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1 Lean, in situ -measurements and this thesis 

This introduction is an overview of the topics of this thesis. Section 1.1, Shift to lean 

process control, aims to give a broad perspective on the increasing need for in situ 

measurements and to help understand the requirements of current methods. 

The section on In situ process measurements focuses on the concrete matter of this 

thesis and defines and describes the benefits and obstacles, many of them also seen 

in my publications, of in situ measurement. The section continues to present the devel-

opment of sensors that form the core of each measurement and concludes with a lit-

erature review of current in situ measurements and the fields they are used in and 

opens up a relatively unstudied field of in situ measurements related to porosity. 

The introduction continues with section 1.3, Area of the thesis, which gives the purview 

of this thesis, its focus, research approach, and specific challenges. Finally, section 1.4, 

Work environment, allows the reader to assess the possible outside incentives to this 

work. 

The following diagram shows the areas covered in this thesis. 
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Diagram 1: Thesis coverage. 

1.1 Shift to lean process control 

This subsection gives an overview of how modern production processes are controlled, 

how they have been influenced by lean thinking, and how lean thinking is related to in 

situ measurement, one of the topics of this thesis (Diagram 2). 
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The subsection explains what is meant by process control and lean and how they have 

evolved and where they are used. Then it discusses the benefits of lean and, finally, 

links lean with in situ measurement. 

The objective here is to help better understand and explain the root cause and principal 

ideas that affect in situ measurement. 

 

Diagram 2: Process control/Lean and in situ measurement. 

1.1.1 An overview of process control 

To understand why in situ measurements must have certain characteristics, it is first 

worth taking a look at modern process control, what it is and how it has changed over 

the past few years. 

In its modern meaning, process control signifies adjusting the value creation process of 

a product from raw materials to a finished and valuable product. Control here aims to 

optimize the process to spare resources while lowering emissions and enhancing 

product quality, process safety, reliability, and plant availability. Increasing the level of 

automation aims at a holistic approach to the quality, cost, and time issues of process-

es. [1] Many of these factors are mentioned in the context of the benefits of lean pro-

duction; thus integrating automation to production and business operations [1] is in 

good agreement with lean. 

When automation is integrated with business, in addition to controlling the processes, 

automation aims to optimize, schedule, and plan the processes. This is possible only if 

appropriate parameters are measured, operational situations are analyzed, and the 

most profitable opportunities are exploited while plant personnel are being informed 
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and their knowledge put to good use. [2] In the core of these multiple operations lies 

information on the processes, collected using in situ measurement tools. 

1.1.1.1 Development of automation 

In industrialized countries, the volume of automation has been increasing in the pro-

cess industry. Chemical, power generation, and petrochemical industries have the 

highest volume demand for process automation, but in the pharmaceutical industry it is 

increasing the most rapidly [1]. This is evident in the literature review in subsection 

1.2.3. 

Automation is currently being integrated with the whole supply chain [1] comprising 

users, vendors, consultants, and third parties [2]. Artificial intelligence is moving to field 

level automation; i.e., actuators and sensors, must now support maintenance and mon-

itoring tasks. In the future, sensors will measure the health of the process, not by man-

aging abnormal situation but by preventing them. [1] These are the straightforward mo-

tivations for developing new in situ tools to support lean principles. 

1.1.2 Definition, aim and use of lean 

As hinted in the previous subsection, process control often links well with the ideology 

of lean that is based on Toyota production system, developed after Ford commenced 

mass production. Thus many companies have adapted the lean methodology using the 

Toyota Production System as a role model [3]. According to NIST [4], lean is an "im-

provement model that strives to eliminate non-value-added activities" by continuous 

improvement, production of materials only on order, and an error-free process. Conse-

quently, lean manufacturing does not rely on long production runs but on a smooth 

production flow [5] that reduces inventories, lead-times, and altogether yields improved 

productivity and quality [6], which have proved universally applicable. Lean has been 

found to provide the means to economically produce large variety in small volumes [7] 

and therefore, it has been adopted by a wide range of industries, and it is currently the 

"best practice" [8] in developed manufacturing industries [9]. The lean ideology is 

shown in Diagram 3. 
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1.1.3 Lean benefits of in situ measurement 

A publication by Forrester et al. [8] points out factors that make companies lean. 

Among others, they include elimination of non-value-added activities, pursuance of 

zero defects, and pull-order of materials in production. All this calls for redesigning of 

factories [5], including the way processes are analyzed and corrected.1 

Focusing on the factors that need redesigning, Sundar et al. [13] list non-value-adding 

activities as transportation, inventory, motion, waiting, overproduction, over processing, 

and defects. In situ measurements seek to eliminate the last two items that cause 

symptoms such as [5] 

�x "The reaction stage is typically complete within minutes, yet we continue to 
process for hours or days", 

�x We have in-process controls that never show a failure, and 

�x (overprocessing is caused by) delay of documents to accompany finished 
product. 

Melton describes a typical example of laboratory analysis, which is necessary for a 

particular product but which turns out to be a bottle neck that does not support lean 

thinking. The process should be continually monitored for abnormalities and variation, 

and the whole production inspected in real-time [13] with the idea that no defects are 

passed downstream in the production chain [9]. I claim that these are symptoms of an 

incapability to analyze the process in situ. 

The above symptoms derive from time-dependent process variations caused by [14] 

�x Changes in process input raw materials, 

�x Process fouling, 

�x Abrasion of mechanic components, 

�x Changes in catalyst activity, 

�x Production of different quality grades, 

�x Changes in the external environment, 

                                                

1 The new methods of analysis presented in this thesis concern this change. 
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Diagram 5: Characteristics and benefits of in situ measurements and their comparison with 
traditional offline measurements. 

1.2.1 Definition and use of in situ measurements  

As explained above, process control is realized through quantitative feedback, which in 

[15] is divided into continuous measurement at a high sampling frequency, delayed 

measurements from analytical devices at a fixed sampling rate, and manual laboratory 

measurements available at unequal intervals. The first two fall into the domain of in situ 

measurement, which is defined by Chanda et al. [16] as something that reveals physi-
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cal or chemical aspects of materials inline, online, or at the production site,2 as op-

posed to laboratory measurement, which is conducted away from the production site. 

Compared to laboratory measurements, in situ measurements characteristically 

�x measure a relatively large proportion of produced materials, which means 
that 

o they must be rapid, 
�ƒ measure only a short spectrum, and 
�ƒ be highly sensitive to only the variables relevant to effective 

quality, and thus 
o give a more comprehensive picture of production than lot-sampling.  

�x are (partly) integrable with the production process and often 
o customized, 
o use probes and 
o need calibration. 

�x must be 
o robust, because of rough industrial atmospheres, 
o reliable, because processes are expensive to interrupt at false alarms, 

and 
o simple so that shop floor staff can be easily trained to use them. 

1.2.1.1 Benefits of in situ measurement 

The reason for in situ -measuring is that "[Monitoring product quality] online is the key 

issue in producing higher quality products, optimizing the production chain, and thereby 

improving efficiency." [1] In continuous processes, latency, e.g., end-to-end delay as-

sociated with communication, computation, and actuation, affects the quality and per-

formance of the process [2], and conventional off-line, lot-sampling, laboratory meas-

urements lead to inconsistencies, especially in batch-operations [16]. Online measure-

ment is also advantageous because it does not require difficult sample preparation and 

thus eliminates sample representability and markedly increases the sampling rate. [17] 

In situ measurement improves or enables [16] study of kinetic reactions, measuring of 

hazardous materials and measuring systems that should not be perturbed. These (1) 

improve process understanding and help create new processes, (2) scale up smaller 

ones, and (3) optimize already established ones. In addition, (4) processes can be 

monitored with in situ measurements, which help detect faults, ensure product quality 

and throughput, and, finally, enable (5) process control [18]. 

                                                

2 Direct measurements of temperature, pressure, and flow, as they are routine measure-
ments, are excluded from in situ measurements. 
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1.2.1.2 Barriers of in situ measurement 

Apart from regulatory elements and attitudes, the biggest obstacle to in situ measure-

ments is the difficulty to integrate them in production processes because both the 

hardware integration of sensors and later methods integration to a production system 

are hurdles to overcome. Sensors in industry come with problems such as their robust-

ness in hazardous processing environments and implementation of sampling probes in 

a process stream. Such problems are currently encountered with dip-tubes [19] and 

bottom [20] or side valves of vessels [21]. Wireless technologies will undoubtedly play 

a role in this regard. The latter challenges are briefly addressed in the conclusions, but 

they are no major problems for in situ measurement developers,3 especially in light of a 

third concern, which is the investment cost associated with integrating measurements, 

and whether it pays off in lean manufacturing. 

The above delimits in brief the domain of in situ measurement and the new methods 

presented in this thesis, and focuses on the direct and concrete benefits and barriers of 

in situ measurements to give a perspective on how such measurements should be de-

signed. The following provides added insight by introducing the Process Analytical 

Technique (PAT) as an apposite frame for in situ measurement.4 

1.2.1.3 Process Analytical Technique 

In situ process control has been affected by the guidance given in PAT terms and first 

introduced in pharmaceutical development by the United States Food and Drug Admin-

istration (FDA). This guidance was formulated to address problems with process insta-

bility and quality, which had become increasingly complex because of multi-factorial 

production systems [17]. PAT defines systems that focus on online measurements of 

raw materials, intermediates or products and aims to measure the key process pa-

rameters affecting the efficiency of the process or final product quality [17]. 

PAT uses integrated tools of quality analysis through [22] (1) data analysis with pro-

cess analytical tools, (2) process monitoring and continuous feedback with the aim to 

change time-fixed processing to product-state-fixed processing. [22] This again comes 

back to the idea of lean production. 

                                                

3 In industry , engineers must carry out some of this work, for they are already beginning 
to understand the possibilities of modern in situ measur ement. 
4 PAT seems perfectly to match the approach in this thesis in terms of theoretical conjunc-
tions, research approach, and contents. 
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According to [17], most PAT applications are still in R&D.5 The PAT trend is increasing 

[18] in the pharmaceutical industry, but a similar shift is likely to be seen elsewhere. 

The companies mentioned in Preface seem to be in the vanguard of this paradigm shift 

towards in situ measurement in their own industries. 

1.2.2 Sensors 

The above topics addressed in situ measurement as a whole. The following two sub-

sections focus on the core of in situ measurement, the sensors, and conduct the reader 

into the core of this thesis. 

In general, sensors are becoming increasingly miniaturized and wireless, followed by 

lower installation costs and massive amounts of data to process. As a result, many 

complex processes are turned from model- to data-driven mode. [23] Consequently, 

even more sensing will happen in the future [2]. This again will generate a new wave of 

sensors with low-cost microcontrollers providing the necessary functions to create 

smart sensors capable of connecting wirelessly to a network and enabling further sen-

sor applications [24], such as those used already to benefit mobility, redundancy, and 

compactness6. [24] Recently, wireless networks have been emerging in industrial pro-

duction systems [24], and I claim that this sensor development has opened a door to 

devices, such as those presented in this thesis, suitable for in situ measurements. 

In production, sensing is divided into soft and hard sensing, both aimed at real-time 

quality and process control [25]. Soft sensing means combining sensory feedback, of-

ten measured with conventional sensors, by mathematical means and aiming at com-

prehensive feedback on dynamic industrial processes. Soft sensing, much like hard 

sensing, is used to support fault detection, diagnosis, and product control and monitor-

ing [26]. However, I claim that combining conventional process measurements in a new 

way is not enough to characterize materials, especially when processes are new and 

incompletely understood. This is the reason for developing process-integrated hard 

sensors that focus on characterizing a direct phenomenon in contrast to relying on de-

rived parameters from existing sensors. Hard sensors precede soft sensors (not stud-

ied in this thesis), especially in developing new processes, as discussed in publications 

[I; III-IV; VI-VII]. 

                                                

5 Such as the techniques presented in this thesis. 
6 Typical examples are the consumer goods industry, environmental monitoring, smart 
structures entailing home and building automation, and medical and health care . [26] 
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bulk microstructure of pharmaceutical tablets and measured their weight [44] and po-

rosity [44] in-line. Also Lecreps et al. used combination of pressure and flow measure-

ments with extensive modeling to demonstrate porosity gradients of particles during 

their flow in a pipe [29]. Other properties indirectly related to porosity and analyzed in 

situ are 

�x pharmaceutical tablet surface smoothness by Raman spectroscopy [45] or 
Near-IR absorbency [49] and its correlation to tablet crushing strength [45] or 
hardness [49], 

�x pore network analysis with nMRI [71], computed tomography [72], and me-
chanical and thermal behavior of materials in situ [72] 

�x use of acoustic vibration methods to find structural surface defects [46], 
Young's modulus, and Poisson's ratio [47], and  

�x use of ultrasonic to measure Young's modulus [48], and 
�x use of acoustic emission to identify phenomena (granular rearrangement and 

fragmentation) that take place during powder compaction [50]. 

1.2.3.2 Observations from the literature review 

In conclusion of the above, relatively many methods have been employed for in situ 

analysis of material composition, chemical structure, particle size, or chemical reac-

tions but rather few to characterize pores on site, let alone analyze them online, espe-

cially outside the pharmaceutical industry. The literature survey is very centered on the 

latter industry, because in situ measurements of process manufacturing were omitted 

from the review. 

With respect to the latter finding I have identified a lack of in situ measurements par-

ticularly in piece goods production industries other than pharmaceutics. 

1.3 Research area and method of the thesis 

The above sections outlined the need for and current state of in situ measurements, 

and now it is time to concentrate on the specific focus and research method used in 

this thesis. The next subsections 1.3.1. (In situ measurements in the ceramics industry) 

and 1.3.2 (Contribution of this thesis) state the special focus of the thesis and the rea-

son for it. Subsection 1.3.3. (Specific challenges and research questions in the thesis) 

gives a detailed description of the problem while subsection 1.3.4. (Research approach) 

elaborates on the approach applied and inspired by systems theory to systematically 

approach the industrialization of laboratory measurements, i.e., to make laboratory 

measurements in situ. The section is concluded by subtopic 1.3.5 (Innovation man-
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Diagram 6: Organization of the enclosed publications and their links to the framework. 

1.3.3 Specific challenges and research questions in the thesis 

Many industries use various material characterization methods, but they are typically 

laboratory measurements, which means that samples are very small in size and results 

are not in real time. In addition, laboratory measurement measure too many character-

istics of samples, for example: the process engineer might need to know only the big-

gest pore but mercury porosimetry gives redundant parameters, which are useful for 

scientific research, but which complicate the measurement process and lack robust-

ness. In addition, these lot measurements measure only a small volume of the total 

process and make it doubtful if the results can be extrapolated. To overcome these 

challenges, the enclosed publications target the following processes: 

1. preparation of porous structures, focusing on 

a. powder mechanics [VII] 

b. suspension characteristics [V] 

2. analysis of mechanical features of porous structures, focusing on 

a. mechanical changes during sintering of fibrous structures [III] 

b. correlation of mechanical properties with pore parameters in oriented 

structures [IV] 

3. non-destructive characterization of porous structures, focusing on 
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a. measuring changes in porosity [II] 

b. finding changes in local permeability [I, VI]  

Continuing with the topical classification, Table 1 breaks the enclosed articles down 

into primary questions about scientific attributes and application (in situ) novelty. 

Table 1 Primary research questions in the enclosed publications. 

Classification Research aspect Development aspect 

1a 

Can granule strength be 

measured from a granule bed 

instead of measuring a single 

granule? 

Single granule strength measurement 

is not feasible/possible. In industrial 

production, a robust, comprehensive, 

and rapid method is needed. 

1b 

Can the flocculation of a sus-

pension be measured during 

its preparation? 

Flocculation, especially in thick sus-

pensions, must be measured with la-

boratory devices; long response time 

is not possible in lean production. 

2a 

How can the rigidization of a 

fiber structure be linked with 

the structure's thermal history 

Thermal history can be measured from 

a millimeter size sample with a dila-

tometer, but hardly at all in local rigidi-

zation in a large sample. A new in situ 

method is needed. 

2b 

What is the link between a 

structure's pore parameters 

and its crushing strength? 

Pore structure can be characterized 

from a microscope image, but for 

quantified data with samples with 

many pores, analysis must be auto-

mated. 

3a 

Is it possible to nondestruc-

tively measure the porosity of 

a ceramic sample? 

Porosity measurement with the Archi-

medean method or intrusion porosime-

ter method is laborious and slow and 

does not reveal closed porosity. A 

faster and integrated method is need-

ed. 

3b 

Can local permeabilities of a 

fibrous ceramic structure be 

analyzed from a hot air per-

meability measurement using 

an IR-camera? 

Permeametry can be used to analyze 

local variation in a sample, but it is 

very slow and difficult to integrate. 
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Collating all the topical questions, this introduction to the thesis focuses on the follow-

ing three main research questions: 

1. In situ measurement of processes through materials: 

a. Can material characterization be systematically tailored for in situ meas-
urement? 

b. How does the robustness, integrability, reliability, and comprehensive-
ness of in situ measurement devices affect the route from design table 
to use in processes? 

2. Can porosity, pores, and changes in them that affect the functionality and me-
chanical properties of structured materials be analyzed in situ? 

1.3.4 Research approach 

In the above, some similarities were identified between in situ methods, which can be 

refined to a systematic research methodology. The main task is to find a parameter that 

dominates the value creating features in production process. 

I used a systematic approach (in Fig. 1) to develop the in situ methods in this thesis. 

The process involved simple steps, starting from understanding the variables of a pro-

duction process and finding their effect on the material parameters of the products. 

Then the key material parameters were pinpointed and a way was determined to com-

prehensively and robustly measure them, and only them. The new method was then 

tested in a laboratory and finally integrated into a production system. 

 

Figure 1 Systematic approach used to develop in situ methods. 

The approach is a variant of the process described in [17], aimed to develop a PAT tool 

for pharmaceutical production. The process used in this thesis emphasizes an aspect 
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2 Theoretical background on pores, porosity and their 
measurement 

This thesis is weighed towards applicative approaches for tailoring in situ -

measurements to be used for the reason, and in the areas, described in the earlier 

chapter. Each of the presented method has a scientific background in pore and porosi-

ty -related matters and owing to that, this chapter encloses a theoretical overview of 

pores, porosity, their measuring and their effects from the materials science point of 

view. 

The chapter does not aim to be an exhaustive review explaining all the latest theories 

but to work as a supportive base against which the results of in situ measurements can 

be examined. As such the following theories are a truncated summary of the most 

abundant ideas relating to the topics enclosed in the articles, also discussing shortly on 

the present research around it. 

The chapter is divided in to four separate sections that address the theoretical back-

ground of enclosed articles [I-VII]. The chapter are related to the enclosed articles ac-

cordingly: 

1.  Pores and porosity, is a general chapter laying definitions but in sub-chapter 

2.1.3 porosity links with 

a.  sintered materials [II] 

i.  Manufacturing methods: powder [VII], slip casting [II] and colloi-

dal processing [V] 

b.  porous crystals [IV], and 

c.  fiber materials [I, III, VI] 
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2.  Effect of pores and porosity to mechanical properties, opens with a general 

explanation of how porosity affects material strength but then focuses in pore 

characteristics at: 

a.  oriented materials [IV] 

b.  granular materials [VII] 

c.  fibrous materials [III] 

3.  Fluid flow in porous media, focusing mainly in determination of permeability in 

the context of 

a.  fibrous materials [I, VII] and their measuring with thermal flow perme-

ametry, 

b.  oriented materials [IV] 

4.  Characterization of pores, is limited to the methods used in the enclosed arti-

cles 

a.  Porosity 

i.  Archimedean method [II] 

ii.  Porosimeter [I, III] 

iii.  Porometer [I, III] 

b.  Permeability 

i.  Permeameter [III] 

c.  Pore shape 

i.  Image analysis [II, IV, VII]. 

The chapters are somewhat separate from each other because the ground for this work 

is not in theoretical inspection of pores and porosity but in in situ -measuring only fo-

cusing on themes that are included in the following theoretical frameworks. Still, all 

effort is made to categorize and progress the chapter in a non-disruptive flow. The top-

ics are presented in Diagram 7. 

 

Diagram 7: Pores, porosity, and their measurement (concise version). 
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2.1 Pores and porosity 

Apart from the nature materials porous structures are fabricated by man. The scope of 

this thesis covers the latter focusing on technical ceramics in the form of sintered com-

ponents made by slip casting [II] or powder compaction [VII], fibrous [I, III, VI] and hier-

archical structures [V]. 

The following sub-chapters define and introduce pores in general and then, acknowl-

edging that the nature of pores in all of the previously mentioned ceramic structures is 

different, the chapter continues by focusing on the special characteristics in separate 

sub-chapters. In the sub-chapter on sintered ceramics their processing is also ad-

dressed to clarify the background for articles [II, V, VII]. 

In different fields, the terminology surrounding pores varies without a clear consensus. 

This thesis pursues to follow the common terminology used in materials science and 

adapts some terms from soil engineering if necessary. 

Objective of this chapter is to define the main scientific topics in the thesis, namely 

pores, and build a shared background for the results presented later. The topics are 

visualized in Diagram 8. 

 

Diagram 8: Topics and details in section Pores and porosity  

2.1.1 Pores 

According to [79], pore is a relatively small solid-free space or void imbedded in a solid 

or semisolid matrix. When pores are fabricated into material its properties change: 
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density decreases while specific surface area increases. [80] These changes introduce 

functional properties: such as selective fluid permeability [I, III, VI], thermal and acous-

tic insulation, or sorption [IV]; but at the same time change the mechanical properties 

[III, IV, VII]. 

In a microscopic sense, pores can be classified by their network topologies, connectivi-

ty, and pore topology. [79] A text-book example of pore contains a cavity which is the 

relatively wide part in comparison to the narrow portion that is the pore opening sepa-

rating the bodies and controlling the fluid flow [81]. In reality pore shapes are numerous 

and in actual cases many shapes are present at different sizes as in [IV]. In order to 

differentiate pores by size ranges they are categorized by width in IUPAC [82] accord-

ingly: 

�x Macropore: larger than 50 nm8 
�x Mesopore: between 50 nm and 2 nm 
�x Micropore: below 2 nm 

Pore width is the radius of the pore's body or its neck [81] depending on the way the 

pores are analyzed. The pore sizes are often given as a size distribution diagram that 

according to IUPAC [83] is "a distribution of pore volume (or area) with respect to pore 

size". 

For further characterization, a structure may consist of open porosity9, accessible to 

outside and closed, inaccessible porosity [83] that may contain fluids [80, p. 1]. In [83] 

the open porosity is distinguished by its interconnectivity, i.e. separating the special 

pores that have at least two openings on other sides of the structure. These are called 

penetrating pores and they make the porous structure permeable by letting fluids to 

pass through it and thus, especially when used for filtration, they are known as flow 

pores. The difference between pore types is shown in Fig. 2. 

                                                

8 Most of the study in this thesis is focused on macropores. 
9 A special case of open pores is dead-end (blind) pores that are interconnected only from 
one side of the medium. 
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Figure 2 Pore types. 

The most trivial characteristic of a porous material is the total volume fraction of pores, 

i.e. porosity that is calculated by dividing the volume of pores by the volume of bulk [81]. 

Based on the total volume of different pore types, the following classification is used 

[83]: 

�x Bulk or total volume: measured by the external dimensions 
�x True volume is the total volume minus the volume of open and closed pores 
�x Apparent volume is the bulk volume minus the volume of open porosity 

Another common characteristic of porous material is the surface area of the pores 

which is often given as a comparative number by stating the specific surface area that 

is the interstitial area of pore surfaces per unit mass or volume10. The surface area is 

significant to all reactions, such as adsorption [IV] or surface charging [V], that take 

place on the surfaces; and affects the fluid flow through porous media [VI]. [79] 

2.1.2 Challenge of defining a pore 

In light of the previous, determining pore parameters, like has been done in [I-IV; VI-VII], 

is relatively straight forward, but as pores may be invisible to the naked eye they need 

to be analyzed by experimental techniques yielding macroscopic parameters, such as 

                                                

10 As stated by Dr. Arto Ojuva: �´�6�X�U�I�D�F�H���D�U�H�D���P�L�J�K�W���E�H���W�U�L�F�N�\�����V�L�Q�F�H���\�R�X���G�R�Q�·�W���N�Q�R�Z���G�L�U�H�F�W�O�\��
if you are measuring the inside or the outside. Especially with nanoparticles the external 
surface area is often a significant fraction of the total pore area. Also, surface area is heavily 
�G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���S�U�R�E�H���P�R�O�H�F�X�O�H�����P�R�O�H�F�X�O�H���X�V�H�G���L�Q���V�X�U�I�D�F�H���D�U�H�D���P�H�D�V�X�U�H�P�H�Q�W�������,�·�P���W�U�\�L�Q�J��
to say that you cannot inherently claim that the reported su �U�I�D�F�H�� �D�U�H�D�� �L�V�� �´�W�K�H�� �L�Q�W�H�U�V�W�L�W�L�D�O��
�D�U�H�D���R�I���S�R�U�H���V�X�U�I�D�F�H�V�µ�����Z�K�D�W�H�Y�H�U���W�K�D�W���P�H�D�Q�V�������� 
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[79]: porosity, pore size, specific surface area or permeability which describe the type 

of pores in the measured sample, and depend on the method of characterization. 

The conventional characterization methods are further discussed in section 2.4. Char-

acterization of pores, but as an example, a method called intrusion porosimetry that 

measures the volume of infiltrated liquid at a certain pressure and calculates the vol-

ume distribution of the sample may not lead to a clear correlation of pore volumes be-

cause the macroscopic parameters represent average behavior of a model sample [79] 

and easily underestimate and neglect certain pore characteristics. 

The topics in this thesis include structures with heterogeneous pores [I; III; VI; VII] that 

are difficult to describe, and when averaging may lead to great errors. The problem is 

often evaded by measuring functionally important pore features for instance using an 

extrusion porometer instead of mercury porosimeter for structures where fluid flow is 

important11. 

In real materials the pore morphology may also vary spatially, like in [I, III, VI, VII], 

meaning that in certain areas porosity is different. This can be caused e.g. by the man-

ufacturing method [79, p. 32] and lead to doubts on representativeness of a sample 

unless these heterogeneities are systematic that is the case in "anisotropic" structures 

in [IV]. This question of representativeness is often linked with manufacturing and can 

be countered with in situ -measuring. 

A main challenge in microscopic pore analysis has been the definition of a pore. [79] 

defines a pore as "a portion of pore space bounded by solid surfaces and by planes 

erected where the hydraulic radius12 of the pore space exhibits minima". This indicates 

that "a pore" may often be an artificial concept. Such as in the enclosed articles that 

study open porous structures composed of fibers [I; III; VII] and sintered aluminium 

oxide [II]. The pore size alone does not describe the structure but merely works as a 

guideline which is also perceivable when looking at the example images of real struc-

tures in the following chapters. 

                                                

11 Fluid flow depends mostly on the dimensions of the most constricted part of intercon-
nected pores and not their total volume or properties of blind pores which the extrusion 
porosimeter measures. 
12 The book [79] uses hydraulic radius in the meaning of minimum value of area of cross 
section divided by the length o f perimeter of cross section [79, p. 30]. 
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Figure 3 Sintered alumina structures with different total porosities from top to bottom 33, 18, 
and 3 % total porosity. Scale bar length is 130 µm. 

 Powder compaction 

Ceramics with sub-millimeter or sub-micrometer pore size are typically produced by 

powder compaction [80, p. 12]. These structures are used for instance for filters, catal-

ysis beds and gas sensors. In order to control the pore properties of the finalized ce-

ramics the understanding of powder forming process is important [80, p. 12]. Powder 

compaction process is studied in [VII]. Granules and their internal porosity is shown in 

Fig 4. 

 

Figure 4 Kaolinite powder. Granule surface and cross sections. 
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Colloidal processing 

Another typical forming method for sintered ceramics that was used for sample materi-

als in [II] is slip casting. In slip casting, where the particles are suspended in a liquid 

solution, their surface properties influence the suspension characteristics. Phenomena 

surrounding particle-particle interactions are encountered in colloidal processing that is 

a typical step when manufacturing porous materials. 

Colloid is a heterogeneous mixture of continuous dispersant and discontinuous phase 

that classically has a size of 1-1000 nm. For practical reasons the range is often ex-

tended with the main focus in the interactions of particles.13 These interactions result 

from the particles being larger than molecules, so that they do not behave like a true 

solution, but at the same time being smaller than macroscopic particles14, so that clas-

sical physics cannot be applied, and for instance gravitational force is not great enough 

to cause sedimentation. [84] 

The above insinuates that non-classical forces act on the particles in a colloidal sus-

pension. In addition to gravity, the particles can move because of forces caused by 

convection or Brownian motion but the electrical charges in a stable suspension pre-

vents the sedimentation of the particles. These charges are caused by the inherent 

property of the surfaces of inorganic particles to charge in solutions. This invokes coun-

tering ions from the solution to bond on the particle surface which further induce a 

loosely bound diffusion layer of cations and anions to surround the particle and the 

primary, strongly bound ion layer. Now, the particles with ions surrounding them in a 

double layer, repel each other [85]. The electrical interaction between particles affected 

by temperature, acidity, and ions in the liquid; are a sum of double layer repulsion and 

van-der Waal's attraction. The mentioned variables are exploited when controlling sus-

pension stability, [85] and they are studied by measuring the electrokinetic potential 

between the particle including the double layer, and the suspending liquid. Common 

device to measure this is zeta potentiometer. [86] Certain results in [IV] imply that an 

electrical resonance measurement can be used to study these forces in a suspension 

in an online manner. 

                                                

13 According to [85], in a system where solid particles are dispersed in a liquid, colloidal 
forces are significant below 40 �Ím particles. 
14 Those visible to the naked eye. 
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temperatures and chemically aggressive atmospheres. Consequently they are used in 

hot gas filtration [68] and furnace linings [88]. 

A distinct demand in filter application is the filter's efficiency to remove particles of cer-

tain size. That depends on the pore size distribution rather than the equivalent pore 

radius that is calculated from the permeability. The latter does not reflect the size of the 

pores - few large pores have the same equivalent pore size as many small pores. [79, 

p. 83] In situ -method in [I; VI] aim to offer a tool for quick verification of existence of 

areas with larger porosity. The publication [III] aims to understand why this kind of a 

structure turns rigid when heated. 

 

Figure 6 Ceramic fiber structure. 

2.2 Effect of pores and porosity to mechanical features 

As the previous introductory sections on pores and porosity clarified, the porosity, pore 

geometry, and pore size are known to have a major effect on the properties of porous 

material [80]. The features under interest on the enclosed publications are mechanical 

strength [III, IV, VII] and permeability [I, IV, VI]. The theoretical background of the firstly 

mentioned is examined in this section (visualized in Diagram 9) and the second in the 

following one. 

Objective of this section is to display common theories related to how change in porosi-

ty or pore characteristics affect the compressive strength of heterogeneous structures 

and how a granule bed behaves under compression while its porosity is decreasing, 
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and finally inspect how a fibrous structure can be modeled explaining its strength and 

elasticity changes when it is heated. 

 

Diagram 9: Pore effects on mechanical features. 

2.2.1 Effect of porosity to mechanical features 

Amount of porosity has an effect to mechanical properties such as strength and tensile 

modulus. This is seen in [IV] and [89], and in plain: increasing porosity means less ma-

terial to carry the loading and subsequent decrease in component strength. This simpli-

fication has led to numerous studies such as [90] that relate porosity with a mechanical 

property. Still, most of the parametric relations presented in these studies have an em-

pirical constant that has to be varied when material or manufacturing method is 

changed. The empirical factor is needed because the total porosity is not the only con-

tributor to the mechanical characteristics [91] which is clearly seen in [IV], where a 

structure containing oriented porosity was found to carry load at in-plane axial com-

pression five times higher with only changing the structure of pores while keeping the 

porosity constant. 

To inspect this a little deeper, Griffith [92] explained that strength and amount of dis-

continuities in brittle materials are linked by how the stress is concentrated at the loca-

tion of these discontinuities. In other words, the force applied to a structure can only be 

conducted through a solid phase and it has to go around or transmit through each dis-

continuity causing force concentration in the vicinity of discontinuities (see Fig 7). The 

conduction of force and its concentration close to discontinuities leads to idea, also 

originating from Griffith, that the discontinuity's shape and alignment with respect to the 

applied load affects the concentration of force as shown in the Figure 7. This concen-

tration takes place also in porous materials and is dependent on the pore shape, size 

and orientation. We have used this principle when explaining the strength changes in 

[III, IV, VII]. 
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Figure 7 Stress concentration caused by different discontinuities. Lines indicate a stress 
field while black areas are the discontinuities. Stress concentrates on the 
tip of the discontinuity in the right-most picture. 

2.2.2 Effect of pore characteristics to mechanical strength 

Looking more closely in the pore characteristics, other than overall porosity, it is quickly 

evident that a porous material has to be viewed as a multiphase composite. When it is 

strained, the internal stress field is not constant [93, Ch. 1.2] and even the macroscopic 

behavior of the structure can vary according to direction and location of the strain. This 

is called anisotropic behavior and a typical example of it is a unidirectional fiber com-

posite that has a stiffness of fiber in direction of their axis and stiffness of matrix against 

it [94]. In [III], although quite random, the fibers are oriented in certain layers causing 

non-linear behavior. Another example of nonlinearity is the oriented zeolite structure 

whose compressive strength was modeled in [IV]. 

2.2.2.1 Modeling of mechanical features 

Approaches to model mechanical features are divided as [95]: 

1. Composite theory, which is the basic approach in micromechanics, analyzing 
heterogeneous materials on the basis of their geometries and properties of 
each separate phase [93, Ch. 1.2]. In context of porous materials this ap-
proach is applied by considering pores as one of the phases of the composite. 

2. Cellular solids is an approach that assumes the composite possessing a re-
peating structure that can be defined as a cell, following that the behavior of 
such composite is a function of each cells together. The structure is studied in 
multiple scales15. 

                                                

15 But the methods in this category can either be homogenized, such as in [158], or they can 
be modeled with different generalization methods [95]. 
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3. Minimum solid area approach assumes that a mechanical parameter can be 
calculated as a ratio of respective solid and the studied component which is 
directly proportional to the minimum ratio between solid contact area and the 
total cross-sectional area.16 

In [IV] we have modeled compressive strength of an oriented structure using a cellular 

solids approach. When the above approaches were compared the choice was made 

based on that the one in question had been used before for such structures [91], [96] 

and the fact that our structure was very distinct with separate cells fitting easily to the 

framework that is explained in the following. 

2.2.2.2 Geometric model for open cellular structures 

Our approach in [IV] was to use the model originally published by Ashby [91]. The 

model views the cells composed of repeating structures and is mostly aimed for low-

density open-pore cellular solids. It is derived from dimensional parameters of idealized 

structure composed of struts, not by modeling real pores. The model is semi-empirical 

but it has been fitted with extensive number of different structures. 

Basis of the model, described better in [91], is to account for three variables classified 

as: material properties, topology of the cells, and relative density of the structure. The 

structures are classified either being stretching or bending dominated in which the dif-

ferences are that the strut structure, considered to have locked joints, in a bending 

dominated type divides the force in a manner where the struts bend whereas in the 

other type they stretch. Focusing on the bending dominated structures; they are de-

fined by low connectivity of the cell joints inducing three competing yield mechanisms: 

plastic yield, buckling, or fracture. The failure mechanisms can be predicted when the 

cell unit size and the strut modulus are known. The bending dominated structures are 

typically weaker especially if they break before their fracture strength which is seen in 

[IV] and further modeled using Euler-buckling principle. 

2.2.3 Strength of a granular bed under compression 

Moving now from mechanics of cellular structures to a structure that is somewhat simi-

lar - composed of repeating units - but is in a dynamic state during application of force, 

the modeling becomes more difficult. 

                                                

16 In addition to pore volume fraction, the approach uses parameters that describe pore 
morphology  and packing [159] from the principle that structures become weak when the 
solid contact in highly porous structure minimizes [157]. 
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The article [VII] addresses the measuring of granule bed strength that is relevant in 

certain processing steps when introducing porosity to materials. The theory in powder 

compression is relatively well understood but with brittle and small granules the inter-

pretation of the compression curve has been unclear. 

The following presents related theories in a broader sense in comparison to the article, 

acknowledging the different behavior of rigid granules and uses the earlier presented 

force field approach. 

2.2.3.1 Compaction stages in compression of brittle granules 

The difference between plastic and rigid granules is that the plastic granules deform 

during compression. This causes differences in their manner of yielding but certain 

similarities prevail. For instance in [97], the compression is found to take place in stag-

es where the granules rearrange and deform, but these do not take place in as distinct 

steps as in brittle compression where distinct yield stages can be seen in a compres-

sion curve. The curve plots compressive pressure against strain in a steady-state com-

pression and it is presented in a half-logarithmic scale to emphasize the relative 

changes. An example of the stages is seen in Fig. 8. 

 

Figure 8 Granule yield stages in [VII]. 

During the first stage in the curve the granules deform elastically, pack, and rearrange. 

When the rearrangement takes place, the relative density decreases as the granules 

achieve a denser packing. During the second stage the compressive strength of the 

granules exceeds and they break mainly by fracturing and attrition [98]. The breakage 

probability can be described by Weibull-statistics [99] leading to the fact that smaller 

granules are relatively stronger and that the steepness and length of the curved region 

is affected. A high weibull modulus [100], small size distribution, high packing density 

and homogeneity of granules, lead to a steep and short second stage as the granules 

break at the same load. [101] The curve is not affected by granule size distribution pro-

vided that the strength of each size is equal [102] but their shape may change it be-

cause it changes the initial relative density [103]. During the third stage the fractured 
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granules rearrange under similar laws as in the first stage and in the final fourth stage 

the granule bed has no, or very limited amount of, voids left and the primary particles 

and pieces of granules can no longer rearrange. [104] Finally after the compression the 

relief of pressure causes the release of elastic transformation leading to a small de-

crease in compact density [105]. 

2.2.3.2 Force distribution links the bed strength to strength of individual granule 

Correlating the granule strength of a single granule measurement with a granule bed 

measurement [106] is difficult but not always necessary if a relative analysis is enough. 

In single compression, force is transmitted to the granule by a controlled manner in 

which the granule is subjected to the most stressed condition by inducing the stress 

from its opposite poles [102]. This is not always the case in bed compression where the 

division of load is governed by how the force field divides across the granules. Still, in 

the both cases the granule breakage is influenced by the same factor that is the size 

and orientation of intragranular discontinuities, such as primary particle boundaries, 

binder-particle-interfaces, pores, and cracks which function as stress condensers. 

The previously mentioned force field division in bed compression is controlled by 

shapes and sizes of granules and eventually affected by the partial yield of the bed. 

When granules fracture and their size becomes smaller they can divide the stress more 

evenly to bigger granules but themselves are exposed to a higher stress level, because 

of fewer contact points. [100], [102] As a countering effect the granules undergo size 

hardening that is linked with a weibull volume effect rendering the smaller granules 

relatively stronger [98]. 

Because of the above the changes in bed compression curve are smooth as the gran-

ule breakage only causes more force to divide to other nearby granules and adding to 

that also the punch geometry and granule's friction against other granules and the die 

walls affects the measured compressive strength. The stress is the highest close to 

geometric discontinuities of the die and close to the compressing punch. According to 

[107] the friction between the die wall and the granules is a more dominant feature than 

granule-granule friction. This can lead to unequal force distribution creating local re-

gions of high-stress areas [97]. 

In [VII] an in situ -measuring method for measuring the bed strength of rigid granules is 

refined for being semi-automatized. 
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red (the fiber) and green (fiber connections). Because the connection of a standard 

mesoelement are multiple and in different angles the strain for one fiber is not uniform. 

The free distance of the fiber in the figure is colored with deep red, it is the distance 

between the two adjacent connections. When this distance is small in comparison to 

fiber width the fibers shear under a load whereas with long distance they are more 

prone to bending [108, p. 29]. A similar observation was made in [III]. 

 

Figure 9 Fiber bonding in [III]. 

2.3 Effect of pores and porosity to fluid permeability 

The mechanical aspects related to thesis have now been reviewed and next in line are 

the matters related to fluid permeability (visualized in Diagram 10) to which the present 

chapter focuses. That is an important functionality pursued by adding interconnected 

porosity to materials. 

The chapter opens with a general sub-chapter presenting the field of fluid flow in po-

rous media but focuses quickly on permeability models relevant for [I, VI], that study 

the porous structure of fibrous hot gas filters. In more detail the publications study per-

meability and its relation to pore structure and link those by measuring the heat transfer 

of hot gas flowing through the pores. For that reason, heat transfer in porous structure 

is also discussed in subsection Thermal measurement of permeability. 

Permeability is also under investigation in the structure presented in paper [IV]. The 

structure is aimed for CO2-sorption that is controlled by the nanoporosity in the crystal-

line structure of the studied zeolite. The kinetics of sorption processes are affected by 

the permeability of larger size flow channels providing the gas on the sorption frontier. 

Objective of this chapter is to build a theoretical base on thermal flow permeametry 

measurement [I, VI] and as a side note explain how sorption is partially controlled by 

permeability. The latter is not in the main focus of this thesis but closely related and 

more thoroughly presented in [IV]. 
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Diagram 10: Pore effects on fluid permeability. 

2.3.1 Fluid flow in porous media 

Fluid flow in porous and heterogeneous materials is seen in nature and technological 

areas where the most studied are the extraction of oil and gas, spreading of contami-

nants in fluid-saturated soils, separation processes such as filtration [110, p. 1], and 

substance transport in biological systems [111]. Many of the theories a rooted from 

research on those areas.  

A detailed investigation of fluid flow through porous material can be complex because 

of heterogeneous microstructure in porous media giving rise to effective fluid flow 

properties [110, p. 1]. In plain, flow of fluid through a porous media is governed by:  

�x temperature and pressure dependent external factors such as:  
o the flow speed of fluid and  
o the fluid's viscosity, and 

�x structure dependent internal factors such as: 
o pore tortuousness 
o specific surface area per unit volume18, and the  
o structure's thickness. 

A fluid can flow through a porous media because of pressure gradient, external body 

force or capillary force. [110, p. 5] This thesis is confined to the firstly mentioned, 

whose modeling is studied via the most typical material property related to fluid flow -- 

permeability. 

                                                

18 The specific surface area is affected by the pore shape, size and topology. 
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2.3.3 Thermal measurement of permeability 

In [I, VI] a fibrous structure that is very heterogeneous is analyzed using a flow of hot 

air through it and measuring that with a thermal camera in order to locate the areas of 

high permeability seen by the certain area heating faster. The method needs a small 

theoretical background on heat transfer in porous structures. 

The following is based on a study of heat transfer in stone wool [118] which has a simi-

lar composition and structure in comparison to the one studied in [I, III, IV]. 

Heat transfer through porous materials in static situation takes place with four mecha-

nisms [118]: 

1. Conduction through solid medium 
2. Conduction through gas medium 
3. Convection due to air in pores 
4. Radiation through material and pores 

The importance of convection is normally very minimal, and in temperatures below 

100 °C, such as in our case, the relative importance of radiation is also very small, so 

the both factors can be omitted. The dominating factors are conduction through gas 

and fibers which are found equally important to heat transfer [118] in situation where 

conduction through gas takes place in non-flow situation. On part of fiber conduction, it 

is determined by fiber orientation and the pore shape which affect the heat transfer, 

especially when porosity increases [119] but in order to focus on locating the local 

permeability we have minimized the effect of heat conduction through fibers by using a 

dynamic situation inducing a flow of hot gas through the media in [I, VI]. 

2.3.4 Permeability connection to sorption 

In paper [IV] a zeolite powder was structured for more efficient CO2-capture. The cap-

ture takes place mostly by physisorption directly from a gas flow making the efficiency 

of adsorption-desorption cycle important. The efficiency is retarded by intracrystalline 

diffusion of gas to active sorption-sites [120]. In simple, the aim was to increase the 

effective surface area by having a high permeability to allow large gas volumes to 

reach multiple adsorption sites. 

The approach in [IV] was to craft oriented flow channels that have higher permeability 

than a simple bed of granules. The structure contained laminated walls, thin enough for 

rapid adsorption, and so close to each other that no surface area was wasted [87]. The 

replacement of powder bed with a structure that had ordered flow channels affected the 
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permeability by lowering the flow channel tortuosity. The effect of tortuosity is seen in 

Kozeny-Carman equation in subsection Fluid permeability. 

2.4 Characterization of pores 

The theoretical areas: effect of pores to strength and fluid flow, have now been covered 

and the final section of this chapter follows. The section is written to support the aim of 

this work: development of in situ -methods for measuring pore related factors. The 

functionality of these in situ -methods was ensured by comparing the results by the 

conventional methods presented in this chapter. The links between the methods are 

visualized in Diagram 11. 

The section also finalizes the theoretical chapter linking the definitions of pore and po-

rosity presented in the beginning by the methods with which they are acquired. The 

review is limited to characterization methods that are used to acquire the results pre-

sented in the enclosed publications. 

Objective of this chapter is to give an overall description of some important methods 

used for characterizing pores. Aim is also to qualitatively compare the characteristics of 

different methods. 

 

Diagram 11: Pore characterization. 

2.4.1 Porosity and pore size distribution 

Porosity and pore size distribution is measured indirectly with functional measurements 

by a priori assumption made of pore structure, i.e. assuming the pores are all cylindri-

cal. [79] 
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Typical methods for measuring the distribution are mercury porosimetry and different 

extrusion porometers. The mentioned methods measure only the interconnected poros-

ity but certain methods, based on diffraction or scattering can be used to gain infor-

mation about the closed pores and pore structure of a sample [79]. Also pycnometrical 

methods such as Archimedean method can be used to measure the total porosity but it 

does not yield the distribution. 

As various techniques measure different pore size ranges and some can measure the 

closed porosity as well, using multiple methods, like intrusion porosimetry, small angle 

X-ray scattering, and gas adsorption for pore characterization is useful in some occa-

sions [82]. 

2.4.1.1 Pycnometry 

Measures the volume of fluid displaced on submersion of the sample. Idea originates 

from Archimedes' principle with the exception that the measurement may carried out 

with gas, such as air [121], but the most typical procedure is to calculate the porosity 

simply by measuring the mass of a water saturated sample [79] minus the mass of dry 

sample divided by the density of saturating liquid giving the liquid volume that, when 

divided by sample volume, gives the sample's porosity. [81] This Archimedean method 

was used in [II]. 

2.4.1.2 Porosimetry 

Porosimetry is a popular method for characterizing meso- and macroporous structures 

[122]. It is an intrusion method where a non-wetting fluid [122] is forced in to pores of 

the sample incrementally by external pressure, meanwhile recording the relation be-

tween the intruded amount and the pressure [81]. Typically the sample is first de-

gassed to remove gas in pores that would hinder the intrusion [123]. Low external 

pressures fill only the large pores and progressive pressure increase fills the smaller 

one. Pore volume distribution can be calculated from the amount of intruded liquid [79]. 

By using the Washburn equation [123] also the cumulative pore diameters, mean di-

ameter, pore surface area, based on an idealized cylindrical pore, can be derived [122], 

[123]. Based on the sample mass, and the density of mercury, also bulk and skeletal 

densities22 of the specimen can be measured [123]. The technique is sensitive to con-

                                                

22 Skeletal density is calculated from maximum mercury intrusion  volume so it does not 
include closed pores but pores down to minimum measuring range defined by the maxi-
mum pressure that can be used [123]. 
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tact angle between the intrusion liquid and the measured sample and because of that 

the most common intrusion liquid is mercury that has a high surface tension and a 

large contact angle with most of the materials, assuring it does not intrude the sample 

without external pressure [79]. 

Because intrusion porosimetry is based on the dynamic accessibility of liquid in to 

pores that is controlled by the pore opening [81] the method is known to underestimate 

the void sizes. This is caused by the shielded pores23, but using a model in interpreta-

tion of the results can increase the accuracy [122]. However, the Washburn model of-

fers no distinction between a long cylindrical pore or multiple shorter pores of the same 

size. Other challenges in the method are that the sample preparation (drying and air 

evacuation) or intrusion liquid pressure [124] may interact with sample and affect the 

porosity and typically the sample size is very small. Mercury porosimetry was used in [II, 

VI].  

2.4.1.3 Porometry 

Porometry24 is a method where a low surface tension wetting liquid is let to spontane-

ously fill the pores of a measured specimen followed by its extrusion from the saturated 

specimen with a gas pressure induced from one side. In the measurement of saturated 

wet sample, no flow takes place until the biggest pore releases the liquid and bubbling 

point is reached. Progressively smaller pores are emptied and gas flow increases till 

the earlier measured dry and wet curves converge, showing all the pores are empty. 

To determine the distribution of interconnected pore throat diameters Washburn equa-

tion [123] is used. From the wet curve a largest through pore is calculated from the 

initiation of flow, while mean flow pore size is determined from the intersection of half-

dry curve25 and wet curve, and smallest pore is calculated from the intersection of dry 

and wet curves [125]. 

Porometry typically exaggerates the number of smaller pores and mostly omits the 

shielded pores rendering the method more applicable for measuring samples, such as 

filters, whose flow channel size is the most important. [122] Only the pores smaller than 

                                                

23 Such as those shaped like an ink bottle but rather a large network of pores that is inter-
connected with a small opening. [160] 
24 Also known as extrusion porometry or flow permporometry.  
25 Mathematical half of the dry curve  
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bubble point26 can be determined and the method is similarly sensitive to how the wet-

ting liquid interacts with the sample as porosimetry. [122] Extrusion porometry was 

used in [II, VI] 

2.4.2 Permeability 

Measurement of permeability or permeametry can be carried out with various ways, for 

example as in ASTM standard [126]. The methods can be classified according to the 

fluid that is used. With gas challenges arise from its compressibility and with liquids 

from their susceptibility to interact with the measured material. 

Basic principle in measuring is that a fluid is ejected through porous material with dif-

ferent flow rates meanwhile measuring the pressure drop over the sample. [79] Using 

Darcy's equation the permeability can be calculated. 

Also estimates of porosity, mean pore or particle/fiber size, or specific surface area, 

can be derived from the measurements by applying derivatives of Kozeny-Carman 

function. Both are done in [VI]. 

2.4.3 Pore shape and topology 

Pore shape and topology is difficult to address with functional methods presented earli-

er, though some information on that can be received by comparing the same sample 

with intrusion porosimetry and extrusion porometer or modeling permeability to give 

some indication on the tortuosity of the flow channel.  

Also careful analysis on physical sorption-isotherms, a technique not presented in this 

thesis27, can give information on pore shape [127]. Yet, direct measurement of pore 

shape and connectivity is carried out by microscopy techniques that offer a high resolu-

tion with the cost of losing spatial information. Measuring the pore size from two di-

mensional image typically underestimates it because the 2d-slice often does not go 

through the widest part of the pore. Also the pervasiveness and thus the representa-

tiveness of the method cannot be ushered [81]. 

                                                

26 The point at which the first and the largest flow pore opens.  
27 The gas adsorption was not used because most of the effective pore sizes in this thesis are 
in micron -level whereas the method is most suitable for measuring sizes below 200 nm 
[120]. 
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More pervasive methods that also offer topological information on the structure have a 

lower resolution in comparison to microscopy. These techniques are such as computed 

tomography [128], magnetic resonance imaging [128], small angle x-ray scattering 

[129], and focused ion beam scanning electron microscopy [122]. Also the modern 

high-resolution electron microscopy has been used to measure structural features such 

as pore shape and connectivity [130]. Most of these techniques, that for characteriza-

tion in materials science are relatively new, are delimited with small scanning volumes 

and long measuring times. Although computed tomography and magnetic resonance 

imaging was tried they were found non-suitable for the samples that in most of the cas-

es had spatial variation and could not be measured in large volumes. 

In the enclosed articles [I, IV, VI, VII] analytical techniques were used to quantitatively 

measure properties of micrographs obtained by scanning electron microscopes or 

thermal camera. 

2.4.3.1 Image analysis 

In [131] image analysis is defined as "the set of computer processes designed to codify 

a real image, to recognize the most interesting elements, and to highlight the neces-

sary information". The purpose of image analysis is to quantitatively analyze micro-

graphs [122]. It is useful when analyzing a large set of details in multiple images when 

doing this by hand would be too time-consuming and tedious or even impossible [132]. 

Images can be analyzed in 2- or 3-dimension, in grey-scale or in color and the capabili-

ties of analyzing them are diverse [133]. Maybe the most abundant possibility, also 

abused in the enclosed articles [I,IV,VI], is the feature extraction where a quantified and 

meaningful features are extracted and numerically presented from an image [132]. 

Such a feature can for example be pore length [IV] or spatial pixel intensity correlating 

with temperature [VI]. 

The process of image analysis is confined in four steps that are completed with differ-

ent methods beyond the topic of this thesis, the step are [131]: 

1. image acquisition: carried out e.g. with a microscope and a camera, 

2. image processing: typically using filters to remove artifacts or to highlight 
specific image characteristics, 

3. image segmentation: identification and isolation of pixels belonging to same 
category, and 

4. feature extraction. 



 

 

50 

Methodological measures have to be used to [131] ensure that the image size can be 

compared to the structure and spatial position, and in homogeneous materials the ob-

servation scale has to be set according to observed feature: pixel size small enough to 

detect finest details but magnification on the level for comprehensive analysis. 
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3 Main experimental procedures and sample materials 

The following is a standalone chapter shortly visiting some of the methods and devices 

used in the enclosed articles. Not all of them are presented, only those that were used 

in more than one article or were notably important from the aspect of characterization 

of pores and porosity. The chapter is divided into three sections of which the first one 

3.1. Conventional characterization methods presents the common commercial methods 

that were used, the second 3.2. In situ -characterization methods present in-house 

crafted in situ -measuring methods, and the third 3.3 Sample materials used in testing 

the characterization methods, describes the materials that were used to test the in-situ 

methods. 

The aim of the whole chapter is to give a general understanding on the devices and 

parameters that were used to run them in the experiments on the enclosed articles. 

The reader is referred to study the enclosed articles for mode detailed descriptions. 

Diagram 12 recaps the methods and materials presented in this chapter. 
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Diagram 12: Experimental procedures and Materials. 

3.1 Conventional characterization methods 

The following describes the most important commercial characterization methods that 

were used in the enclosed articles. The chapter has sub-chapters withholding micros-

copy and mechanical testing; pore parameter analysis by archimedean method, mercu-

ry porosimetry and extrusion porometry; and finally a description on thermal analysis by 

dilatometry. 

3.1.1 General Characterization 

3.1.1.1 Scanning electron microscopy 

All the related microscopical analyzes in [I-VII] were carried out with scanning electron 

microscopes. Models that were used were Jeol JSM 6360LV, ULTRAplus; Phillips XL-

30; Carl Zeiss Microscopy GmbH (Germany); JEOL JSM-7001F (Jeol Ltd., Tokyo, Ja-

pan); Hitachi Analytical TableTop Microscope TM3000 (Hitachi High-Technologies Eu-

rope GmbH, Krefeld, Germany). 

Prior to imaging, the specimens were prepared by cutting them with suitable tools or 

pouring a suitable amount of powder on to a conductive adhesive, and enabling electri-

cal conductance from top of the sample to the sample holder using conductive carbon 

cement or copper tape and coating the analyzed surface with carbon or gold using an 

evaporator or a sputter. Some samples were also analyzed using Energy-dispersive X-

ray Spectroscopy coupled with the electron microscopes. 
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Figure 11 Sketch of sub-pressure tester. 

3.2.3 Thermal flow permeameter 

A thermal flow permeameter (TFP) whose development was the focus in [I; VI] consist-

ed of a thermal camera (FLIR Thermacam PM595, FLIR Systems, Inc., USA), a length 

scale made of metallic rods that are visible in IR-images, and an adjustable gas inlet 

able to feed air up to 2000 l/min. During the measurement, air at 25 °C was let to flow 

through a heater and finally through the monitored specimen. The heater unit could be 

heated up to 400 °C but 100 °C air was mostly used with an average face velocity of 

5.5 cm/s which in combination caused the specimen to heat between atmospheric 

temperature and 70 °C depending on the local permeability. A schematic drawing of 

the method is shown in Fig. 12. 

The resulting thermal images were analyzed with ImageJ as explained in the subsec-

tion Image analysis. 
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Figure 12 Sketch of Thermal flow permeameter. 

3.2.4 Image analysis 

To analyze images of thermal camera in [VI] and granules in [VII] a freeware applica-

tion, ImageJ, was used but for pore parameter analysis in the publication [IV] a special 

algorithm was coded in an MSc thesis by Masi Valkonen [135]. 

3.2.4.1 Thermal image analysis 

The thermal images were quantified using the following approach. The images, in 

which the temperatures were exhibited as brightness variations, were converted to gray 

scale and their gray value29 was calculated with image analysis software, ImageJ [136]. 

Thus, the gray value could be related directly to the surface temperature of the imaged 

component and when using the external scale, the selected point or a selected area 

could be identified. 

                                                

29 A unitless indicator of the luminescence, or brightness, of a pixel varying from 0 (black) 
to 254 (white). 
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3.2.4.2 Granule size and relative density 

In [VII] the SEM-micrographs of polished cross sections of granule specimen were ana-

lyzed to find out if the two size ranges of granules had a different shape or apparent 

density. To do this a baseline image was converted in to binary with automatic thresh-

olding, and the granules were sectioned according to cross-sectional area using an 

algorithm provided in ImageJ. Then the average circularities30 and aspect ratios31 of the 

sections were analyzed omitting the granules reaching over the image borders. The 

intragranular apparent density was estimated from SEM-image by similarly sectioning 

the size fractions and measuring the average gray values32. 

3.2.4.3 Pore characteristics analysis 

In [IV] the effort was to link pore parameters such as pore area, alignment and round-

ness with the compressive strength of a cellular structure. This was carried out using 

an adaptive algorithm that first converted a grayscale SEM-image into a binary one 

containing empty pores and dense walls. Then using morphological dilation33 any un-

realistically small features and noise was removed, and an algorithm for a principal 

component analysis was used to find the main axis and the center point of the pore. 

Orthogonal major and minor axes were then calculated from the pore center point, and 

used to draw ellipsoids for each pore in order to quantify the cross-sectional pore width, 

pore area, and pore aspect ratio. 

3.2.5 Granule bed compression 

In [VII] a special tool was used to measure a bed strength of rigid granules. The gran-

ules were compressed with linear plate heads with a uniaxial compression tool. The 

apparatus consisted of a top punch, bottom punch and a cylindrical die, with a diameter 

of 19.5 mm, where the tested material was poured. The moving surfaces of the tool 

were first sprayed with silicone and wiped to control wall friction. The mechanical yield 

of the compression tool in the studied range up to 10 kN was negligible. A schematic 

drawing of the method is shown in Fig. 13. 

                                                

30 4�Ñ × [Area] / [Perimeter], unity resembling a perfect circle  
31 Longest diameter / shortest diameter, unity resembling a perfect circle  
32 the sum of the gray values of all the pixels in the selection divided by the number of pix-
els 
33  Dilation signifies the procedure in which a value of output pixel is changed to 
the maximum  value of all the pixels in the input pixel's neighborhood.  
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tivity changes making it possible to measure materials brought into close proximity of 

the resonator. 

To measure suspensions, the resonator circuit was embedded in the bottom of a glass 

container and measured by a one-turn reader coil under the container. The reader coil 

was connected to a measuring device with a coaxial cable and the measurement was 

carried out with an in-house reader device that generated the excitation and reference 

signals. The excitation signal was fed to the reader coil and compared against the ref-

erence. The resonator measured the magnitude ratio or gain/loss and the phase differ-

ence between two inputs yielding a resonance curve peaking at a frequency defined by: 

the sensor material, design, and the surrounding materials (specimen). The permittivity 

of the measured specimen altered the position and shape of the resonance curve. A 

schematic drawing of the method is shown in Fig. 15. 

The measurements were done by using a 2000-point frequency sweep, ranging from 

70 MHz to 90 MHz, the sweep was repeated twice per second. By using this configura-

tion in the selected frequency range, it was possible to measure materials whose per-

mittivity ranged from air to water. 

A feature extraction process was used to capture the essential information from the 

measured gain response curves consisting of gain values at discrete frequencies. Pol-

ynomial regression was used to describe the shape of the curve in order to locate es-

sential areas linking the changes in the curve to characterized features. Two baseline 

ripped features were extracted from a polynomial model: a frequency and a bandwidth 

of a dip in the resonance curve. First feature was strongly affected by the relative per-

mittivity of the specimen and the other was linked with dielectric losses. 
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Figure 15 Sketch of resonator. 

3.3 Sample materials used in testing the characterization 
methods 

This chapter describes the materials that were used to test the in-situ measuring meth-

ods. 

1. The publications I, III and VI had the same silicate-based fiber structure used 
for hot gas filtration, 

2. material used in IV was zeolite 4A that was freeze-cast to achieve structured 
flow channels.  

3. The aluminium oxide suspension in V was the base used for slip casting the 
sintered aluminium oxide pieces in II.  

4. The granules tested in VII were made of kaolinite. 

3.3.1 Silicate fiber structure I/III/VI 

The structure that was tested in I, III and VI was composed of non-oriented fibers with 

improperly molten material at the tips of some of the fibers. The fibers were composed 

of amorphous alumina silicate with crystalline regions of alfa-alumina as the main 
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amount was tested. The final viscosity of the suspension measured at the shear rate of 

10 1/s was 1.2 Pa s. The tested suspensions were shear thinning. 

A representative image of the suspension preparation and online resonator measure-

ment can be seen in subsection Electical measurements. 

3.3.3.2 Slip casting and sintering 

The suspension for slip cast pieces was prepared as described above but after ho-

mogenizing the dispersing agent-aluminum oxide -suspension a binder was added to 

increase pre-sintering strength of the component and polyethylene glycol was stirred 

into the slip to increase processability. The prepared suspension was poured into a 

gypsum mold, where the solids compacted to the mold walls as water was removed by 

capillary action. The compacted pieces were dried before pre-processing after which 

the pieces were sintered at different temperatures to gain varying pore structures.  

A representative image of the structures after different sintering temperatures can be 

seen in subsection Porosity in partially sintered ceramics. 

3.3.4 Granulated kaolinite VII 

In VII we tested a common industrially spray-dried granulated kaolinite powder that was 

received in a non-sintered state and heat-treated in different temperatures to achieve 

comparative test materials. Average size of the granules was close to 40 µm. Based on 

image analysis granules above 45 µm were less round than granules below that but 

both fractions appeared equally dense when examined from cross sectional cuts under 

a scanning electron microscope. 

A representative image of the studied granules can be seen in subsection Porosity in 

partially sintered ceramics. 
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4 Comparative summary of the results of the articles 

In the following, the results collated from the enclosed articles [I-VII] are presented from 

two perspectives. The first section views the results as comparative value analysis of in 

situ measurements by first making its way to each methods and then contrasting them, 

as developed in the enclosed articles, with their laboratory counterparts. In other words, 

the chapter is written from the practical angle to demonstrate the special capabilities 

and uses of the new methods. The content of this chapter is visualized Diagram 13. 

Although the articles contribute mostly to new applications in industrial characterization, 

some fundamental discoveries were also made about pores, porosity, and their effects 

on materials.35 They are discussed from the materials science perspective in section 

4.2. on Pore and porosity related findings. 

                                                

35 By accident. 
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Diagram 13: Comparative summary. 

4.1 Development of in situ characterization methods 

The main results in the enclosed articles, except [IV], were used for in situ analysis and 

defined to analyze the properties of pores or pore-related functional features. The ob-

jective in [IV] was to understand the compressive strength of a porous structure with 

well-defined pores. The task was carried out with an imaging method similar to that 

used in [VII] with its attributes aimed at in situ. 

The following summarizes the results of the enclosed articles one by one from the in-

dustrial angle. For coherent discussion, the summary is structured so that it first pre-

sents the relevance of each characterization method36 from the system approach an-

gle37 presented in Research Approach, then proceeds to the concrete aims of the 

methods, and finally compares a laboratory relative to the industrialized method and 

simultaneously introduces the novelties of the new methods. The next section focuses 

on the contribution of the articles to materials science. 

As discussed in chapter 1 (Lean, in situ measurements and this thesis), in situ charac-

terization must be 

1. robust,  

                                                

36 Note that understanding the relevance was part of the results. 
37 Find a material parameter, determine the tracking and reference parameter, and design 
an industrial characterization method . 
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2. integrable/on site,  
3. reliable, and  
4. comprehensive. 

These features are separately compared with a corresponding laboratory measurement. 

In subsection 1.3.3. (Specific challenges and research questions in the thesis), the re-

search topics of each publication were described from the in situ perspective, as below 

in table 2. Answers to the questions are individually given in the following subsections. 

Table 2: In situ development aspects in the enclosed publications. 

Sub-chapter Development aspect 

4.1.1. Thermal flow 

permeametry I/VI 

Permeametry can be used to analyze local variation in a 

sample, but it is very slow and difficult to integrate. 

4.1.2. PRBS Porosity 

analyzer II 

Porosity measurement with the Archimedean method or in-

trusion porosimeter method is laborious and slow and does 

not reveal closed porosity. A faster and integrated method is 

needed. 

 4.1.3 Grit blaster for 

fiber structure thermal 

history III 

Thermal history can be measured from a millimeter size 

sample with a dilatometer, but hardly at all in local rigidiza-

tion in a large sample. A new in situ method is needed. 

4.1.4 Automatic pore 

parameter analyzer 

IV/VII 

Pore structure can be characterized from a microscope im-

age but for quantified data with samples with many pores, 

analysis must be automated. 

4.1.5. Non-contact sus-

pension analyzer V 

Flocculation, especially in thick suspensions, must be meas-

ured with laboratory devices; long response time is not pos-

sible in lean production. 

4.1.6. Granule strength 

measurement VII 

Single granule strength measurement is not feasi-

ble/possible. In industrial production, a robust, comprehen-

sive and rapid method is needed. 

4.1.1 Thermal flow permeametry I/VI 

Relevance 

In our industrially funded project, fiber structures were previously analyzed by measur-

ing the total pressure drop over the structure, but it was soon discovered in [I] that the 

structure had local variations in permeability, which affected flow properties through the 

structure. Later, the mechanical properties were also found to differ locally [III], and 
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local variation in permeability was recognized as the most significant variable for a 

tracking parameter for the outlined features. 

Evidently, a permeameter could not be used to measure local permeability, because 

measurement had to be carried out by blocking and unblocking the structure, which 

would have been very laborious. The permeameter was chosen as a reference method, 

and a thermal flow permeametry (TFP)38 was developed. 

Aim  

The focus of TFP was to locate a difference in local permeability in a structure with 

permeating porosity. Articles [I, VI] showed that this can be done with the simple ap-

proach of measuring how a hot air flow heats the surface of a structure. 

A particular difficulty in this case was that conduction through fiber and gas are equally 

dominant in heat transfer [118]; however, we wanted to measure only conduction 

through gas and thus link it with the permeability of the structure. We achieved this by 

choosing the correct measuring parameters and assuring that conduction through fi-

bers could be ignored. 

The method aimed at quick analysis of hot gas filter elements whose permeability was 

not always even due to inexact manufacturing or patchy cleaning [139] during use. 

Laboratory counterparts of the method 

The method's closest laboratory counterparts are different permeameters, such as 

those in [126]. The principle of permeameters is presented in subsection 2.4.2 

(Permeability), but, in short, permeability is measured by drawing or pushing fluid 

through a specimen while the pressure difference caused by the specimen at a specific 

flow velocity is measured. If permeability is needed over a certain section of the speci-

men, the other areas must be blocked or a device such as the miniporopermeameter 

[140] must be used. 

In addition, extrusion porometers and intrusion porosimeters are sometimes used for 

similar purposes, although they aim at quantifiable results with hundred-fold smaller 

specimens. 

  

                                                

38 A method called thermoporometry [161] should not be confused with TFP. 
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Comparison  

The research problem and reason for developing TFP was that "permeametry can be 

used to analyze local variation in a sample, but it is very slow and difficult to integrate." 

The following compares the characteristics of TFP to its laboratory counterparts. 

Robustness 

A thermal image can be acquired from a distance, thus increasing work safety. This 

does not need human involvement and no hazardous substances such as mercury. 

The method is robust because it is simple and because it uses only a thermal camera 

and hot air flow. 

Integrability 

Furthermore, the method is non-destructive in contrast to a mercury porosimeter or 

extrusion porometry, which may require glue to clamp the sample. Moreover, methods 

that use liquids cannot be used with certain specimens. 

TFP is quick, though the intention in the articles was not to optimize time, it took only 

40 seconds per measurement,39 which facilitates integration into a rapid production 

process. Methods such as mercury porosimetry or extrusion porometer take several 

minutes for measure a sample plus time to prepare it. 

The method can be fully automated, and if hot air must anyway be pushed through the 

structure,40 it can be synergistically implemented with production only by adding ther-

mal imaging to the process. 

Reliability 

Air, being a fluid used for measuring, gives more functional results in certain applica-

tions, such as hot gas filter elements. This is due to the specimen's possible reactions 

with liquids, should they be used in the measurement. 

Air pressure is the only variable in the process. Other than that, the method has no 

consumable parts which increases its reliability. 

  

                                                

39 This could be cut down even further if necessary. 
40 For instance, to release the component from a mold. 
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Comprehensiveness 

The method can measure large material volumes, as shown in our measurement, in 

which we used over a 2-m tall component with an outer dimension of 0.15 m. In com-

parison, mercury porosimetry uses samples in a size range of one cubic centimeter. 

[128] 

The TFP method can locate differences in permeability in a single measurement 

through the whole structure, whereas the conventional methods require multiple sam-

ple analyses or blocking of certain sample areas, and the miniporopermeameter is ca-

pable of characterizing only the surface. 

4.1.2 PRBS Porosity analyzer II 

Relevance 

Heat treatment temperature and the duration of sintering together with the initial com-

position and grain size affect the evolution of the porosity of a structure, which in turn 

affects the strength and functional properties of porous ceramics. Porosity is thus a 

significant material parameter, but typical methods, such as Archimedean or mercury 

methods, which use water buoyancy or liquid intrusion as the tracking parameter, are 

not industrially feasible, though they could be used as a reference.  

Electrical capacitance, a tracking parameter quicker and more non-destructive than the 

above, was chosen, and an in situ method was developed to measure it. 

Aim 

In porosity analysis, the focus was to find an in situ method that could be used for non-

destructive analysis of the total porosity of a ceramic component. Article [II] shows how 

an in-house built capacitive measuring device, which used a pseudo-random binary 

sequence, could distinguish components whose total porosities were 3, 18, and 33 %. 

During its development, the method had no dedicated application; it was developed in 

general to analyze changes in porosity in different manufacturing steps, such as sinter-

ing, or to analyze the density of, e.g., mining filters. 

Laboratory counterparts of the method 

The method's closest laboratory counterpart is the Archimedean method, which was 

used to certify the functionality of the electrical method. In addition, mercury porosime-
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try is related but aims at more quantifiable results. Both related methods are presented 

in subsection 2.4.1 Porosity and pore size distribution. 

Comparison 

Measuring porosity with the Archimedean method or the intrusion porosimeter is labo-

rious and slow and does not reveal closed porosity. Therefore, a faster and more inte-

grated method is necessary. 

Robustness 

Electrical sensors can be built on nearly any non-porous, electrically insulating material. 

Only the electrodes must be exposed to the outside atmosphere. 

Integrability 

A specimen is measured by placing it between two electrode plates and measuring it 

for a couple of seconds. The procedure can be automated and the plates integrated, 

e.g., into the transfer clamps used to move the product. With a pseudo-random binary-

sequence signal, measurement can be done in a couple of seconds compared to a 

regular frequency sweep, which can take minutes. This enables integrating the meas-

urement into rapid production flow. 

Measuring porosity with the Archimedean method takes more than 30 hours according 

to the standard in [134], with at least an hour of direct labor time, which renders the 

method unsuitable for in situ measurement. Mercury porosimetry uses a toxic fluid and 

applies high pressure to the specimen and thus cannot be considered an in situ meth-

od at all. 

Reliability 

Our method is currently in its early stages of development, but it is expected to meas-

ure the whole porosity by analyzing the total permeability of the sample. Air in the 

pores lowers permeability, but also water may interact with the specimen. These ef-

fects can hopefully be counteracted in the future by changing the measuring frequen-

cies so that the specimen need not be dried and that the original specimen can be 

measured without evacuation or submersion in liquid. However, [124] questions wheth-

er the mercury porosimeter measure the original structure or an altered sample that 

may have been changed in preparation or during measurement. Furthermore, mercury 

porosimetry calculations are based on cylindrical ideal pores, which  commonly leads 

to underestimation of pore size [141]. 
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Laboratory counterparts of the method 

The closest laboratory counterpart was a dilatometer experiment, which I had also de-

veloped at TUT, and which could also estimate the highest temperature to which the 

specimen had been subjected. A dilatometer measures the initiation point of sintering. 

In the structure studied in [III], certain phase changes could also be used as internal 

markers to indicate if a structure had been heated above a certain temperature, these 

changes could be seen with x-ray diffraction. 

Comparison 

Thermal history can be measured from a millimeter size sample with a dilatometer, but 

when local rigidization takes place in a large sample, it is almost impossible to measure 

the history. Therefore, a new in situ method is necessary. 

Robustness 

The method used an industrial grade grit blaster and glass grit that was ejected with 

compressed air, making the device applicable also at industrial atmosphere. A chal-

lenge with the test setup used in [III] was that the grit blaster could not provide a steady 

grit flow for more than 5 seconds; thus we could not use a continuous grit flow for 

measurement. This difficulty could have been avoided with a better feed system. In 

addition, grit moisture was seen to affect flowability. Otherwise, the system was very 

robust and applicable on site. 

Integrability 

The method was initially intended for an automated testing rig, where the grit blasting 

erosion capability would have been adjusted to erode only a specimen with no life time 

left. As such, it could be used in the plant for non-destructive analysis, but for now the 

method is applicable for destructive lot sample testing on site. Compared to the dila-

tometer, this is still good progress, because the dilatometer had to be used in a labora-

tory and needed sample preparation. 

Reliability 

The reliability of this method was tested by heating a similar specimen at a different 

temperature at 100-200 °C intervals from 400 °C up to 1050 °C. The specimens were 

easily distinguishable as they showed a minimal variation in crater depth. Certain relia-

bility problems were encountered with a relatively inexpensive grit blaster, leading to an 
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unsteady grit flow during long blasting sessions. The problem was tackled by limiting 

the blasts to five-second bursts. 

Comprehensiveness 

The method was developed primarily to increase the comprehensiveness of the test in 

comparison to dilatometer measurement. In dilatometer measurement, a 20-mm, rod-

shaped sample was heated and cooled while following its length changes. Sample 

preparation took about 15 minutes, and a single measurement 7 hours. In grit blasting, 

no sample preparation was needed, and one measurement took 5 seconds, plus a 

couple of seconds to measure the crater depth. Thus a whole 2-m filter element could 

be tested in one axial direction, whereas with a dilatometer the measurement location 

had to be guessed, based on how the element looked or felt. 

4.1.4 Automatic pore parameter analyzer IV 

Relevance  

In [IV], it was discovered that with the same porosity, certain structures fabricated with 

different parameters had markedly different strength. Closely studied, the structures 

revealed that their pores differed in shape from that of the studied material parameter. 

The tracking parameter was set as the pore aspect ratio and strength was used as ref-

erence. Pore properties had to be extracted from SEM images, a task beyond human 

capability, so a method with in situ characteristics had to be engineered. 

Aim 

An in-house algorithm was used to analyze images in [IV]. Analysis was based on au-

tomatic segmentation, followed by feature extraction. This procedure was developed to 

increase precision in images of hundreds of analyzed objects to obtain quantitative 

results by feature analysis. In analytically more straightforward cases in [VI,VII], imageJ 

[136] was used, but the zeolite structures in [IV] could not have been easily analyzed 

without an adaptive filter and dedicated feature extraction, which are presented in [135]. 

Laboratory counterparts of the method 

The only counterpart of image analysis is to measure features in images by hand, 

which is impossible or at least cumbersome with images with many features. In [IV], 

different pore size parameters were analyzed from samples, which had straight and 

even capillaries; consequently, poro- and porosimeters can be considered counterparts 

here, though the two approaches are basically different (as described in Characteriza-
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tion of pores) when more heterogeneous structures are compared. Two-dimensional 

image analysis should thus be viewed mostly as a method to analyze pore shape, 

which we aimed to quantify. 

Comparison 

Pore structures can be characterized from a microscope image, but since in situ analy-

sis aims at quantified data, analysis must be automated. 

Robustness  

Images used for analysis were automatically preprocessed to enhance their contrast 

via adaptive histogram equalization and to remove noise from the images. This method 

had an adaptive algorithm, which allowed analysis of difficult images with changes in 

contrast or intensity. In addition, supervised learning, a method that taught the algo-

rithm to spot interesting objects in an image, was used to further the applicability of the 

method. 

Integrability 

Extracting features, such as pore dimensions or particle size, from a preprocessed and 

segmented image yielded numerical results, which could be directly incorporated in the 

work flow after image analysis.  

Reliability 

To assure the user of the results, the algorithm showed how it recognized pores. In fact, 

when tested, the algorithm recognized pores more consistently than any human being. 

Comprehensiveness 

The method analyzes a whole set of multiple images at once and yields features such 

as pore orientation or shape. Similar analysis cannot be carried out by hand. 
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4.1.5 Non-contact suspension analyzer V 

Relevance 

Colloidal particles are separated due to electrical fields around them. When particles 

stick together, gravity causes sedimentation, and the suspension can no longer remain 

homogenous. To study the homogeneity of a suspension, the solid content at the bot-

tom was chosen as the material parameters and tracked with changes in resonant fre-

quency, applied with an in-house built LC-circuit. The frequency was referenced with 

the amount of added solids and viscosity of the suspension. 

Aim 

Suspension analysis aimed at in situ measurement of suspensions. Initially, this tech-

nique was tested by measuring the amount of aluminum oxide and dispersing agent in 

an aqueous suspension to engineer a method that could be used, e.g., to detect ag-

glomeration or unattached dispersing agent molecules to improve slurry processes. 

The first publication on the topic, [V], demonstrated how a feature calculated from a 

resonance signal was linked with the amounts of dispersing agent and aluminum oxide 

to yield an online method for measuring the relative amounts of both ingredients. If mul-

tiple measuring points could be fixed at different levels, the homogeneity of a suspen-

sion could be analyzed. One publication has been written in Finnish to describe and 

market the idea [142]. 

Laboratory counterparts of the method 

Suspensions are analyzed with functional and quantitative methods. Functional meth-

ods, such as rheometry, study the viscosity of a suspension and link it with solid con-

tent and suspension state. Other methods, such as turbidity meters, measure the sus-

pension's solid content usually through changes in the intensity of a light beam. These 

methods do not focus on the charges on the surface of particles, whereas the zeta po-

tentiometer measures that by focusing on the difference in the electrical potential be-

tween a fluid and the electrical double layer surrounding a colloidal particle. However, 

in [V], we may have linked some high frequency electrical phenomenon with the quanti-

ty of the examined species to electrically measure the percentile amount of aluminum 

oxide or dispersing agent. 

Comparison 

Flocculation, especially in thick suspensions, must be measured with laboratory devic-

es; however, long response time is not possible in lean production. 



 

 

77 

Robustness 

Measurement was arranged in a non-contact manner so that an electrode used was 

embedded inside the suspension vessel, and so that it could be read through the ves-

sel chassis from outside. We did not need to touch or disturb the process in any way, 

which helped maintain sensor integrity. 

Integrability 

A measurement arranged in a non-contact manner and read through a non-conductive 

material can be easily integrated. Raw data can be analyzed using an algorithm to ex-

tract features and thus to automate measurement and give it boundaries to determine 

the preferred state of the suspension. 

Reliability 

The reliability of the method is seen in [V] when reference measurements with isopro-

panol were made between each measurement. The measurement could be easily re-

peated. However, long-term contamination or colloid agglomeration on the electrode 

may cause difficulty. 

Comprehensiveness 

The method can be directly incorporated in a suspension vessel, obviating thus lot 

sampling, which might alter the suspension. The measurement gives readings only of 

the vicinity of the electrode, but multiple electrodes can be placed in various parts of 

the container to determine the homogeneity of the suspension. 

4.1.6 Granule strength measurement VII 

Relevance 

Powders are granulated for numerous reasons, and one important feature of a granule 

is its durability in the intended use. Granules have usually plastic binders, which alter 

their behavior from rigid granules studied in [VII]. Granules are studied in situ with 

methods that focus mainly on flowability [143], shape, or size. Yet granule strength is 

one important measure that can be studied by compressing a single granule. This does 

not give a very comprehensive picture of how granules behave, nor is it possible with 

small granules. Therefore, the compressive strength of a bed of granules was chosen 

as the tracking parameter, linked with the breakage of individual granules and using 

particle size and SEM images for reference. 
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Aim 

In [VII], an in situ measurement method was refined for further semi-automatization for 

the bed strength of rigid granules. A large amount of granules was compressed with a 

piston to gain a curve that, when examined in a half-logarithmic plot, showed certain 

areas linked with granule rearrangement, breakage, and rearrangement of primary par-

ticles. 

Laboratory counterparts of the method 

Granule strength is studied mainly by individually compressing granules [144], and 

studies on bed compression have been limited to non-rigid granules [145]. In situ stud-

ies of granule strength focus on process-relevant dynamic testing methods [143]; thus 

their closest counterpart is single granule compression. 

Comparison 

The strength of a single granule cannot be measured. In industrial production, a robust, 

comprehensive, and rapid method is thus necessary. 

Robustness 

The method uses a simple piston-cylinder tool, which can be inserted in any material 

testing device. Interpretation of the results ignores any noise caused by the alignment 

or wear of the measuring tool. 

Integrability 

The compression procedure could be automated and integrated into a granulation unit. 

In addition, analysis of the compression curve can be automated with tangential fitting 

(presented in [146]). 

Reliability 

The reliability of the method was addressed in [VII] by measuring the observational 

error as 0.5 MPa for compression granulated kaolinite powder with an average strength 

of 3.3 MPa. The measured bed strength was affected by granule shape, size, and den-

sity; consequently, whenever the strength must be changed, measurements should be 

accompanied by other type of analysis, e.g., SEM. 
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Comprehensiveness 

Granules are normally produced by the kilo or ton, and measurement is tailored to ap-

proximately 1 gram of granulated powder, which is a lot type measurement. However, 

in comparison to crushing one granule under a microscope, the method can be used 

with a robust compression tool, whereby crushing a gram of micron-size granules easi-

ly adds up to crushing millions of granules at a time. 

4.2 Pore- and porosity-related findings 

An added contribution to materials science is provided in articles [II-V; VII] (as [I; VI] are 

purely application oriented). Their contribution is basically related to pores, porosity, 

and their affect. 

In 1.3.3 (Specific challenges and research questions in the thesis), each publication 

topic was introduced in terms of research and described as below. The questions are 

individually addressed in the following subsections, which are organized first to sum-

marize and then discuss each result. 

Table 3 Sections and research aspects. 

Section Research aspect 

4.2.1. Reaction of interfaces to 

electrical signals II/V 

Is it possible to nondestructively measure the po-

rosity of a ceramic sample? 

Can the flocculation of a suspension be measured 

during its preparation? 

4.2.2. Fiber-free length III How can the rigidization of a fiber structure be 

linked with the structure's thermal history 

4.2.3. Effect of pore parameters 

on compression strength IV 

What is the link between a structure's pore param-

eters and its crushing strength? 

4.2.4 Strength of rigid granules 

VII 

Can granule strength be measured from a granule 

bed instead of measuring a single granule? 

4.2.1 Reaction of interfaces to electrical signals II/V 

Results of capacitive porosity measurements  

Publication [II] focused on using a frequency-response method with a capacitor-type 

measuring device. Sintered aluminum oxide plates were placed in the electric field of a 
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capacitor so that the electrical permittivity of the plates affected the capacitance of the 

measuring device. The plates were fabricated with an identical slip casting process, but 

when sintering temperature was altered, changes appeared in the measured capaci-

tance, this was linked with the amount of total porosity measured with on the Archime-

dean principle. 

Discussion of capacitive porosity measurements 

From the correlation between porosity and capacitance, we deduced that with alumina 

samples sintered at a low temperature capacitance dropped because of increasing 

porosity. This indicated that the dielectric constant of the measured sample was affect-

ed by the volume average of the dielectric constants of the materials between the ca-

pacitor plates. In alumina samples with low porosity, a high volume of empty space, i.e., 

pores, containing air lowered the dielectric constant. 

Results of resonance-based suspension measurements 

Publication [V] focused on using a resonance-based sensor to study the solid content 

and the content of dispersing agent in a traditional aqueous suspension. Results show 

that the place of the dip in the resonator gain-frequency curve was dominated by the 

amount of alumina particles in the suspension, whereas its width was dominated by the 

amount of steric dispersing agent. This result was assumed to derive from resonating 

ions. 

Discussion of resonance-based suspension measurements 

In simple terms, the suspension double layer presumably resonates with a high-

frequency electrical field, and the resonance frequency changes with the local amount 

of net charge, i.e., the amount of particle surface near the electric field used to probe 

the suspension. In detail, the electrical charges of a suspension depend on how parti-

cles and the double layer surrounding them are affected by the balancing ions from the 

suspending liquid. Present models and theories also acknowledge non-equilibrium re-

actions affecting the charging and the counter-ions added by the particles and point out 

that time-dependent relaxation may be seen with high frequency electric fields. [147] 

4.2.2 Fiber-free length III 

Results 

Publication [III] sought to determine the mechanical characteristics that are linked with 

the effect of temperatures lower than those causing crystallization on a fibrous alumi-
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4.2.4 Strength of rigid granules VII 

Results 

Publication [VII] studied if the bed compressive strength of micron size and rigid ceram-

ic granules could be derived from load-displacement measurement in cylindrical uniax-

ial compression. This was found to be possible when the load displacement curve was 

first converted to pressure-relative density, and when pressure was presented on a 

logarithmic scale to highlight regions in the curve. The compression curve had the 

highest curvature in the region where the granules broke. Granule breakage was in-

spected with particle size measurement before and after passing the region and by 

inspecting microscope images before and after the region. 

Discussion 

Similar regional behavior as predicted by theory in subsection 2.2.3. (Strength of a 

granular bed under compression) was seen in the pressure-relative density curve, indi-

cating that uniaxial compression can be applied to rigid and small granules. A method, 

using linear fitting and suggested in [VII], shows approximated bed crushing strength 

and can be used as a qualitative characteristic for granule strength. Though we must 

keep in mind that in reality granules do not yield to a singular stress but to a stress 

span dictated by the uneven stress distribution in the granule bed during the compres-

sion. Stress distribution is affected by range of granule size, shape and strength of in-

dividual granules. 
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5 Conclusions: in situ measurement of pore-related 
characteristics 

This chapter concludes the introduction to this thesis. The first section concludes in situ 

development, and the next one continues with a materials science perspective on the 

pore and porosity related part covered by the research linked with this thesis. The sub-

sections answer the research questions and give recommendations for further research. 

The chapter ends with a final executive summary of the whole introduction. 

The thesis features 14 diagrams from the empty Diagram 1 with all the topics to be 

covered and then filling the empty domains with topical diagrams 2-13. All these dia-

grams are collated in Diagram 14 on the next spread. 
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Diagram 14: All diagrams. 
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The same approach was used to develop all the devices. It proved applicable to the 

task giving a positive answer to the research question 1a. In addition it shows a one 

possible approach to others who strive to develop similar in situ measurements. 

5.1.2 Observations of the in situ methods in publications I-VII 

Chapter I explained how industrial production facilities benefit from in-situ methods 

featuring robustness, integrability, reliability, and comprehensiveness. In section IV, I 

presented six methods, developed at TUT in cooperation with other researchers, which 

exhibit these features in different degrees. The following Table 1 lists the methods and 

compares their features to the features of the devices that are currently used for the 

same task. The comparison intends to show the success of the development of the 

methods, disclose their current state of development, and point the way to their contin-

ued integration, the topic of the next subsection. 
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5.1.3.1 Route of an in situ device from design to use in processes 

This thesis is mostly limited to the development steps of new in situ methods, but the 

different integration routes of the methods are compared in the following for future ref-

erence (the reader is referred to "Table 2: Comparison of in-situ methods"): 

�x I/VI: the method is the most comprehensive on the list for quickly measuring a 
whole product, and it can be easily integrated to its intended use41. Its reliabil-
ity is high with a direct route to process integration. The challenge in integra-
tion is clear presentation of data and setting acceptable quality limits, which 
must be carried out at the production plant. 

�x II: compared to existing methods, the porosity analyzer is comprehensive. In 
its intended use, it can scan a whole product but has problems with integrabil-
ity issues coming from the shape limits of the measured pieces42. The system 
is also quite delicate. For production use, the device must be more robust in 
mechanical design and its integration must be dealt with. The route is to in-
crease its robustness, develop a systematic way of contact with the meas-
ured product, and then in the production facility laboratory, test the system in 
a simulated process environment. It would also help to directly link the cut-off 
frequency with the measured sample's dielectric constant and to understand 
the interfacial effect of water on measurement. 

�x III: The grit blaster is a robust tool with no special attention necessary in use. 
Because it is a destructive method, it is clearly not an online tool, but it can be 
used next to a production line. However, it has some reliability issues with 
uneven grit flow and with erosion of the measured structure, which in long 
term use must be examined for variables other than temperature. Its route to 
a production line needs laboratory testing for an even grit flow and clarifica-
tion of the erosion process. After that, it can be quickly applied on a produc-
tion line. 

�x IV: From the method's perspective, the auto pore parameter analyzer is com-
prehensive, as it analyzes a whole microscope image at a time. Its reliability 
has also been found to be high. It is difficult to integrate into a production pro-
cess, but in production laboratories, it makes the work flow leaner, especially 
because it is robust with its self-adaptive algorithm taking care of, e.g., varia-
tions in contrast. The route to its in situ use is to hone its user interface for 
easy introduction to the personnel. 

�x V: The suspension analyzer is a robust and integrable device. The sensor 
can be directly implanted in a process stream, or it can be used to measure 
through a container. Its reliability, however, is an issue, since its long-term 
use may cause dirt to accumulate on the sensors or the container wall. An-
other issue is that the processes and the measured quantity are not well un-

                                                

41 Hot air is anyway ejected through the structure during manufacturing.  
42 The contact between the measuring electrode and the measured product affects meas-
urement results. 



 

 

91 

derstood. Its comprehensiveness depends on how many sensors are used at 
a time. Its route is to increase reliability in direct production line testing and 
scouting for phenomena that affect the electrical response of the suspension. 
Research is also needed to understand the reason behind the changes in 
resonant frequency when particles with surface charges or ions are added in 
the suspension. 

�x VII: The granule bed strength device is a destructive tool that can be used 
next to a production line. It is semiautomated, and effort has been made to 
automate the compression curve analysis. In contrast to measuring one 
granule at a time, it is quite comprehensive, measuring a statistically signifi-
cant number of granules. Its reliability is quite good, but some of its compo-
nents depend on the user. Its route to production is to automate it further and 
build a working user interface to increase its robustness and reliability. The 
method has been used in [151]. 

The next subsection concludes on the importance of the different characteristics based 

on six case examples. 

5.1.4 Importance of the characteristics of in situ measurement 

In-situ measurement has clear benefits in industry: faster reaction times yield savings 

in sample preparation, transport, and analysis. Integrated characterization also links 

with the lean principle of minimizing non-value adding tasks and finding the root causes 

for process phenomena. The latter means that a direct measurement reveals the pro-

cess in more detail43, helps understand it more deeply, improves product quality, con-

sistency, and process efficiency, which all contribute to less process waste. 

Yet benefits must exceed risks for the industrial partners to be interested in them. Risks 

come from investing in a new characterization method that has purchase, installation, 

and service costs. To minimize these risks, the route and the way the system is com-

bined with an in situ device must be aligned with the state of maturity of the device. To 

answer research question 1b, the following list acknowledges that in situ methods con-

tain to a degree the following attributes, which affect their development route in the 

following manner: 

�x Robustness. Robustness of devices is a key issue when the device is in-
stalled in production. High robustness results in no need of special attention 
paid to the surroundings and to the safety/use training of personnel. Instead, 
highly robust devices can be straightforwardly incorporated in the process. 

                                                

43 For example, controlling a process based on time or temperature relies on historical data, 
whereas direct measurement of a process state takes into account variations in the process. 
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strength. The novelty here was that our research proved that analysis could be done 

with small and brittle granules. However, parameters such as granule shape and size 

affect the feature so that the method may not function universally. Finding means to 

calculate the derivate of the compression pressure-relative density curve might help 

discover a more precise feature and set research towards automated data analytics. 

5.3 Summary 

This introduction presented seven peer reviewed articles focused mainly on novel 

characterization methods to analyze pores [IV], porosity [II], and the effect of pores on 

mechanical parameters [III, IV, VII] and permeability [I, VI], and to characterize the evo-

lution of material parameters in the manufacture of porous materials [V, VII]. Fig. 16 

shows the different pore structures of the materials used in the case studies. 

The viewpoint of the introduction was written from in situ characterization. In situ 

measurement was defined as something that could be carried out in-line, online, or at 

least on a production site. The choice of the viewpoint was clear, since all the charac-

terization methods aimed at robust and comprehensive industrial measurement in ex-

change for precise and meticulous laboratory analysis. The pharmaceutical industry 

was the first to see the need for in situ measurements, but it has been argued that as 

production goes lean, the accompanying straightforward process control requires nec-

essarily robust, integrable, reliable, and comprehensive in situ measurement and pro-

cess sensoring. Fig. 16 shows the developed in situ methods. 



 

 

96 

 

Figure 16: Sample materials and in situ methods. 

The methods were developed systematically in steps that started from understanding 

the material parameters linked with the quality of the process and finding a parameter 

to track it. The parameter had to be such that it could be measured in situ. The same 

approach was used to develop all the methods, proving that it was applicable to the 

development task. The methods reached varying states of maturity as to robustness, 

integratability, reliability, and comprehensiveness, which determined the way to inte-

grate and use measurements. In total, the development task was an interdisciplinary 

mission, covering such matters as process control issues, materials science, and au-

tomation. 

The methods presented in the enclosed publications were developed with industrial 

partners for a particular task, but they can all be extended to characterize the local 

permeability and mechanical properties of fibrous structures, the colloidal state of sus-

pensions, the porosity of consolidated materials, to automatically define a pore pa-

rameter in 2d-images, and to measure the strength of rigid granules. Some fundamen-

tal ideas in materials science were also covered, such as the connection between fiber-

free length and the rigidity of a fibrous structure, interface reactions of materials and 
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electrical signals, a link between pore parameters, and compressive strength in orient-

ed structures. 

I believe that the methods here are now at a stage in which industrial partners are nec-

essary for their further development and validation. Thus I end this summary with a 

challenge for industry to continue building the characterization methods and this ideol-

ogy with us. I believe that, especially with smart sensors, lean, and industrial internet, a 

change in paradigm from industrial laboratory analysis to in situ measurement is virtual-

ly inevitable. 
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Abstract. Fibrous bodies that contain open porosity can have a very heterogeneous structure 
that is difficult to characterize in terms of local flow resistance changes within the same 
sample. This article presents a method that is applicable for a quick analysis of flow 
distribution even with large samples. In this first attempt to understand how our flow 
distribution thermal imaging works, we present how the measuring parameters and the results 
correlate with sample�¶s thickness and density. The results indicate that our method can quickly 
make a distinction between areas that have different flow resistances because of variations in 
�W�K�H���V�D�P�S�O�H�¶�V��density or wall thickness. 

1.  Introduction 
Use of fibrous ceramics is widespread in high temperature applications such as furnace linings [1] and 
hot gas filter elements [2,3]. In some applications it is necessary to produce an even gas flow 
distribution within the same product because in the case of uneven flow distribution the product may 
malfunction. In filtration applications the filtration characteristics [4] and the cleaning of filter 
elements [5] depend on their structure. In addition, the mechanical characteristics of fibrous bodies are 
affected by uneven wall thickness and changes in bulk density, which are both difficult to measure. 

Conventionally, a permeability measurement [6] is used to analyze the flow resistance and changes 
in it. While the conventional methods can be reliable and fast to analyze the sample as a whole, they 
cannot be easily used to find differences within a same sample. Because of this a method better than 
the conventional flow permeability measurement is needed for local permeability analysis.  

Thermal imaging has been used in non-destructive testing before [7] but we have invented another 
way to take advantage of it. We have noticed that a randomly oriented fibrous structure heats faster in 
certain areas when hot air flows through it. This takes place due to local differences in the air 
permeability that in this case is mostly controlled by the wall thickness and bulk density of the sample. 

2.  Materials and Methods 

2.1.  Thermal imaging system 
Measurement system that we used is presented in figure 1. The system included a thermal camera 
(FLIR Thermacam PM595), length scale, and an adjustable air inlet. Air was blown through a porous 
sample while its surface was imaged with thermal camera. Air temperature and velocity was varied in 
the experiments. Sample dimensions and its thermal diffusivity are presented in table 1.  
                                                   
1 To whom any correspondence should be addressed. 
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Figure 1. A schematic presentation of the thermal imaging setup. 

2.2.  Material 
The materials in these experiments were composed of non-oriented, silicate based fibers, and some 
non-fibrous areas. An example of microstructure of the tested material is shown in figure 2. The fiber 
dimensions, size of non-fibrous parts, and material compositions are presented in table 1. 

 
Figure 2. SE-image of the studied fiber structure. 

The pore characterization was carried out with capillary flow porometry and mercury porosimetry. 
However the highly heterogeneous pore structure and a large size of the samples rendered the exact 
characterization of the material very difficult. Table 1 presents the measured pore characteristics. 

Table 1. Approximate material parameters. 

Dimensions 
Length [m] 2.4 
Radius [m] 0.2 
Wall thickness [m] 0.02 

Composition mostly Al2SiO5, CaSiO3 and amorphous SiO2 

Microstructure 
Fiber diameter [µm] 1 �± 10 
Fiber length [µm] below 1000 
Non-fibrous [µm] 10 �± 500 

Pore characteristics 

Mean flow pore size [µm] 4a 
Average pore diameter [µm] 4b 
Largest through pore [µm] 39a 
Porosity [%] 80b 

Thermal diffusivity @200°C [mm2/s] 0.3c 
a PMI capillary flow porometer   b Micrometrics poresizer 9320   c NETZSCH 457 MicroFlash 

Thermal camera 
(Measuring error ± 2%) 

Air in let with 
adjustable flow velocity 

and temperature 

Cylindrical 
sample with 
open bottom 
and closed 

top end 

Length 
scale 

non-
fibrous 
areas 
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3.  Results 
Tested samples behaved in two distinctive �Z�D�\�V�����,�Q���W�K�H���I�L�U�V�W���W�\�S�H���µstriped�¶ sample, hot air seemed to 
form stripes in the thermal images along the length of the sample, while in �W�K�H���V�H�F�R�Q�G���W�\�S�H���µspotted�¶ 
sample, large cold and hot spots formed. Examples of the two types are presented in the figure 3. The 
�µspotted�¶�� �W�\�S�H samples were mostly used in the studies but the �µstriped�¶ sample was used in the 
experiment in section 3.2 to show that wall thickness is not the only factor that determines the heating 
rate in the samples. 

 

 
 

Figure 3. Thermal images of two sample types.  

3.1.  Effect of measuring variables 
Preliminary measurements were carried out in order to see how the measuring variables, air 
temperature and flow velocity, affect the measurement. In figure 4 a same sample is first heated with a 
standard flow rate and temperature (reference), then with a flow velocity twice as high, then with 
temperature and flow velocity twice as high, and finally with the air flow from the opposite direction. 

 Thermal Images 
 

Parameters 
[°C]/ [l/min] 

Time 
[ sec] 

Temp. [°C] 
Max/Min/

Ave 

Ref. 
 

100/500 535 69/22/56 

2x Flow 
 

100/1000 195 72/23/53 

2x Flow 
2x Temp  

200/1000 90 88/33/63 

Flow 
reversed  

200/1000 120 106/51/70 

Figure 4. Effect of changing measurement parameters. Time is heating time during image capture.  

3.2.  Correlation of thickness and temperature variations 
�7�K�L�F�N�Q�H�V�V���F�K�D�Q�J�H�V���D�Q�G���D���W�K�H�U�P�D�O���L�P�D�J�H���R�I���D���µ�V�S�R�W�W�H�G�¶���V�D�P�S�O�H are presented in figure 5a. Thickness is 
measured in seven places across the length of the sample. Another thickness correlation is presented in 
figure 5b where in the �µspotted�¶ sample it is obvious that the faster heating rate on the left side is 
caused by smaller wall thickness and thus higher permeability, whereas in the �µstriped�¶ sample there is 
little correlation between the heating rate and wall thickness. In this case the heating rate differences 
have to be caused by some other factor, such as density variations between the cold and hot areas. 

Striped 

Spotted 
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Figure 5a. Sample thicknesses and its thermal image aligned together. 
5b. Wall thicknesses measured from three spots, thermal images aligned on the background. 

3.3.  Correlation of density and temperature variations 
Bulk density and a thermal image �R�I�� �D�� �µ�V�S�R�W�W�H�G�¶�� �V�D�P�S�O�H��are presented in figure 6. Density changes 
were calculated from weights and volume measurements that were carried out from dissected sample 
images using image processing methods. 

 

           

Figure 6. Sample density and its thermal image aligned together. 

(b) 

(a) 
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3.4.  Correlation of density x thickness and temperature variations 
Average thickness and density �R�I���D���µ�V�S�R�W�W�H�G�¶���V�D�P�S�O�H��from the above figures 5A and 6 are multiplied 
and the result is plotted together with the thermal image in figure 7. This is done in order to find out if 
this rough estimate of permeability is a function of both the density and thickness. This estimate does 
not take into account the pore characteristics that will affect the permeability but it still leads to a 
higher correlation than the ones presented before. This is further discussed in section 4. 

 

                 

Figure 7. Sample density times thickness and its thermal image aligned together. 

4.  Discussion 
First thing to notice in the above thermal images is that certain areas of the samples heat faster. In the 
section 3.1 we showed that this takes place regardless of the gas injection velocity, temperature, and 
direction of the gas flow. Together these prove that the heating rate differences are caused by certain 
characteristics of the sample, not the measuring setup. In order to find the dominant character that 
determines the heating rate in different areas, we visually correlated the thermal images with the local 
thickness and density of the samples. In the figure 5b the �W�K�H�U�P�D�O���L�P�D�J�H���R�I���D���µspotted�¶ sample seemed 
to contain hot and cold areas as a result of the variation in thickness of the sample. However, in the 
thermal image of the �µstriped�¶ sample, in the same figure, hot and cold areas were seen regardless of 
the negligible changes in wall thickness. This led us to understand that the thickness is not the only 
factor that controls the heating. After that we studied how density affects the heating rate and the 
correlation is presented in figure 6. Visual correlation is a little higher with density than with the wall 
thickness that indicates that the density dominates the heating rate over the wall thickness in this 
study. 

Yet even with a �µspotted�¶�� �V�D�P�S�O�H�� �W�K�H correlation seems to be the highest with the computational 
�I�D�F�W�R�U���³�W�K�L�F�N�Q�H�V�V���W�L�P�H�V���G�H�Q�V�L�W�\�´ that is presented in figure 7. Thus it can be deducted that the heating 
rate, in our particular experiment, is fixed by the relative flow resistance of the sample that is, at least 
partially a combination of the samples thickness and density. In this study we examined the samples 
only in terms of density and thickness changes but it is obvious that also the factors related to pore 
characteristics have an important role in the flow resistance as is shown by [8]. These characteristics 
are unfortunately difficult to measure in the heterogeneous fiber bodies. 

The measurements were carried out with a relatively cool air and high flow velocity which is 
especially important if the samples have high thermal diffusivity. With highly diffusive samples the 
high flow velocity eliminates the possibility of remarkable thermal diffusion [9] through the material 
which would have an effect on the measurements. In addition to choosing the right measuring 
parameters, we had samples that had a low thermal diffusivity as presented in table 1. Thus we believe 
that the differences in the heating rates are solely caused by differences in flow distribution of the 
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