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Abstract — This paper presents a recently developed web
resource of sample problems to teach chemical prodt
design, which is still a not very well establishediscipline
within chemical engineering. The website is organés
according to a general template for product develoment
and incorporates some recently proposed concepts to
systematise the discipline of chemical product
engineering. A case study of a cosmetic lotion is
presented in more detail, illustrating the benefits of
inductive learning as well as specific topics, narhe
integrated product/process design and the relatiornsp
between product composition and structure and prodat
performance.

Index Terms — Chemical product design, Chemical product
engineering, Emulsions, Learning through case studi

INTRODUCTION

New product development, which involves the intéigraof
strategic and management actions with technicaltsffis a
crucial activity to the success of any corporation.

Whilst in some industrial and engineering sectetgh
as the mechanical and electronic, the technica¢ sl
product development has always been heavily empdthsi
[1], in the chemical process industries the systamand
efficient design of new products is a relativelycant
concern. Traditionally, the design of chemical pad,
such as a hair conditioner, has been led as anrieadpart
relying on companies’ internal background, traderess
and trial-and-error formulation procedures. Howewuis
approach has become incompatible with the currgmdichic

product engineering and chemical product desigre teen
emerging within chemical engineering science arattre
[2-5].

One of the major challenges in the teaching of dbaim
product design is to find and develop plausible and
illustrative examples, in part because industnmdovation
practices are largely undisclosed. The Enginee8uogject
Centre (UK) has recently sponsored a project aindhg
producing a website with examples for chemical pobdd
design teaching, which will be presented in thipgra A
particular example of a cosmetic product will b@lered in
more detail.

CHEMICAL PRODUCT DESIGN WEBSITE

The core of the website is organised in six sestifrable

1), each of them corresponding to a different staie
product development [1]. Each section presentsvanvew

of approaches and tools relevant for the correspgnd
design stage and one or more case studies illunsgjréte
kind of problems addressed in that particular stape case
studies were developed to motivate students to dethl
marketing and management topics, which are typiaadit
incorporated in their curricula, as well as shownthhow
chemical engineering core concepts (for example
thermodynamics and transfer phenomena) can beeapiali
design a new chemical product. In addition, thkysttate a
wide variety of chemical products including fornmela
consumer products (paints, beverages, perfumes and
cosmetics), functional materials (fiber-reinforgealymers)
and physico-chemical-based devices (cooling sysfem
drinks).

and demanding markets, and the concepts of chemical

TABLE |
CORE SECTIONS OF THE WEBSITE AND CORRESPONDENT CASE STUBRIE

Section

Case study

Identify customer needs

Set target performance specifications
Generate product ideas

Select product ideas

Developing a new conceptaft

Comfort vebgges: a portable cooling system for drinks
A long lasting fizzy drink
1. Developing a UV barrien fil

2. Computer-aided design of a fibre-reinforced pay
composite for application in a storage tank

Set final product specifications
Process design

Engineering a ped
Integrated product and processdesig

for a hydrating body lotion
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In the introductory section of the website, a cqtael
model for the chemical product engineering disoplj2] is
briefly discussed. Chemical product engineering
understood as the broad area of knowledge thatostgoine
operational task of of chemical product design/uding
product-related scientific topics that should biafaeced in
the chemical engineering curricula, such as mosrcul
modelling, colloid chemistry, rheology and disperse
systems. One of the basic pillars of chemical pebdu
engineering is the development of property, procasd
usage functions, relating technical specificatig¢psoduct
composition, structure, processing and usage dond)t to
product functionalities, also designated as qudiigtors.
These relationships may be represented by the chémi
product pyramid of Figure 1.

The site also includes a section with referencas fo
further information and reading, gathered by sutged that
can also be quickly accessed by clicking the respec
numbers throughout the website. Finally, there seetion
of experience sharing, where new sample problemsbea
proposed and teaching and professional
exchanged.

COSMETIC LOTION CASE STUDY

is The case study here described in more detail extesghe

design of the manufacturing process for a formdlate
product and also how product and process desigisides
may interact. Property, process and usage functames
developed and used to derive an integrated prquocess
optimal solution.

The main function of the body lotion under studytds
maintain the skin moisturised by supplying wateskm and
reducing the water loss from it. Other importan@algy
factors are stability, flow properties and sevesahsorial
attributes [6]. The product development processréashed
a stage at which the formulation shown in Tabled$ been
specified for the new lotion. It is an oil-in-watemulsion,
with the oil-phase containing occlusive agents dhd
aqueous phase a humectant (glycerol) and a thickene
(xanthan gum, a polysaccharide). The emulsion ftoma
and stability are promoted by two emulsifiers whose
molecules adsorb at the surface of oil dropletssmall

experienceamount of preservatives and fragrances is alsadiecl in

the formulation. The product design variables net y

For further details and a more vivid experience of specified are the mass percentages of xanthan gynagd

chemical product design concepts, tools and exanple
please visit the website, available since April 20@n
http://www.engsc.ac.uk/an/mini_projects/cpd/indéxlh
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FIGURE 1
CHEMICAL PRODUCTPYRAMID .

glycerol (vg) in the aqueous phase and the oil-phase volume
percentage ¢f). These variables have to be set under the
limits shown in Table II.

The so far specified formulation guarantees moghef
product functionalities, and at this stage only tauality
factors are addressed: the so-called skin feelimigich
refers to the sensations experienced during |@tfplication
on skin, and the smoothness. Sensory panel tastalrihat
skin feeling is correlated with product viscositgdait is
known that smoothness is related to the size ofirmplets.
Viscosity depends on the product design variablesyet
specified and droplet size is in part controlledttwy mixing
conditions in the lotion manufacturing process. Skhe
dependences have to be quantified and the prodocéss
design problem then addressed in an integrated Way.is
accomplished in four steps as follows.

Step 1. Develop quality models for the product

Sensory panel tests [7], discriminated in sensatianthe
beginning and end of lotion application on skirdicate a
significant correlation between these two qualégtbérs and
the lotion viscosity at the correspondent sheaesrabf
application,; andy, respectively (performance indices).

TABLE Il
BODY LOTION FORMULATION.
Part A (10 to 15% (v/v) of the total) % (w/ P&t % (w/w)
Stearic acid (occlusive) 25.5  Deionized water (soty g.s.
Cetyl alcohol (occlusive) 10.3  Glycerol (humectant) 5-12
Petrolatum USP (occlusive) 10.8  Xanthan gum (thiekp 0.5-1.5
Mineral oil, 70 mPa.s (occlusive) 20.6 100
Isopropyl palmitate (occlusive) 20.5 Part C (~0.26%) of the total)
Glyceryl monostearate (emulsifier) 1043  Presenrestiv
PEG-40 stearate (emulsifier) 26  Fragrances
100
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From such results, Taguchi loss functions of themfo
L=k(u-p*? are derived for the initial and final skin

Newtonian region for low shear rates and the streimegar
thinning-region, calculated as the inflexion poinit the

feeling, wherelL is the product lost value (in %) associated curve p(y). At the end of lotion application, the lotion is

with a deviation of the viscosity from its ideal valuau*,
andk is a loss coefficient. The ideal values gig =374.7
Pa.s anql,* =0.0242 Pa.s.

Regarding smoothness and its relation with drogife,

spread rapidly over a large skin area with a cpoerdent

large shear rate, whose typical valugis 5000 & [7].
Equations (1) and (2) relate the performance irgdige

andl, to the composition of the lotion (in particular, wg

the data are scarce and uncertain and hence aesimpland ¢), and therefore, in the language of the chemical
approach is taken, with the product being consitlere product pyramid (Figure 1), they are property fiors. But

satisfactory onc®max< 10 pm, whereD,. is the maximum
droplet diameter.

Step 2. Develop property and usage functions
Experimental data are available for the viscosftaqueous
solutions of xanthan gum [8] (Figure 2), showingttthree
different regions may be distinguished: for lowatues of
shear rateyf, the behaviour is approximately Newtonian;
intermediate values of shear rate correspond tdrangs
shear-thinning region; for high values of shearrahe
behaviour can be considered Newtonian again. THase
are fitted to a Carreau model, in which the glytero
contribution is incorporated assuming that it oimfjuences
the limiting viscosity for high shear rates. Onadlobtains a
model for the viscosity of the lotion continuousaph:
He = He(Wr,Wg,Y). The theoretical model of Yaron and Gal-Or
[9] is then used to predict emulsion viscosity fremgle-
phase individual viscositiegt = P(le,Ma,®), Wherepy stands
for the oil-phase (Newtonian) viscosity equals t06%4
Pa.s. The complete model for the viscosity of thalyb
lotion has then the formu = p(wr,wg,@y). The dependence
of the lotion viscosityu on the shear ratgis similar to that
of aqueous solutions of xanthan gum, shown in Egur

Viscosity of aqueous solutions of
xantham gum (Pa.s)
1000

1.0% (w/w) of
xantham gum

100
10 ~

0.5% (wiw) of

01 xantham gum
0.01
0001 T T T T T T T 1
0.001 0.01 0.1 1 10 100 1000 10000 100000
Shear rate ’1)
FIGURE 2

VISCOSITY OF AQUEOUS SOLUTIONS OF XANTHAM GUNEXPERIMENTAL
DATA AND FITTED MODEL).

The model above can be used to predict the two
performance indiceg; andp, once the correspondent shear

rates of lotion application are known:
/11:/11(W|'1WG1¢1V1) (1)
/'12 :/IZ(VVT’WGv¢!y2) (2)
The initial viscosity is that perceived at the g of

lotion application on skin, when the lotion statts flow
readily. This corresponds to the transition poietween the
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these equations also incorporate the dependenctheof
performance indices on the shear rates at the hiegirand

end of the lotion applicationy{ and y,), which are

parameters that describe the way the customer tmes
product. Thus, in a way, usage functions are iategr in

these property functions.

Step 3. Develop a process function

A batch process is considered (Figure 3) compreahgrttie
following operations [10]:

1. In tank T-1: (i) charge part A; (ii) dissolveligis, heat
and mix;

2. In tank T-2: (i) charge part B; (ii) heat andxm(iii) add
part A; (iv) cool and mix (pre-emulsion formatiorfy) add
part C and mix;

3. Homogenization in colloid mill CM-1 (continuous
operation);

4. Filling and packaging.

A model for the process is developed, including snas
and energy balances, droplet breakage relationships
predicting the oil droplets’ size [11, 12], kinetinodels
predicting the heating, cooling and mixing timesl aiso
some considerations about process scheduling. Vaelb
process model has the following structure: inputsreduct
design variables Wy, wg, @), annual production (AP),
production per batch (PB), equipment dimensionsyatng
temperatures and mixing rates; outputs — operatings,
consumed energies, number of batches per year (NB),
annual operating time (AOT), effective batch tinteB()
and maximum droplet diameteD4,). A relationship
between the maximum droplet diameter, which is a
structural attribute of the product, and processigie and
operation variables is incorporated in the modehisT
relationship is, in the language of the chemicabdpict
pyramid, a process function.

Premixing and heatin
(tank T-1)
Premixing and heatin
(tank T-2)
Final Filling and Homogenization
product packaging (colloid mill CM-1)

FIGURE 3
LOTION MANUFACTURING PROCESS

part A (oil)
25°C

70°C part C

Mixing and cooling Mixing
(tank T-2) (tank T-2)

part B (water)|
25°C

70°C

25°C

Step 4. Integrate product and process design
The integrated product/process design problem s
formulated as follows: given the annual productiequired,
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find the product compositionwg, wg, @), production per
batch (PB), equipment dimensions and mixing rates t

establish efficient teaching strategies and prasticThe
operational facet of the discipline is chemicaldurct design

minimise an overall annual cost, equal to the suim o that should be in part taught and learnt based ase c

investment, production and quality loss costs. Quabsts
are considered proportional to the total lods HL,)
provoked by deviations in the performance indipgsand

studies, due to its practical nature as well asnide variety
of products that chemical engineers have to detl. Wi this
regard, the web resource of examples here presésntad

Mo, and estimated as 30% of the production costs When\/aluable contribution. Furthermore, the WebSltd%lgned

(L1+ L2) = 25%.

The restrictions in the optimisation formulatiorcluide
the property, usage and process functions discualsede
and the condition related to the acceptance ofdtien in
terms of smoothnes®f,x< 10 um).

The optimisation problem is implemented and solved

according to a generic product design templateaff] also
incorporates some concepts that have been recently
proposed specifically for chemical products [2].eTéfore,
it is also a valuable contribution to a more metbald
teaching of the discipline.

Regarding the particular case study that has been

using GAMS/CONOPT3. For an annual production Presented in more detail, through it general corscep

AP =2000 ton/yr, the results of Table Il are ob&nThe
non-null quality cost (2.0 thousand Euro/yr) me#ret the
product performance indicegu( and p,) are somehow
sacrificed in order to obtain an optimal produaif@ss
performance that takes into account both produalityuand
process costs.

The benefits associated with this integrated smhuti
may be assessed by comparing it with a decoupliedcn
When the product design problem is solved sepgrabele
obtains a product compositiom+(=0.8515,wg=12.0 and
¢=16.67) that perfectly matches the target spedtiioa
¥ and p* and thus the quality cost is null. Then,
designing the process to manufacture this prodang
obtains a total cost (investment plus productioh385.4
thousand Euro/yr, which is 2.4 thousand Euro/yratge
than the total cost for the integrated solutionisTdifference
(which increases when the limit of 10m in D,y is
lowered) clearly illustrates that a decoupled setjak

approach to product and process design may lead t

suboptimal solutions, reinforcing the importanceadbpting
an integrated perspective.

TABLE llI
OPTIMAL PRODUCT/PROCESS DESIGN SOLUTION

Product design variables
wr = 0.8454 % (w/w)
¢ =18.13 % (v/v)
Product performance indices
M = 375.0 Pa.s Mz = 0.0256 Pa.s

max = 10 um
Process design and operation variables
PB = 3429 kg/batch EBT = 280 min/batch
NB = 583 batch/year AQOT = 2724 hlyear

W = 12.00 % (w/w)

Tank T-20) Colloid mill CM-19
D=1.63m D=0.121m
P=12.5kW P =1.91 kW
N=117 rpm N = 3600 rpm

Costs (thousand Euro/yr)

Investment 86.8

Production 244.2

Quality 2.0

Total 333.0

(*)D, P andN represent diameter, mixing power and mixing rate.
CONCLUSIONS
Chemical product engineering as a systematic diseips

still evolving and there is not yet a consensusualesn
appropriate framework that would be essential ngntel
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chemical product design (such as property, usaggé an
process functions) become clearer, and the relevanic
specific questions, namely the importance of mitcuxsure

in formulated consumer products and the interaction
between product and process design decisions, is
highlighted. Furthermore, several scientific topidseology,
emulsification) and engineering tools (mechanistind
statistical modelling, optimisation tools) are mged,
integrating knowledge from chemical engineering ecor
courses. In this manner, it has also been illustratow
learning chemical product design through case studiay

be efficient to consolidate previously addressei@nsific
and technical topics.
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