavior; in 

consequence, special predicting methods have been developed for dilute emulsions and 

concentrated emulsions 8,10. We consider dilute emulsions those with the oil volume 

fraction 𝜙 < 0.7, and concentrated emulsion with 𝜙 > 0.74, according to Wibowo et al.8 

(2001) In dilute emulsions the hydrodynamic interaction between neighboring droplets 

control flow behavior; on the other hand, the network structure of the continuous phase 

in the concentrated emulsion case 44 controls flow behavior.  

For the estimation of emulsion viscosity, several models that include dispersed-phase 

volume fraction and the viscosity phases ratio (𝜅) has been proposed, e.g., the Princen-

Kiss model8, the Oldroyd model8, and the Yaron and Gal-Or45 model. For the complete 

integration of viscosity in the integrative design scheme, Oldroyd and Princen-Kiss models 

are suggested. 

The Oldroyd model for dilute emulsion viscosity includes the continuous phase viscosity 

(𝜇𝑐) and capillarity number (𝑁𝐶𝐴): 

𝜇𝑒 = 𝜇𝑐 [1 +
5𝜅 + 2

2(𝜅 + 1)
𝜙 +

(5𝜅 + 2)2

10(𝜅 + 1)2
𝜙2] [

1 + 𝜆1𝜆2𝑁𝐶𝐴
2

1 + 𝜆1
2𝑁𝐶𝐴

2 ]  

 

(12, 𝑎) 

 

𝜆1 =
(19𝜅 + 16)(2𝜅 + 3)

40(𝜅 + 1)
[1 +

19𝜅 + 16

5(𝜅 + 1)(2𝜅 + 3)
𝜙] 

 

(12, 𝑏) 

 

𝜆2 =
(19𝜅 + 16)(2𝜅 + 3)

40(𝜅 + 1)
[1 −

3(19𝜅 + 16)

10(𝜅 + 1)(2𝜅 + 3)
𝜙] 

 

(12, 𝑐) 

 



 
 

𝑁𝐶𝐴 =
𝜇𝑐𝑑32�̇�

2𝜎𝑜𝑤
 

(13) 

Princen and Kiss model for concentrated emulsions neglects the viscous effect of the 

disperse phase, relating the rheological behavior to the volume fraction and the capillarity 

terms:  

𝜇𝑒 = 𝜇𝑐 [𝑁𝐶𝐴 ∗ 𝜙
1
3 ∗ 𝑌𝑣(𝜙) + 𝐶𝑣(𝜙) ∗ 𝑁𝐶𝐴

−0.5] 

 

(14) 

𝑌𝑣(𝜙) = −0.080 − 0.114 ∗ ln (1 − 𝜙) 

 

(15, 𝑎) 

𝐶𝑣(𝜙) = 32(𝜙 − 0.73) (15, 𝑏) 

2.2.3 Thickener Model  

Rheology modifiers may be added to meet specific customer satisfaction criteria. 

Thickening agents include xanthan gum, sodium, and polyacrylic acid. Polymeric 

thickeners modify the rheological properties of the external aqueous phase, displaying a 

non-Newtonian behavior, which could be described by the Huggins equations: 

[𝜂𝑖] = [𝜂] ∗ 𝐶𝑡ℎ + 𝑘𝐻 ∗ [𝜂]2 ∗ 𝐶𝑡ℎ
2    (16, 𝑎) 

[𝜂𝑟𝑒𝑙] = [𝜂𝑖] + 1 (16, 𝑏) 

𝜇𝑐 = [𝜂𝑟𝑒𝑙] ∗ 𝜇𝑐
∗ (17) 

Where [𝜂𝑖] is the relative viscosity increment, [𝜂] is the intrinsic viscosity, 𝑘𝐻 is the 

Huggins slope, and  𝐶𝑡ℎ is the polymer concentration in the continuous phase. In equation 

21 𝜇𝑐
∗ is the continuous phase dynamic viscosity calculated from Newtonian liquids mixing 

methods. The proposed thickener model depends on the specific thickening agent 

selected in the formulation. 

2.3 Consumer Integration Module 

The consumer integration module provides the tools for prediction and evaluation of the 

economic performance of the new product in the market. In this model, customer 

requirements are integrated through the global preference variable, which is also the base 

for the estimation of product price and market share. Figure 4 highlights the inputs and 

outputs of the consumer integration module. 



 
 

 

Figure 4. Representation of Customer Integration Module 

2.3.1 Product Preference Model 

In order to relate marketing and engineering design goals, consumer preference criteria 

have been proposed as linking variable for economic oriented multiscale design 

methodologies26. Consumer preference connects product physical properties and 

functionalities with the set of customer requirements, also known as market properties 

(CuP). Design requirements are identified by the regular consumer through survey 

methodologies, by comparison with existing products on the market.  Each market 

property is mathematically described by a specific physical descriptor or meta-descriptor, 

a function of the product formulation and structure.   

Bagajewciz26 (2007) proposed a linear preference function that accounts the weighted 

contribution of each marketing property in terms of its particular customer acceptance 

(preference) 𝑦𝑗, which are scaled from 0 to 1: 

𝐻 = ∑ 𝑤𝑗 ∗ 𝑦𝑗

𝑗∈𝐶𝑢𝑃

 

 

 

(18) 

∑ 𝑤𝑗

𝑗∈𝐶𝑢𝑃

= 1 (19) 

In the latter expression, H accounts the global product preference and 𝑤𝑗 the correlation 

weights. Customer acceptance is estimated via interpolant and regression methods from 

survey results. Piecewise linear functions are preferred over polynomial interpolation to 

avoid overshoot on calculation – possible negative preference or acceptance scores over 

100%. Figure 6 displays the advantages of piecewise functions and the behavior of 

acceptance curves; this strategy ensures a concave representation that simplifies the 

optimization algorithm. Piecewise linear approximations are automatically generated in 

Pyomo as part of its modeling extensions. 



 
 

 

Figure 5. Piecewise Linear Function vs. Polynomial Interpolation. 

2.3.2 Pricing Model  

Market share and selling price are estimated through the single competitor model 

proposed by Bagajewicz25,26 (2011, 2007). This model involves elastic-substitution of the 

existing product, while the market size and total demand remain constant. Assuming a 

saturated market, in which the consumers have enough budget to buy any of two 

products and its demand is stated only by the preferences, the pricing model is defined as 

follows: 

𝑝1𝑑1 = (
𝛼

𝛽
)

𝑬𝒍𝒂

∗ 𝑝2 [
𝑌𝐵𝑢𝑑 − 𝑝1 ∗ 𝑑1

𝑝2
]

1−𝑬𝒍𝒂

 𝑑1
𝐸𝐿𝐴 

 

(20) 

 

𝑑1 + 𝑑2 = 𝐷𝑇𝑂𝑇𝐴𝐿 

 

(21) 

 

𝑑1 =
𝐷𝑇𝑂𝑇𝐴𝐿

1 + 𝜏
 

 

 

(22) 



 
 

𝜏 = (
𝛼

𝛽
)

𝐸𝑙𝑎
𝐸𝑙𝑎−1

 
 

(23) 

Parameter 𝛼 represents the advertisement level of the new product (0 < 𝛼 ≤ 1); variable 

𝛽 denotes the global preference ratio between the new product and the competing 

product. Variables 𝑝1 and 𝑝2 are the selling prices of the new product and current 

competitor, respectively. Variables 𝑑1 and 𝑑2 account new product and competitor 

demand (sales), respectively. Parameter 𝐷𝑇𝑂𝑇𝐴𝐿 represents market total demand, 𝐸𝑙𝑎 is 

the adjustable market elasticity, and 𝑌𝐵𝑢𝑑 is the total market size (or budget). 

3 Case of study: Emulsion Design 

We present two case studies for emulsion design with different optimization criteria. The 

first case considers the formulation of the emulsion that yields the greatest consumer 

acceptance - or maximum global product preference (Eq. 26) – The second case aims to 

develop the emulsion formulation that returns the highest product profit. In this study, 

the profit is estimated as the difference between the product sales and raw material 

acquisition cost (Eq. 27). 

Consumer-driven case 

max FObj ≔  𝐻 

 

(24) 

Economic-driven case 

max  FObj: = 𝑑1 ∗ 𝑝1 − 𝑑1 ∗ 𝑐𝑜𝑠𝑡 

 

(25) 

The compounds shown in Table 3 are the candidate ingredients in both study cases. The 

emulsion could be a basis colloid system for the manufacturing cosmetic products (e.g., 

moisturizing lotions), so it is assumed that the main function of the emulsion is to 

maintain the skin hydrated and soft. For that reason, specific candidate ingredients were 

chosen such as occlusive agents (i.e., mineral and vegetable oils) to reduce the water loss 

from the skin; humectants (i.e., glycerin and polypropylene glycol) that help to retain the 

water within the skin; and emollients (i.e., urea) to promote the skin protection. Besides, 

thickeners (i.e., water-soluble polymers and xanthan gum) are usually included to control 

the flow properties and contribute in the product stability, in this case study it was 

selected xanthan gum to specify the parameters of Huggins model. 

 

Continuous phase Dispersed phase 

Water Coconut oil 

Glycerin Almond oil 



 
 

Pyroglutamic Acid Dimethicone 

Polyethylene Glycol Hazelnut oil 

Polypropylene Glycol Lanolin 

Sorbitol Macadamia oil 

Urea Mineral oil 

Allantoin Petrolatum 

Thickener: Xanthan Gum Sunflower oil 

Table 3. Emulsion ingredient list. The components are grouped in two phases supposing 

O/W emulsion 

The emulsifier agent is selected from a group of non-ionic surfactants, including alkyl-

ethoxylated alcohols and ethoxylated phenols. Candidate surfactants are subjected to 

restrictions over their properties to guarantee the emulsion formation (CMC), thermal 

stability (CP) and proper emulsion type (HLB). 

The economic and customer evaluation of emulsion is performed according to preference 

and single competitor pricing models26.  The market properties and their preference 

scores for both study cases are described below: 

 Effectiveness (Score: 28.40%): For this study and its possible application in the 

cosmetic industry, the effectiveness is the ability to control the skin problems such 

as dryness and desquamation, and it is related to the number of humectants and 

occlusive ingredients applied on the skin per area. 

 Thickness (Score: 12.20%): Thickness relates product efficiency, stability, and 

consumer acceptance25. Cussler and Moggdrige2 (2011) describe the concept of 

thickness as the measure of shear forces per unit of skin area during the product 

application, which can be related to the square root of the viscosity. This concept 

applies to both Newtonian and non-Newtonian fluids.   

 Greasiness (Score: 13.23%): Greasiness accounts the oiliness over the skin after 

product application. Oily compounds in cosmetics products include emollients, 

chemicals that contain glycerol and fatty acids25. The greasiness is measured as the 

concentration of insoluble/ oils in the product. Greasiness is usually rated as a 

negative attribute in emollient or cosmetic products 46.  

 Smoothness (Score: 16.87%): Smoothness relates the consumer perception of 

granules and large particles during the application of the product. The smoothness 

is inversely proportional to the skin-emulsion coefficient of friction (𝜉). According 

to Natch et al.46 (1981) and Sivamani et al.47 (2003) research, skin-emulsion 

coefficient of friction displays a linear dependence on the product greasiness.    



 
 

𝑆𝑚𝑜𝑡ℎ𝑛𝑒𝑠𝑠 =
0.5

𝜉 
 

(26) 

∆𝜉 = −0.047 ∗ 𝐺𝑟𝑒𝑎𝑠𝑖𝑛𝑒𝑠𝑠 + 1.06 (27, 𝑎) 

𝜉 = 0.4 ∗ (1 + ∆𝜉) (27, 𝑏) 

 Creaminess (Score: 17.49%): Creaminess is an attribute used to describe the 

texture of different types of products. It is related to other market properties such 

as smoothness and thickness. According to Cussler and Moggdrige2 (2011), the 

creaminess can be estimated from:   

 

𝐶𝑟𝑒𝑎𝑚𝑖𝑛𝑒𝑠𝑠 = (𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)0.54 ∗ (𝑆𝑚𝑜𝑡ℎ𝑛𝑒𝑠𝑠)0.84 (28) 

 Spreadability (Score: 11.81%):  The spreadability is the market property that 

quantifies the easiness of a fluid to move on a certain surface. The capability of 

topical products to spread over the skin is related to angle contact (𝜃) between 

air/skin/product. It Is possible to use the Young equation to define the contact 

between a fluid and a solid surface: 

cos(𝜃) =
𝜎𝑆𝐴 − 𝜎𝑃𝑆

𝜎𝑃𝐴
 (29) 

Where 𝜎𝑆𝐴 is the surface tension between skin and air, 𝜎𝑆𝑃 the surface tension of 

skin and topical product, and 𝜎𝑃𝐴 is the surface tension of topical product and air.  

Economic parameters using in the pricing model, such as product demand, sale price, 

global preference, and market size were retrieved from previous works48. Without loss of 

generality, we use 𝛼 = 1 and 𝐸𝐿𝐴 = 0.75 for this work. 

3.1 Initialization Strategy   

Taking advantage of the modularity of the proposed model, the initialization procedure is 

proposed as a sequential solution of multiple subproblems to obtain a feasible integer 

solution (Figure 6). The suggested procedure requires the user to provide an estimated 

value of Newtonian viscosity for continuous and disperse phase, as well, a guess on the 

surfactant effectiveness regarding interphase tension. 



 
 

 

Figure 6. The procedure of Sequential Initialization 

Each of emulsion phases is considered as Stream objects (in the Stream Model). Stream 

variables (mass -molar fractions, pure and mixture properties) are initialized by minimizing 

the squared difference between the expected and the calculated mixture viscosity, 

subjected to material balances and property model constraints. Both phase objects are 

solved using Pyomo Interior Point Optimizer (IPOPT). 

The emulsifier candidate is initialized by minimizing the squared difference between the 

expected and calculated effectiveness on the surface tension reduction, subjected to 

SMILES-based balances. The surfactant model is solved using Pyomo BONMIN solver. The 

combined solutions of the phases and surfactant models provide an adequate initialization 

for the emulsion viscosity and droplet size models.  

3.2 Results and Discussion 

The integrated design cases are formulated as MINLP optimization problems and solved 

using the Pyomo-Bonmin solver. For the consumer-driven case, the computational time 

was 30.72 seconds with 267 variables (including 30 binary variables and three integer 

variables) and 207 constraints; on the other hand, the economic-driven case has a 

computational time of 40.08 seconds with 275 variables (including 30 binary variables and 

two integer variables) and 243 constraints. Both instances were solved to the default 

MINLP tolerance on a Linux workstation with an Intel Core i7 processor and 6GB of 

memory. 

The optimization results are given in Tables 4-6. Table 4 displays the effects of the 

different design criteria on the emulsion ingredients and composition. The economically 

driven criterion poses as an effective strategy to reduce the number of ingredient 

alternatives. The mass fractions in both cases are constrained by preferences properties 

and cost of each ingredient in emulsion formulation, in consequence, the economic-driven 

case has fewer ingredients than the consumer-driven case. 

 



 
 

Case Consumer-driven Economic-driven 

Continuous phase 69.96 %     70.00 % 

Water 65.03 66.50 

Polyethylene Glycol 0.038 2.85 

Urea 0.15 0.64 

Glycerin 4.59  

Pyroglutamic Acid 0.038  

Polypropylene Glycol 0.037  

Sorbitol 0.038  

Allantoin 0.038  

Dispersed phase 24.92 %   23.99 % 

Coconut oil 1.33 13.99 

Petrolatum 0.98 10.00 

Almond oil 2.09  

Dimethicone 3.85  

Hazelnut oil 3.02  

Lanolin 4.36  

Macadamia oil 5.08  

Mineral oil 0.75  

Sunflower oil 3.41  

Thickener 1.54 % 2.00 % 

Emulsifier 3.56 %  4.00 % 

Table 4. Emulsion formulation and mass concentrations [%] 

Both optimization problems reported the same candidate emulsifier, an Alkyl-Ethoxylated 

phenol with 11 ethoxylated groups and six aliphatic carbons. Surfactant properties were 

calculated at 25 °C. The emulsifier module provides relevant information about 

fundamental surfactant properties such as CMC with a value of 19 
𝑚𝑜𝑙

𝑚3 , a surface tension 

reduction of 21.74 
𝑚𝑁

𝑚
 and the corresponding HLB value of 12.20. In these cases, the 

resulting hydrophilic-lipophilic balance is appropriate for formulations of O/W emulsions. 

The results of the multiscale integration are given in Table 5. The variation of the droplet 

diameter is a direct result of the reduction of the Newtonian viscosity on the continuous 

and disperse phases. The thickener model has a significant effect in the emulsion viscosity 

estimation; there is a significant increment for the viscosity of emulsion in contrast to the 

viscosity of both phases. 



 
 

The Economic-driven case aims to control the application viscosity by increasing the 

thickener concentration and reducing the droplet diameter. This process is achieved by 

increasing the shear rate in the manufacturing process. 

Case Consumer-driven Economic-driven 

Droplet diameter [µm] 4.73 3.38 

Manufacturing shear rate [1/s] 717.32 641.25 

Continuous phase Newtonian viscosity 

[Pa∙s] 

1.07x10-3 9,4 x10-4 

Disperse phase Newtonian viscosity [Pa∙s] 0.098 0.036 

Application viscosity (@�̇� = 100 s-1) [Pa∙s] 0.640 0.640 

Table 5. Microstructure and manufacturing variables. 

The marketing properties evaluated in the Preference Model are given in Table 6. The 

consumer-driven case achieved higher values for each market property but not for the 

greasiness. The high content of oily compounds, which include vegetable oils in the 

dispersed phase and glycerin in the continuous phase, causes the low greasiness score 

obtained in the consumer-driven case. Nonetheless, the concentration of these 

compounds improves the remaining market properties. 

Table 6 also shows the economic attributes and performance for both optimization cases. 

As expected, the economic revenue reached by the profit optimization approach was 

8.34% higher than the consumer-driven case. The economic-driven case compensates the 

loss of consumer acceptance by reducing the selling price and selecting moderately priced 
ingredients; consequently, higher demand and lower raw material cost are achieved. The 

selling price and material acquisition cost are calculated for an amount of 100 grams of 

emulsion. It is important to note that these study cases neglect the emulsifier and 

manufacturing costs. 

 

 

 

 

 

 



 
 

 

Case Consumer-driven Economic-driven 

Preference Model 

Effectiveness 100 100 

Thickness 100 99.99 

Greasiness 28.06 63.05 

Smoothness 96.26 80.90 

Creaminess 100 83.72 

Spreadability 94.39 94.39 

Preference [%] 89.18 88.37 

Economic Model 

Demand [Ton] 239.7 241.0 

Selling Price [USD] 3.60 3.58 

Cost [USD]  0.60 0.35 

Profit [Million USD]  71.9 77.9 

Table 6. Consumer Module Results 

 

4 Conclusions 

We have presented an optimization proposal for the formulation of emulsions considering 

a multiscale approach for aid in consumer-oriented product design. The flexible modular 

implementation enables the user to formulate and solve complex design problems in one 

modeling platform, in combination with commercial and academic solvers. The numerical 

examples illustrate the importance of multiscale modeling and highlight the relationship 

between operating conditions, customer requirements and business performance 

objectives. 

The results obtained in section 3, highlight the importance of considering an economic-

design criterion, the instances show that a consumer-driven optimization does not yield, 

in most of the cases, the highest economic revenue. Moreover, the economic-driven 

formulation offers a tradeoff between economic performance and preference attributes. 

Both study cases display the relationship between the whole set of design variables and 

product properties as they adjust the emulsion viscosity, droplet diameter, and oil content 

to achieve the maximum design objective. 

The use of the model proposed in this work simplifies the general process for the design of 

structured products. It allows the integration of molecular, microscopic and macroscopic 

structure in a single conceptual level, providing a formulation base and operating 



 
 

conditions, valuable in early stages of experimental design. These variables reduce the 

time and economic resources involved in the product design process; furthermore, they 

assure fair consumer’s acceptance and provide a proper approximate for the product’s 

market performance.   

We will seek to generalize the proposal in order to consider a broader range of formulated 

products, including foods and pharmaceuticals. Research efforts in this direction are now 

underway, including an experimental validation of case studies applied to study the 

relationship between experimental behavior and optimal product design models. 
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Nomenclature 

𝐴1, 𝐴2 = Droplet size constants [-] 

𝑎 = Mass balance matrix [-] 

𝑏 = Group identity binary variable [-] 

𝑐 = SMILES-based matrix [-] 

𝐶0 = SMILE based correlation constant [-] 

𝐶1 = SMILE base correlation slope [-] 

𝐶𝑜𝑠𝑡 = Product manufacturing cost (raw materials) [$/g] 

𝐶𝑡ℎ = Thickener concentration [g/L]  

𝐶𝑤 = SMILE based QSPR coefficients [-] 

𝑑1, 𝑑2 = Product demand [g] 

𝑑32 = Sauter mean droplet diameter [m] 

𝑑𝑉95 = Maximum droplet stable diameter [m] 

𝐷𝐼𝑀 = Impeller diameter [m] 

𝐷𝐶𝑊 = SMILE based molecular descriptor [-] 

𝐷𝑇𝑜𝑡𝑎𝑙  = Total demand [g] 

𝐸𝑙𝑎 = Market elasticity [-] 

𝐸𝑂𝑁= Number of ethoxylate groups [ℤ+] 

𝐻 = Global product preference [-] 

𝑘𝐻 = Huggins slope [-] 

𝑛 = Number of molecular attributes [ℤ+] 

N = Molecule Length [ℝ+] 

𝑁𝐶𝐴 = Capillarity number [-]  

𝑁𝑠 = Agitation Speed [1/s] 

𝑁𝑆 = Number of Smiles attributes [ℤ+]  

𝑝1, 𝑝2 = Product prices [$/g]  

𝑥𝑚 = Molar fraction [-]  

𝑥𝑤 = Mass fraction [-] 

𝑤 = Correlation weights of preference [-] 

𝑦 = Market property score [-] 

𝑌 = Surfactant property variable [-] 

𝑌𝐵𝑢𝑑 = Total market budget [$]  

Greek Letters  

𝛼 = Product advertisement level [-] 

𝛽 = Preference ratio between product and competence [-] 



 
 

�̇�= Shear rate [1 /s] 

𝛿= SMILE global descriptor variable [-] 

𝜖= Turbulent energy dissipation [W/kg] 

[𝜂] = Intrinsic viscosity [-] 

[𝜂𝑖]= Relative viscosity increment [-] 

[𝜂𝑟𝑒𝑙]= Relative viscosity [-]  

𝜅= Oil phase/ aqueous phase viscosity ratio [-] 

𝜆1, 𝜆2 = Oldoyord Model Coefficient [-] 

𝜇 = Dynamic viscosity [Pa s] 

𝜐 = Kinematic viscosity [cS] 

𝜉 = Coefficient of friction skin – cream [-] 

𝜌 = Density [kg/L] 

𝜎 = Surface Tension [µN/m] 

𝜙 = Internal phase volume fraction [-] 

Sets 

CuP = Market property set  

Fa = Molecular fragment set 

Ma= Molecular attributes set  

Mo= Surfactant molecule set  

Mf= Molecular group (family) set 

Mp= Surfactant properties set 

S = Single SMILE 

SM = SMILE set 

SS = Adjacent SMILE set 

SSS = Adjacent SMILE set  

Subscripts 

𝑐 = Continuous phase 

𝑑 = Dispersed phase 

𝑒 = Emulsion 

𝑡ℎ = Thickener 

Superscripts 

𝐵𝑂𝑁𝐷 = Three categories of chemical bonds 

𝐻𝐴𝐿𝑂 = Fluorine, Chlorine and Bromine atoms 

𝑚𝑎𝑥 = Maximum 

𝑚𝑖𝑛 = Minimum 

𝑁𝑃𝑂𝑆 = Nitrogen, Oxygen, Sulphur and Phosphorus atoms 

𝑃𝐴𝐼𝑅 = Atom pairs 
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Integrated Optimal Design Proposal Based on a Multiscale Approach: 

Validation and Experimental Adjustment of Properties 

 

Abstract 

The chemical industry has evolved in recent years and has driven the research in the 

manufacture of high added-value products that satisfy specific requirements of 

consumers. The design of these products requires methodologies that integrate the 

multiscale approach, operating conditions, consumer considerations, and market 

parameters. In this work, an optimization proposal that allows integrated optimal design 

for Oil-in-Water emulsions was used. Predicted properties by the mathematical models 

were compared with the experimental behavior of these colloidal systems. The results 

concerning to computational and experimental design gave valuable information about 

the robustness of the optimal model and allowed an understanding of phenomena in the 

microscopic structure of emulsions, which will help in the improvement of the 

computational design of the optimization proposal. 

Keywords: Computational framework, Integrated optimal design, O/W emulsion, 

Experimental adjustment 

1.  Introduction  

Oil-in-Water (O/W) emulsions are widely used in a variety of consumer products, such as 

moisturizing creams, sunscreens, and cosmetics. These systems are thermodynamically 

unstable colloids, and their performance as products is determined by the complex set of 

interrelationships among molecular, microscopic and macroscopic variables 1. In this work, 

the properties predicted by an optimization proposal developed by Torres et al. (2018) 

were compared with experimental data of O/W emulsions. This proposal was developed 

with a focus on emulsions formulation and the objective of producing two optimal 

formulations: one that allows obtaining the maximum profit (Economic-driven Case) and 

another that assures the highest preference (Preference-driven Case) based on physical 

characteristics perceived by the consumer 3. 

The optimal emulsion design model was formulated with a multiscale approach 

encompassing three levels. At the molecular scale, the properties of the surfactant or 

surfactants mixture were predicted through molecular interactions and structure 4. 

Droplet diameter represents the microscopic level. Finally, apparent viscosity was selected 

as a macroscopic variable, which was calculated from microscopic and molecular 

responses 5. This multiscale design was implemented in Pyomo, which allows the 

integration of a modular representation for product structure and properties, consumer 



 
 

preferences and economic performance. It was possible to obtain emulsion formulations, 

properties, and basic manufacturing conditions by defining impeller diameter and type 

into the optimization model. 

2. Methodology 

The optimal formulations were taken as a starting point for the experimental design and 

some operating conditions that were not considered in the property models, such as 

commercial emulsifiers, mixing time, incorporation flow rate and tank diameter were well-

defined in the laboratory. Once these conditions were fixed (see Table 1), the emulsion 

design was performed in order to compare droplet diameter and apparent viscosity 

predicted with experimental information of these microscopic and macroscopic variables. 

Design parameters 

Emulsifiers [ − ] 
Tween 20 

Span 80 

Thickener [ − ] Xanthan Gum 

𝐷𝐼𝑚𝑝/𝐷𝑇𝑎𝑛𝑘  [ − ] 0.75 

Impeller type [ − ] 
Vertical Flat 

blade 

Mixing Time [ 𝑠 ] 900 

Incorporation flow 

rate 
[
𝑚3

𝑠
] 5𝑥10−7 

Table 1. Design parameters for the formulation 

First of all, the optimization proposal was modified using the design parameters in Table 

1, specifically the impeller type and impeller diameter, with the purpose to generate 

optimal formulations for this study. Then, the emulsions were prepared from two optimal 

formulation cases: maximum consumer preference and maximum profit; the mean drop 

diameter (𝑑32) and apparent viscosity were measured in the laboratory and then compare 

with the results obtained by the optimization proposal. This methodology allows a better 

understanding of the manufacturing process of emulsions, and consequently, it is possible 

to evaluate robustness, scope and every consideration in mathematical models. 

To clarify, for experimental measures of drop diameter and viscosity, a particle size 

analyzer and a rotational rheometer were used respectively.  Considering the shear rate of 

100 s-1    defined by Wibowo and Ng (2001) for emulsified products, viscosity 

measurements were performed in a range of [90,120] s−1. 



 
 

3. Mathematical models and experimental measurements  

The optimization proposal allows obtaining the emulsions formulation regarding the mass 

fraction for both developed cases. In order to get information about the microscopic and 

macroscopic structure of the optimal formulations, the model proposed by Torres et al. 

(2018) integrates different mathematical models to predict, in general terms, the 

emulsion structure. 

For droplet diameter, the model proposed by Tcholakova et al. (2011) was used. This 

approach depends on the density of continuous phase ρC, the viscosity of dispersed phase 

μD, interfacial tension σow and other factors that quantify the hydraulic and differential 

pressure contributions. This model also takes into account the turbulent energy 

dissipation given by agitation velocity N𝑠, impeller diameter DIm and parameter b1 related 

to impeller type. 

d32 = A1 (1 +
A2 ∗ μD ∗ ϵ1/3 ∗ d32

2/3

σow
 )

3/5

σow
3/5

∗ ρ
C

−
3
5 ∗ ϵ−

2
5 

(1) 

ϵ = b1 ∗ Ns
3DIm

2  (2) 

The model used for viscosity prediction in diluted emulsions was developed by Oldroyd 

(1953) and complemented by Pal (2001). In this case, the emulsion viscosity depends on 

the viscosity of continuous phase μC, viscosity ratio of both phases κ, volumetric fraction 

of dispersed phase ϕ and capillary number NCa that includes shear rate γ̇ and mean drop 

diameter d32. 

μe = μc [1 +
5κ + 2

2(κ + 1)
ϕ +

(5 + 2)2

10(κ + 1)2
ϕ2] [

1 + λ1λ2NCA
2

1 + λ1
2NCA

2 ] 
(3) 

λ1 =
(19κ + 16)(2κ + 3)

40(κ + 1)
[1 +

19κ + 16

5(κ + 1)(2κ + 3)
ϕ] 

(4) 

λ2 =
(19κ + 16)(2κ + 3)

40(κ + 1)
[1 −

3(19κ + 16)

10(κ + 1)(2κ + 3)
ϕ] 

(5) 

NCa =
μcd32

γ̇

2σow
 

(6) 

 



 
 

The contribution of a rheology modifier was described with the Huggins equation with 

specific parameters for the thickener used in the experimental design. Where [ηi] 

represents the relative increase in viscosity, [η] represents the intrinsic viscosity, Cth is the 

thickener concentration, and kH is the Huggins slope 9. 

[ηi] = [η]Cth + kH[η2]Cth
2  (7,a) 

[η] = 45.8 ∗ exp (−0.0005γ̇) (7,b) 

kH = 0.0047 ∗ γ̇ − 0.0005 (7,c) 

𝜇𝑐 = [𝜂𝑟𝑒𝑙] ∗ 𝜇𝑐
∗ (8,a) 

[𝜂𝑟𝑒𝑙] = [𝜂𝑖] + 1 (8,b) 

The results of optimal formulations, droplet diameter d32, and viscosity as a function of 

shear rate are reported in Table 2. Although the optimization proposal provides the 

emulsifier mass fraction, it does not consider the cost of surfactant molecules and, 

consequently, this formulation contains a large mass of emulsifiers. As a result, the 

fractions were adjusted for experimental design and fixed the emulsifiers in 4% mass 

fraction, obtaining an O/W emulsion with 20% of the dispersed phase. 

Compound Formulation case 

Preference Profit 

Continuous phase  [%] 75,97 72.96 

   -Water            [%] 94.10 95.00 

 -PPG               [%] 4.54 0.00 

 -PEG                 [%] 0.00 4.86 

 -Urea               [%] 1.36 0.14 

Dispersed phase   [%] 20.03 20.04 

          -Mineral oil [%] 50.00 99.50 

          -Almond oil [%] 50.00 0.00 

          -Coconut oil  [%] 0.00 0.50 

Emulsifiers [%] 4.00 4.00 

HLB [−] 12.03 13.65 

Thickener  [%] 0.00 3.00 

Agitation velocity [rad/s] 104,72 104,72 



 
 

Table 2. Formulation of preference and profit case obtained with the optimization 

proposal. 

With the purpose to evaluate the performance of the optimization model, the optimal 

formulations were replicated in this experimental stage in order to compared drop 

diameter and viscosity as can be seen in Table 3. 

                                    Method 

      Property 

Optimization Proposal 
Experimental 

Measurements 

Preference Profit Preference Profit 

Droplet Diameter 𝑑32 [μm] 19.11 25.76 19.70 0.20 

Apparent Viscosity [Pa*s] 0.385 0.783 0.00289 0.645 

Table 3. Results of droplet diameter and viscosity obtained from optimization proposal and 

experimental measures 

4. Optimal model vs. Experimental information 

As it can be seen in Table 3, the results of the optimal cases were significantly closer to 

mathematical models for one of two estimated properties, depending on the case 

evaluated. For the preference approach, the comparison for mean droplet diameter 

denoting a difference of 3% related to calculated diameter. However, in the case of 

viscosity, a divergence between experimental and predicted properties was noted; this 

result is due to the optimization proposal includes preference models that adjust the 

viscosity concerning consumer requirements (Torres et al., 2018). According to these 

models, for this case, consumer preference drives the results in order to achieve high 

viscosities due to the values of consumer perception 3. 

The profit approach includes a high concentration of thickener, which produces high 

viscosities in the system. Although the values of viscosity were moderately different (21% 

respect to experimental results), both values represent the same behavior in the emulsion 

structure, corresponding to the increase of viscosity. Nevertheless, predicted droplet 

diameter was significantly smaller from the optimization model. In order to determine 

which phenomena drive this behavior, it is necessary to analyze the microscopic behavior 

of these emulsified systems. 

Ample space between droplets exists in diluted emulsions. However, flocculation and 

coalescence mechanisms tend to produce larger drops. When a thickener is used, its large 

molecules occupy the space between particles, preventing coalescence and favoring 

smaller droplet sizes (Akiyama et al., 2005). 

 



 
 

 

Figure 1. a). Schematic representation of droplet dispersion in the emulsion. b). Effect of 

thickener (T) in the emulsion. 

According to Dickinson (1992), there are two ways in which a thickener stabilize 

emulsified systems; at the microscopic scale, the thickener creates a protective layer on 

the droplet surface providing steric stabilization, at the macroscopic scale, the continuous 

phase suffer from viscosity modification according to thickener concentration. Figure 1 a) 

shows the schematic representation of the dispersion of oil droplets in the emulsion, 

these droplets which drives a direct effect on the emulsion stability. When high size drops 

in the emulsion exist, is possible to evidence phase separation. With the purpose to avoid 

this adverse effect, a thickener could be added to emulsion formulation; as it can be seen 

in figure 1 b), the thickener is dispersed in the continuous phase for increase its viscosity 

and slowing down the coalescence of droplets after adding the dispersed phase. This 

effect causes that the drops remain with small size for a long time, and thus delaying 

phase separation and reducing sedimentation 11.   

The optimization proposal did not included the thickener effect on coalescence. For this 

reason, a second profit approach formulation was proposed without thickener. The results 

are shown in Table 4. 

                                     Method 

      Property 

Optimization 

Proposal 
Experimental Measurements 

Profit Profit (No Thickener) 

Droplet Diameter [μm] 25.76 23.30 

Apparent Viscosity [Pa*s] 0.783 0.00271 

Table 4. Results of droplet diameter and viscosity obtained from a second experimental 

formulation 

As shown in Table 4, the drop diameter obtained implies a difference of 10.56% that is 

closer than the first formulation for the droplet size measurements in the profit case. 

Although the Sauter mean droplet diameter model provides a good prediction of droplet 



 
 

size, it neglects the coalescence effect and therefore does not describe the microstructure 

correctly when thickeners, like xanthan gum, are included in emulsion formulations. 

5. Effect of xanthan gum on emulsion structure 

According to previous analysis, it can be affirmed that is essential a deeper exploration 

about the effect of thickener concentration and its influence in the structure of emulsion. 

In this work is only studied the effect of xanthan gum on the microscopic (droplet 

diameter) and the macroscopic structure (apparent viscosity), the study of the effect of 

this thickener on the molecular structure is proposed as future work. 

5.1 Emulsion preparation    

For this stage is proposed an experimental evaluation, in which was produced O/W 

emulsions with a formulation shown in Table 5. 

Basic Formulation 

Compound Value 

Continuous phase  [%] 80.00 

          -Water            [%] 100 

Dispersed phase   [%] 20.00 

          -Mineral oil  [%] 100 

Emulsifiers             [−] 4.00 

Table 5. Basic emulsion formulation 

Five emulsions were prepared using the basic formulation, and each emulsion has 

different thickener concentration (xanthan gum) added to the continuous phase, these 

concentrations are reported in Table 6. 

Emulsion 
Xanthan Gum 

Concentration 

1 0% 

2 0.5% 

3 1.0% 

4 1.5% 

5 2.0% 

Table 6. Xanthan Gum Concentration for five emulsions 

Regarding operating conditions, the proposed emulsions were manufactured using the 

design parameters in Table 1. After the emulsion preparation, the measurement of 



 
 

droplet diameter and apparent viscosity was performed; also a visual analysis of the 

microscopic structure of emulsion was implemented. 

 5.2 Results 

In order to relate droplet size and apparent viscosity with mathematical models in the 

optimization proposal, it was only considered the 𝑑32 value for droplet size and the 

viscosity measure taken at γ̇ = 100 𝑠−1. The results of these experimental measurements 

are shown in Table 7.  

                                    Emulsion 

      Property 
1 2 3 4 5 

Droplet Diameter 𝑑32 [μm] 17.60 6.16 3.54 2.67 0.369 

Apparent Viscosity [Pa*s] 0.0017 0.227 0.332 0.353 0.480 

Table 7. Droplet diameter and apparent viscosity with different concentration of xanthan 

gum 

The results obtained by experimental measurements show the effect of xanthan gum on 

emulsion formulations. There is an inverse correlation between the studied properties, 

given by thickener influence. As xanthan gum concentration increases in the formulation, 

so does the emulsion viscosity as expected. However, the droplet diameter decreases due 

to xanthan gum effect; these results provide valuable information about the influence of 

thickeners at microscopic and macroscopic levels in emulsion design. 

The macroscopic structure of emulsion is highly influenced by xanthan gum in this case, 

because the thickener was added to continuous phase, giving it a high viscosity. Returning 

to the Oldroyd model (equation 3), in which emulsion viscosity (𝜇𝑒) depends mostly on 

continuous phase viscosity (𝜇𝑐) and its relation with dispersed phase viscosity (𝜅 =
𝜇𝑐

𝜇𝑑
), it 

can be deduced that if 𝜇𝑐 increase, then the emulsion viscosity also increase. For this 

reason, it was measured the continuous phase viscosity for each thickener concentration 

proposed in this study.  

Xanthan Gum Concentration [wt.%] Continuous phase viscosity 

[Pa*s] 

0% 0.001 

0.5% 0.077 

1.0% 0.189 

1.5% 0.299 

2.0% 0.446 

Table 8. Viscosity of the continuous phase (water) at different xanthan gum concentrations 



 
 

According to Table 7 and Table 8, it can be seen interesting results concerning to relation 

of thickener concentration, 𝜇𝑐, and 𝜇𝑒. When the thickener concentration is low (0.5%) 

there is a significant difference between viscosities of continuous phase and emulsion, in 

this case the droplet diameter (𝑑32) and volumetric fraction of dispersed phase (𝜙)  has 

an important influence on macroscopic structure (as stated in Oldroyd model). However, 

as thickener concentration increases (1%-2%), 𝜇𝑐 and 𝜇𝑒 achieve similar values, therefore, 

the emulsion viscosity is mostly driven by the amount of thickener in the formulation as 

can be seen in Figure 2. Notwithstanding the preceding is for O/W emulsion formulations 

at 20% of the dispersed phase and using xanthan gum as the thickener. 

 

Figure 2. Comparison of the effect of thickener in the viscosity increase 

Regarding microscopic structure, the effect of thickener on droplet diameter is not 

apparent or even included in the Tcholakova model for 𝑑32 calculation, hence is necessary 

to modify the actual model in order to include the influence of thickener concentration. 

However, is necessary to identify the phenomena that promoted the decreasing behavior 

of droplet size related to thickener concentration (see Figure 3). The emulsions presented 

in Table 7 were observed through an optical microscope (using the 100x objective lens) 

with the purpose to make a visual analysis of oil droplets behavior. 
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Figure 3. Droplet diameter reduction as a function of xanthan gum concentration 

First of all, the basic formulation emulsion was observed (thickener concentration: 0%) in 

order to see the influence of thickener in the droplet size. Figure 4 shows drops of 

different sizes, there are big drops surrounded by smaller ones, all drops tend to move 

undefined pattern, and consequently, collide with each other which cause drops 

coalescence.  

  

Figure 4. Micrographs of 20% O/W emulsion with 0% of xanthan gum 

The micrographs in Figure 5 show the droplet behavior influenced by the addition of 

thickener in emulsions manufacture. A clear difference is evidenced in the microstructure 

of emulsion when a thickener is added. The micrographs of emulsion with thickener reveal 

a significant change for droplet diameter in comparison to micrographs in Figure 4, so the 

decreasing effect of droplet size by thickener influence is evident. Also, for all thickener 

concentrations, all drops seems to be unmovable due to the high emulsion viscosity. 
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Figure 5. Micrographs of 20% O/W emulsion with a). 0.5% Xanthan Gum; b). 1% Xanthan 

Gum; c). 1.5% Xanthan Gum; d). 2% Xanthan Gum 

According to Figure 5, when xanthan gum concentration increases, the droplet size 

decreases as expected, confirming the results obtained in the droplet diameter 

measurements (Figure 3). The polymers, like xanthan gum, tend to form "gelatinous 

structure" through the crosslinking of long polymer chains, which form a three-

dimensional network in the emulsion (viscosity modification) and immobilize the 

dispersed phase 12. It is observable in Figure 5 that higher concentrations of thickener are 

more effective to reduce the coalescence of droplets, because there is a large number of 

polymer chains in order to create stronger networks, therefore, higher emulsion 

viscosities.    

𝟏𝟎𝝁𝒎  

a) 

𝟏𝟎𝝁𝒎  
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In addition, exist another effect causing by thickener presence in the emulsion, known as 

steric stabilization. This process consists of the strong repulsion between droplets 

producing by polymers and surfactants which are adsorbed in drops surface 11. Although 

the steric stabilization is produced in each droplet and requires studies at a molecular 

level, is possible to observe, in a superficially way, the steric stability in the micrographs of 

Figure 5. The micrographs shown that the droplets tend to approaches between them and 

the adsorbed layers of polymer are overlaid or became compressed, resulting in a strong 

repulsion 11 and maintaining the droplet sizes. Even though is evident the formation of 

agglomerates of oil drops as thickener concentration increase, the emulsion stabilization 

given by the steric stability and increasing viscosity avoid the sedimentation of the 

dispersed phase.  

6. Proposal of mathematical model modification  

Due to the flexibility of the optimization proposal, is recommended the inclusion and 

modification of different mathematical models, with the purpose to make a better 

prediction of emulsion properties. According to the phenomena evidenced in this study, 

the effect of thickener on emulsion structure is significant, due to its influence on the 

molecular, microscopic and macroscopic scale. Although in this study was only use the 

xanthan gum as the thickener, the investigation developed by Saharudin and Kumar 13,14  

proves that xanthan gum has enough polymer chains to perform an appropriate steric 

stabilization and viscosity modification. For other thickeners is necessary a specific study 

of the rheology modifications in the emulsion.  

In order to simplify the thickener model in the optimization, is proposed the models 

developed by Xuewu et al. (1996), which is specific for the xanthan gum. Two models 

describe the effect of thickener concentration on viscosity change: 

𝜇𝑥𝑔 = 𝜇1 ∗ exp (𝑘1 ∗ 𝐶𝑥𝑔) (9) 

𝜇𝑥𝑔 = 𝜇2 ∗ (𝐶𝑥𝑔)
𝑘2

  (10) 

Where 𝜇1 and 𝜇2 are constants in centipoise, 𝐶𝑥𝑔 the xanthan gum concentration and 𝐾1 

is a dimensionless constant. According to Xuewu et al. (1996), the models fit the 

experimental results in a suitable way for various temperatures. From this modification is 

possible to relate the emulsion viscosity with xanthan gum concentration, which could be 

useful to calculate the suitable amount of thickener in the emulsion formulation and 

predict the effect of process conditions and consumer attributes. 

Is possible to compare the Xuewe models (eq. 9 and 10) with experimental values shown 

in Table 8 in order to evidence the precision of the models in the viscosity prediction. 



 
 

Therefore, these models were used to perform the calculation of viscosity in the 

continuous phase. 

 

Xanthan Gum 

Concentration 

[wt.%] 

Experimental 

viscosity [Pa*s] 

Equation 9 Viscosity 

[Pa*s] 

Equation 10 Viscosity 

[Pa*s] 

0.5% 0.077 0.108 0.076 

1.0% 0.189 0.175 0.184 

1.5% 0.299 0.282 0.308 

2.0% 0.446 0.456 0.443 

Table 9. Comparison of Xuewe models with experimental values of viscosity 

The constants 𝜇1, 𝜇2, 𝑘1, and 𝑘2 were calculated by the least squares method in order to 

adjust the models' parameters from experimental data. As can be observed in Table 9, the 

predicted viscosity for both models is quite close to experimental results; thus the Xuewe 

models are a suitable approximation in the viscosity prediction when xanthan gum is 

included in formulations. 

On the other hand, it is necessary to include a relation that describes the decreasing 

behavior of droplet diameter (Figure 3), which is caused by the reduction of the 

coalescence as the concentration of xanthan gum increase. With a view to obtain a 

mathematical description for drop size in terms of thickener concentration, is essential to 

get enough experimental data with the objective to obtain a better understanding of the 

whole phenomenon, which could be affected by other variables such as dispersed phase 

fraction, agitation velocity and impeller type; in such a way that it is possible to develop an 

adjustment model of mean droplet diameter that includes formulation and operation 

variables. 

Finally, the viscosity model used in the optimization proposal only takes the 𝑑32 value to 

perform the calculation to relate the microscopic and macroscopic structure, because the 

droplet diameter has a strong influence in the emulsion viscosity. Although 𝑑32 is a 

common way to characterize the microscopic structure, this is not very suitable to provide 

all the information of the system, so it becomes necessary to evaluate the droplet size 

distribution for an accurate determination of emulsion structure 16. 

7. Conclusions and future work 

The comparison between the experimental and computational data gave valuable 

information about the robustness degree of the optimal model. The mean diameter 

calculated in two formulations, without the effects of thickener, predicted satisfactorily 



 
 

the microscopic behavior of emulsion evidenced in experimental execution. On the other 

hand, the viscosity model did not predict the structure of emulsion entirely since this 

model is integrated with consumer preference models that could change the viscosity 

according to consumer requirements. Also is not consider the effects of thickener 

concentration that affect the coalescence of dispersed drops. 

The experiments performed to understand the xanthan gum influence in the manufacture 

of emulsions yielded favorable results; from these, it can be concluded that the thickener 

has an effect on molecular structure (steric stabilization), microscopic structure 

(coalescence inhibition) and macroscopic structure (viscosity increase) of emulsions. 

Consequently, is necessary certain modifications in the mathematical models to connect 

the microscopically and macroscopically effects of the thickener in the prediction of 

emulsion structure. Regarding molecular structure, it could be interesting a more in-depth 

study at a molecular scale of observation. 

As previously exposed, it was possible to conclude that the optimization proposal was a 

useful tool for emulsion design and gives accurate information about drop diameter that 

keeps relation with the stability of these colloidal systems. Also, the experimental design 

performed in this work had an essential role in the validation of predicted properties; it 

allows to understand phenomena that are not considered in the mathematical model, and 

as a result of this is possible to overcome some limitation in the optimization proposal. 

As a future work is recommended the experimental validation of each model individually, 

in order to define the most suitable models, that allows the prediction of interest 

properties, for the incorporation in the optimal proposal, then is recommended the 

appropriate integration with consumers' models with a view to obtain results that 

achieved requirements of customers and predict a real emulsion structure from optimal 

formulations. Also is necessary a modification of the droplet diameter model with a view 

towards describing the influence of thickener concentration and the adequate prediction 

of viscosity in terms of droplet size distribution. 

 

 

 

 

 

 



 
 

Nomenclature 

𝐴1, 𝐴2 = Droplet size constants [-] 

𝐶𝑡ℎ = Thickener concentration [g/L]  

𝐶𝑥𝑔 = Xanthan Gum concentration [%] 

𝑑32 = Sauter mean droplet diameter [m] 

𝐷𝐼𝑀 = Impeller diameter [m] 

𝑘1, 𝑘2 = Adjust parameters [-] 

𝑘𝐻 = Huggins slope [-] 

𝑁𝐶𝐴 = Capillarity number [-]  

𝑁𝑠 = Agitation Speed [1/s] 

 

Greek Letters  

�̇�= Shear rate [1 /s] 

𝜖= Turbulent energy dissipation [W/kg] 

[𝜂] = Intrinsic viscosity [-] 

[𝜂𝑖]= Relative viscosity increment [-] 

[𝜂𝑟𝑒𝑙]= Relative viscosity [-]  

𝜅= Oil phase/ aqueous phase viscosity ratio [-] 

𝜆1, 𝜆2 = Oldoyord Model Coefficient [-] 

𝜇1, 𝜇2 = Adjust parameters [cps] 

𝜇 = Dynamic viscosity [Pa s] 

𝜐 = Kinematic viscosity [cS] 

𝜌 = Density [kg/L] 

𝜎 = Surface Tension [µN/m] 

𝜙 = Internal phase volume fraction [-] 

Subscripts 

𝑐 = Continuous phase 

𝑑 = Dispersed phase 

𝑒 = Emulsion 

𝑡ℎ = Thickener 

𝑥𝑔= Xanthan Gum 
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Conclusions 

The optimization proposal in this work allowed obtaining formulations for two 

independent criteria: (1) a formulation aimed at maximizing profit represents the 

economic-driven criteria and (2) another formulation aimed at maximizing preference 

global consumer that represents the preference-driven criteria. These results provide 

enough information on the product formulation, operating conditions, and multiscale 

properties to be a design basis in experimental stages of development of emulsified 

products, allowing to reduce time and resources in the trial and error methodologies that 

are conventionally used. 

The experimental validation of this optimization proposal was quite useful to evaluate the 

robustness of the mathematical models implemented in the prediction of multiscale 

properties. Although favorable results were obtained regarding the formulation and the 

drop diameter, it was necessary to study the phenomena related to the change of 

viscosity due to the presence of thickener in the emulsion. Besides, it is observed that the 

effect of the thickener in the formulation contributes to significant modifications on a 

molecular, microscopic and macroscopic scale that were not predicted in the optimization 

proposal. 

Based on this investigation, it is proposed as future work the evaluation of the 

mathematical models individually to estimate the accuracy in the prediction of properties. 

It is also necessary to include the dominant effect that the thickener has on the multi-

scale properties in order to make modifications on the existing mathematical models, or 

generate new models to include them in the optimization proposal. 

 


