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The UNIDO-Czechnslovakia Joint Programme i1 Pilsen is 

extending its assistance to dev~loping and least developed 

countries in differenL directions with the aim to assist the 

governments in the development of industries based on 

indigenous materials. During its 5-year axistence, the Joint 

Programme has met a lot of requests r'elated to the transfer' 

of technology and know-how. These. requirements have been 

submitted by the trainees participating in a nw~ber of 

Technical Workshops organized in Pilsen and by experts stationed 

in the field. 

The information on this process is transferred to developing 

and least developed countries by twinning arra~gements with their 

technological institutes, individual training, group training, 

testing and evaluation of raw materials together with techno­

logical research and proposals of technologies, renderin~ 

advisory activities and extension of technical assis~ance in 

energ.t· conservation. All these activities are connected with 

series of technoiogical calculations, regarding dim~nsional 

changes, density, porous solids, suspensions, body calculations, 

glaze and fritted glaze calculations and calcula~ions 

concerning heat transfer by conduction, convection and 

radiation. 

The present:ed handhook co·npri ses specific calculations 

applied in cera.nic industries. Main principles of calculations 

are dcconipanied with practical examples so that they can be 
used not only for the manufacturing processes but also ~n 

laboratories, institutes, t~chnical colleges and technicQl 

universities as teaching aid. It is the first summar~ 

publication embracing calculations related to all processes 

in the ceramic practice. 

Z. A. Engelthaler 
Chief E'xecutive 
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Calculations in Ceramics may be divided into two main 

parts. Calculations concerning technology, properties of 

ceramic mass and products, and calculations concerning heat 

tLansfer. 

A Technological calculation~ 

During the many stage3 of processing, ceramic ~aterials 

change in size, weight, composition, etc. These changes are 

often expressed in the form of percentages. There are three 

simple ideas involved in this procgdure. 

1. The change in a property is assessed by the difference 

between its final value und its initial value. 

2. The fractional change in the property is given by the 

ratio: 

chanqe in value 

initial value 

3. The percentage char.ge in the property is ~efined as: 

change value 

initial v~lue 
x 100 

i.e. Percentage change - Fractional Change x 100 

I. Dimensional Changes 

We recognize Drying, Firing and Total shrinkage. 

/1/ 

/2/ 
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2/ 

a/ Drying Shrinkaqe Qr Wet-Dry contrac~ion 

During the drying of clayware the physica:ly held 

moisture is removed and this is accompanied by a contraction 

of the product. In general, products having a high moisture 

ccntent at the beginning of the drying proGess undergo high 

d~ying shrinkages. The process is normally carried out at 
t~mperatures up to llo0 c. 

The length of a product made from plastic clay was in 

wet state /befor~ drying/ 20 cm, and in dry state /after 

drying/ 18,5 cm. The chang~ in length is 1,5 cm and this 

may be expressed according to eq./2/ in percentage form 
as follows: 

Percentage drying shrinkage - ~1. 100 - 7,5 %. 

'!·his should be referred to as the )_inear drying shrinkage, 

since the m~asurements are taken along a single line. 

In the labot.atory, it is often convenient to mark a line 

of length, say 5 or 10 i:m upon the trial piece whilst it is 

in the wet state. A further measurement, after drying, deter­
mines the wet-dry contraction. 

ExamEle 

Length - we4: state 100 mm 
Lerigth - dry sta"te 92 nun 
Cha.nge in length 8 mm 

Per.cP.ntage drying shrinkage 

Anothe: example 

8 

100 
• 100 - 8 %. 

The diameter of a plate in the mould during plastic 

shaping is 25 cm. The drying shrin'.:age is 6 % ; what will 
be the plate diameter after drying? 

Change in length /along the diameter/- 6 x 25 - l,5cm. 

Diameter after drying - 25 -1,5-23,S cm:oo 
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Suppose that the dried size and the percentage drying 

shrinkage are known. How may the initial size be calculated? 

A brick has ~ "dried length" ld - 16,1 cm. The wet-dry con­

traction of the product is 5,8 %. What was the length lp of 

the brick in the plastic state? 

Let lp represent the initial length of the brick, i.e. 
its length in the plastic state. Then, the change in 

lengt~ ~~ x lp /cm/ 

now 1 5,8 
lp p !00 • 16,l 

94,2 
lp 100 

16,l 

lp 16,l x 100 
94;2 17,l /cm/ 

b/ Firing ~rrinkaqe /Dry-fired Car.traction/ 

After drying, ceramic products ~re fired-usually to 

temperatures above 9oo0 c. During this heat treatment, the 

melting of the more fusible ~omponents causes a further 

shrinkage of the product. This firi~g shrinkage is entirely 

dependent upon the uomposition of the mix and the firing 

schedule employed. 

Calculations concerning this dry-fired contraction are 

similar to those already encountered during the drying process. 

F.xample 

The "Dried length" of a porcalain insulator is 6,53 cm. 

After firing, its length becomes 6,18 cm. 
Change in length ~ 0,35 cm 

Percentage firing shrinkage - ~f~~ x 100 - 5,36 %. 
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c/ Total Shrinkage /We~-f ired Contractionl 

The total shrinkage of a ceramic product takes into 
account the effects of both drying and firing. 

Consider the marked length of a trial specimen of the 
various stages of processing: 

Length /wet, plastic state/ , 
100 mm ..... p 

Length /dry state/ ••••••••••• ld 9"2 mm 
Length /fired state/ ••••••••• l -f aa mm 
Total change in length ...... s -t 12 mm 

Percentage drying shrinkage 
1

p - 1d 100-92 
sd - - • 100 - • 100 - 8 % /3/ lp , 100 

Percentage firing shrinkage 

ld - lf 
-- 92 - 88 sf - ld • 100 - 92 • lCO -4,35 % /4/ 

Percentage total shrinkage 

s -t • 100 - lOO - 88 • 100 - 12 ' 100 /5/ 

The sum of the percentage drying shrinkage and percen­
tage firing shrinkage is not equal to the percentage total 
shrinkage /since the percentage firing shrinkage is based 

upon ld whereas the others are evaluated on a basis of lp/ •. 

Example 

The required diameter of a finish product is 230 mm. 

If the firing contraction is 4,5 % and tledrying contrac­
tion is 3,15 %,calculate the eiameter after drying, the 
original mould diameter, and the percentage total 

l 
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5/ 

contraction. 

The dry-fired contraction is 4,5 %. L~t D be the length 
of the diameter after drying. Then: 

D - 4,5 
TOO D - 230 

95,5 D _ 230 
~ 

D !2Q . 230 - 241 mm 95,5 

The diameter after drying is 241 mm. The wet-dry 

contraction is 3,15 %. Let M be the original mould 
diameter. Then 

M _ 3,15 M 
100 

96,85 
100 

M 

241 

M - 241 

100 
96,85 • 241 - 249 mm 

The original mould diametez is 249 mm 

The total change in diameter is 249-230 - 19 mm 
19 Percentage total shrinkage -
230 

x 100 -8,26 %. 

d/ Volume shrinkage 

/6/ 

/7/ 

A more reliable assessment of shrinkage can sometimes 

be obtained, by considering changes in the volume of the 
clay product, at the various stages in its processing. 

Linear shrinkages may be different accor~ing to the dimen­
sion considered. 

It may be noted, that the maqnitucie of a vo).ume shr: .. nkaqe 
is approximately three times the linear shrinkage of the 
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same material. This fact may be demonstrated by considering 
a cube of the material, each side of which i~ "x" units of 

length, in the original state. Suppose that after processing, 

each side undergoes a change eq-Jal to "a" units of length. 
Then: 

Percentage linear shrinkage - ~ x 100 
x 

To find the percentage volume shrinkage: 

Original volume - x 3 cubic units 

Final volumP - /x·-a/3 cubic uni ts 

Percentage volume 

x3 /x3-3ax2+ 

x3- /x-a/ 3 
shrinkage - - x 100 

x3 
3a2x - a3/ x 100 

3 
2 

3 
2 

+ a 
3 

3a a 2 a 3] ax - x; x x 100 =(x- - 3/i/ +/i/ x 100 /8/ 

The quantity~ is small /"a• is much smaller than "x"/. 
x 2 3 

Moreover, the quantities /!/ and /~/ must be very x x 
small indeed, and in an approximation these terms may 
be neglected. Hence: 

Percentage volume shrinkage 

3a x 100 -x 

which is 3 times the value of the percentage linear 
shrinkage. 

e/ Moisture cont~ 

/9/ 

The weight of physically-held water in a sample of raw 

material is an important factor in assessing its suitabili­
ty for processing, or its actual composition or its economic 
value. 

I 
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It is necessary to measure and control the moisture 

content of ceramic products at the various manufacturing 

stages. Moisture content is determined by the loss in weight 

of a sample of the material after drying at 110°c. 

Percentage moisture content is 

Lw Ww . 100 - ~ /%/ 

or 

Lw -w • 100 - M____ /%/ D --o 

where Lw is the loss in weight of a sample after 

.drying at i10°c 

/10/ 

/ll/ 

Ww is the weight of a sample in wet-plastic state 

Mw is the percentage of moisture content on "wet" 

basis 
M

0 
ls the percer.tage of moisture content on "dry" 

basis 
w0 is the weight of a sample in dry state 

"Wet" or "Dry" b~sis for the expression of percentage moisture 

content 

Example 
A sample of china clay weighing 12,6 g is dried at 

110°c to a constant weight of 10,8 g. What is its moisture 

content? 
Loss in weight is 1,8 q 

Percentage moisture content is in accordance with /10/ 

100 - 1'! x 100 - 14,28 ' 12,6 

The basis of this calculation is the initial weigh~ of 

l 
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china clay i.e. the 'wet" weight • This is in accordance with 

the definition of percentage change as stated above. It is the 

commonly accepted basis for calculating percentage ~oisture 

content. 

In some cases, however, it is convenient to calculate 

the percentage moisture content on a "dry" basis. 

Consider a 2SO g sample of plastic ball clay consisti~~ 

of 200 q of dry clay and SO q of water. Then according to 

/10/ resp. /11/ 

a/ Percentag~ moisture content 

"Wet" basis 

Mw ~w • ioo - ~~o x 100 - 20 % 
w 

b/ Percentage moisture content 

"Dry" basis 

• 100 - so x 100 - 2S % 200 

The nwnerical difference between the percentages is 

appreciable. It is important, therefore, that whenever the 
dry basis is used for the expression of percentage moisture 

contents, the fact must be stated. 

Example 
One hundredwe:'.ght of plastic clay has a moisture C"ontent 

of 38 % /calculated or .. tl.e "dry,. basis/. Find the weights 

of water and dry clay involved in the mix, and calculate 

the percentage moisture conter.t on the "wet" basis. 

l 
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A 38 % moisture cont~nt /"dry" basis/ means that there 

is 38 parts by wei~ht of water to every 100 parts by 

weight of dry clay. Hence: 

In 500 g of plastic clay there is 

t~~ x 500 - 137,7 g of water 

and ~~ x 500 - 362,3 g of dry clay 

38 Percentage moisture content - I3'S' x 100 - 27,5 % 
/"wet" basis/ 

f / Relationship between percentage moisture content /dry 

basis/ and volume shrinkage 

The changes both in bize and weight of a material during 

the drying process may bE:. illustrated on the same diagram. 

This method of presentation is often used to depict the 

drying characteristics of different types of clays. 

Consider a sample of plastic clay consisting of 100 g 

of dry clay and 40 g of water. The percentage moisture content 

/d=y basis/ is 40 %. 

Suppose that the volume of the plastic clay is 80 cm3 

/point A on the diagram Fig.l/. Then ln the eaily stages of 

drying, if the plastic clay loses 3 g of water, the percen­

tage moisture content /dry basis/ will be reduced to 37 % 

and the volume of the plastic clay becomes 77 cm3• There will 

be a simple relationship between the two properties, viz. 
the size of the plastic mass and t!1e weight of water assccia­

ted with it reduce by the same amounts, numerically. The 

point C, on the diagram, is of considerable il!lportance. It 

is associated with : 
a/ a moisture content /dry basis/ of 18 % at M. This is 

known as the CRJ:TICAL MOISTURE CONTENT - which may be 
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differant with different types of clays. Below this value 
no further contraction takes place and drying may proceed 
more rapidly. 

b/ a volume of 58 cm3 which remains cvnstant and is the 
final volume reached in the shrinkage process. 

Fig.l 

30 I 

I 
I 
I 
I 
I 

0 1•------•1---M--~,------•1------....._ ____ ..,., 
10 20 30 4'0 50 

Percentage moisture content /dry basis/ 

Drying characteristics 

l 



11/ 

During the drying from C to D, no shrinkage occurs, 

since the solid particles are touching one another. The 
moisture in between the particles is gradually removed and 

the moisture content is recluced to zero at the point D. 

The point T /reached by the extension of AC/ indicates 
the volume of the dry clay particles alone. It is the 

theoretical volume to which the clay would contract if the 
particles fitted together perfectly. /This volume may be 

used to calculate the TRUE DENSITY of the clay, i.e. !~~3 
- 2.so g per cm3/ 

The volume difference between D and T /i.e. 18cm3;repre­
sents the ~ir space in th~ completely dried sample of clay­

and hence indicates ~he "packing characteristics" of the 
material. 

The diagram, therefore, provides a considerable amount 

of information concerning the physical properties of the clay. 

In particular, the shrinkage may be found for a drying opera­
tion between any required limits of moisture content. 

Example 

What contraction cccurs if the clay is completely dried 
from a moisture content /dry basis/ of 32 %? 

Original volume 
Final volume 

72 cm3 

58 cm3 

Percentage volume shrinkage - ~~ x 100 - 19,S % 

The percentage linear shrinkage will be approximately 
in acc. with /9/ 19.5 _ 6 •5 % 

~ 

g/Loss-on-Iqnition 

The chemical analysis of a ceramic matertal is usually 
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determined on a sample which has be~n dried at !10°c, i.e. 

from which all physically-held water has been removed. To 

determine the loss-on-ignition. a known weight of the di:ied 

sample is heated to about l,ooo0 c and then rewe~ghed. 

The loss-on ignition, then, is the percentage loss in 
weight occuring over the temperature range ll0-1,000°c. It 

is due to the loss of chemically combined water, to the 

combustion of carbonaceous materials, and to the breakdown 

of such compounds as calcium carbonate. It, therefore, corres­

ponds to the weight loss of the material from the dry state 
to the fired state. 

A sample of dried ball clay weighs 1.2869 g. After 

ignition its weight is 1.1682 g. What is the percentage loss­
on-ignition? 

0 .1187 Percentage loss-on-ignition - 1 _2869 x 100 - 9.22 % /12/ 

The percentage loss-on ignition, together with the 

percentage weights of Si02 Al2o3 , Cao, and other "permanent" 

oxides, consti"l::utes the chemical analysis of the material. 

In practice, the total of these percentage weights is seldom 

exactly 100.0 because of small inherent errors in the determi­

nation, and the difficulties involved in rem~ving traces of 

reagents and in detecting minute amounts of impurities. 

/Totals between 99.S and 100.S are commonly accepted./ 

Suppose that the analysis of a material is reported as: 

Si02 - 52.6 % 

Al2o3 - 21,4 % 

Loss-on-ignition 9,3 ' 
Other "permanent" oxides 16,7 ' 

rf this material were fired it would then consist of: 
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Si02 52.6 parts by weight 

Al203 21.4 parts by weight 
Other oxides 16.7 parts by weight 
Total 90.7 parts hy weight 

Converting this to percentage form: 

SiO - 52 •6 100 2 90.7 x 58.0 ' 

Al 0 21
•
4 

100 23 6 ' 2 3 - 90. 7 x - • 

Other oxides ~~:~ x 100 - 18.1 ' 

Total - 100.0 % 

Although the actual weight of silica /Sio
2

; remains unalt.ared 

during the firing, the fired material contains a greater 

proportion of silica than the dried material because of the 
loss-on ignition. 

To reduce the percentage of defective ware, i1 

advisable to test and control materials in the earl~er :;tages 

of production. Hence, analytical data are often obtained on 

the unfired product and, by calculations, the properties of 
the final article may be predicted. 

For adequate craze resistance a tired earthenware body 

is required to have a total silica content within the range 

72-75 %. If a sample of unfired body ~as 67.8 % Sio
2 

and 

a loss-on ignition of 7.3 %, w1ll it satisfy the necessary 
requirement? 

100 g unfired body 

/containing 67.8 q Sio2; 
92.7 g fired body 

/containing 67.8 g £i02/ 
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Percentage total sllica 

/calculated on the fired 'tndy/ :~:~ x 100 - 73.l % 

HencF the requirement is met. 

It is now possible to predict the final analysis of the 

fired product if sufficient information is given concerning 

the bcdy components. To illustrate this, consider the follo­
wing example: 

A body recipe is: Ball clay, 25; china clay, 25; flint, 
35; stone, 15. 

Analytical data: 

Ball clay China cl~y Flint Stone 
Si02 48.4 % 47.3 % 98.5 % 71.6 % 

Loss-1Jn ignition 11.s % 12.l % 0.2 % 1.2 % 

Calculate the percentage total silica in the fired body. 

Dry weight Fired weight Weight of silica 

in fired material* 

Ball clay 25 8 ~0~ x 25-22.1 48.4 
lOC x 25 - 12.1 

China clay 25 87.9 
lOOx 25 -22.0 47.3 

100 x 25 - 11.8 

Flint 35 99.8 
lOOx 35 -34.9 98.S 

TI5()x JS - 34.S 

Stone 15 98.8 15 _14.8 71.6 15 - 10.7 lOOx lC'O x 

Total 93.8 69.l 

~ The actual weight of ailica in the fired material is the 

same as that in the unfired material. 
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Hence 93.8 units of weight of fired body cont~in 69.l units 

of weight of silica 

Percentage t~tal silica 
/calculated on the fired body/ 

:;:~ x 100 - 73.7 /13/ 

h/ Problems 

L 
A test piece of bone china body has a •marked" length 
of 5.0 cm in the plastic state. After drying, the distan­

ce between the marks is 4.80 cm and after firing 4.35 cm. 

Calculate the percentage drying shrinkage the percenta­

ge firing shrinkage, and the percentage total shrinkage. 

According to /3/, /4/, and /5/ we may proceed as follows: 

length in wet, plastic state 

le_1gth in dry state 

lp - 5,0 cm 

ld - 4,8 cm 

lf 4,35 cm length in fired state 

Percentage drying shrinkage according to /3/: 

1 - 1d 5 4 8 sd - P 
1

P · • 100 - ~ ' • 100 - 4 % 

Percentage firing shrinkage - eq. /4/: 

ld - lf 
sf - 1 . 100 -

d 

418 - 4135 • 100 - 9,375 ' 
4,8 

Percentage total shrinkage - eq./5/ 

s -t 

1 - 1 
p f • 100 - 5 - 4,35 • 100 - 13 ' 

lp s 

2. 
A product has a fired lenqth of 235 mm, a drying 

shrinkage of 5.6 % and a firing shrinkage of 8.5 %. 

l 
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a 

16/ 

Ca~culate a tile •wet• lengthr b the •dry• length, and c 

the percantage total concentration. We shall apply the eq>~a­

tions 161 and /7/ calculate the D /or ld/ and M /lp/: 

D - S, 5 D - 235 
100 

9115 
D - 235 

100 

D - !QQ_, • 235 - 257 mm 
91,5 

The dry length ld /MD/ is 257 mm 

The wet length according /7/will be: 

M -
516 • M - 257 
100 

M - lOO • 257 - 272 mm 
94,4 

a/The wet length lp /or M/ is ~72 mm. Percentage total concen­

tration according to I C\ I 

s -
212

-
235 

• 100 - lL . 100 - 13,.€ % 
t 272 272 

3. The •die• size of a brick is 3lxl5x7 cm. If the total 

volume ahrinkaqe is 21,St, what is a/ the volume, and b/ the 

approximate length of the £ired brick ? 

The "die• i.e. the plastic /wet/ volume is 

VP - 31 x 15 x 7 - 3255 cm3 

The f ir~d volume will be 

a/ Vf - VP-
2~~~ • VP - 3255 - 700 - 2555 cm3 ~ 2,6 dm3 

• ~ 

I 
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li/ 

b/ Percentage total length shrinkage according to I 9 I 

• sv 
s - -

t 3 

21,5 . ---
3 

7,2 % 

where s is the perc~ntage volume shrinkage. v 

The approximate length of the brick will be: 

1 - 1 - 7,2 • 1 - 92,8 • lp 
f p 100 p 100 

1 92,8 
f - --. 

100 
31 - 28,8 cm 

4. 

A partially dried product has a moisture content of 6.0%. 

I! 4i tons oz such product are now dried completely, what 

weight of physically-held water is liberated? 

According to / 10 I 
L 

M 
w 100 MW - 6% ;i 4500 kg --w w w w 

6 
Lw 

x 100 L - 270 kg -- • 4500 w 

5. 
Weight of liberated water is 270 kg. 

The "dry" recipe of a bone china body is: Bone 50; China 

~lay 25; Stone 25. If the raw materials have moisture con-

tents of 4,2%, 8,1% and 2,5% respectively, what actual 

weights should be used to make 100 kg of dry body? 

a , 

I 
I 
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Bone: -
50 kg of raw material with 4,2, moisture content has 

95,8• dry material 

x kg of raw material with 0% moisture content has 

the ref ore 

China clay: 

2S kg 

x kq 

Stone: 

2S kg 

x kq 

6. 

100 % dry material 

x so - 100 : 9S,8 

so x 100 x - .-...;;......-_,.;;;..;..;;. - S2, 2 kq 
9S,8 

8,1% moisture 91,9% dry mat. 

0 % -"-

x- 2S x 100 

91,9 

100 % -"- -"-

27,2 kq 

2,5% moizture 97,S% dry mat. 

0 % -"- 100 % -"- -"-

x - 2s x loo - 25,64 kq 
97,5 

18/ 

Four tons of plastic clay has a moisture content of 4S,0% 

/dry basis/. Calculate a/ the weight of dry clay, b/ the 

weight of water, and c/ the percentage moisture content 

/wet basis/. 

According to /11/ 

Lw 
100 - "o 

where 
WO 

. Lw 

WO 

~ 

is the weight of water 

is the weight of dry clay 

is the percentage of moisture 

content on "dry" basis i.e. 45% 
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We do not know Lw and w0 , but we know that 

Lw + w0 - 4000 kg /4 tons of pl~stic clay/ 

therefore 

Lw 4000 - w0 will be inserted into /11/ 

4000 - w0 
• 100 - ~ 

14 5 w0 - 400000 

w0 - 2758,6 kg is the weight of dry clay. 

19/ 

The weight of water is 1241,4 kg which is 31% /wet basis/. 

7. 

What weights of dry clay and water must be mixed to yield 

2 kg of plastic clay having a moisture content of 48,0% 

/dry basis/ ? 

The calculation will be similar as in the example number 6. 

We shall use again the eq./ 11 I 

2000 9' 

2000 - w0 • 100 - 48 

148 w0 - 200000 

Weight. of water will be 648,6 g which .is 32,4% on wet basis. 
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8. 

5.0 g of plastic clay after drying at llo0 c weigh 4,216 g. 

When fired at l.loo0 c, the weight becomes 3,927 g. Calcula-

te a the percentage moisture content, and b the percen­

tage loss-on-ignition. According to eq. /10/ the percentage 

moisture content is 

M - 5-4,216 • 100 - 0,784. 100 - 15,7 % 
w 5 5 

The percentage of moisture content is 15,7%. 

According to eq./12/ the percentage loss-on-ignition is 

4,216 - 3,927 0 289 % 
o 100 - I o 100 - 6,85 

4,216 

TRe percentage loss-on-ignition is 6,85%. 

9. 

A partial analysi~ vn a sample of Ufif ired earthenware body 

shows 68,42% Si02 and a lo$s-on-ignition of 7,113%. Calcula.te 

the percentage silica in the fired body. 

The analysis od the material is: 

Si02 

loss-on-ignition 

other oxides 

total 

According to eq. /13 I 

percentage total silica 

Percentage total silica 

24,40 

100.-

68,42 
100 - 73,7 . 

92,8 
in the fired body is 

% 

73,7%. 
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II. Density 

Density P [kg m-3] is a property of subs~ances which is 

~etermined by the composition of the substance, does not 

depend on the place of measurement, but depend on the physi-

cal conditions, e.g. according to the relationship 

where p
0 

normal density ascertained under normal pressure, 

l,01325.l05 (Nm-2} and at normal temperature 

and 

T - o0 c n 

J-e - compressibility, 

~p p-pn , departure from standard pressure 

y 

T 

the volume thermal ~xpansion 

temperature 0 c 

In the study of the physical properties of a ceramic material, 

a knowledge of its density is of fundamental importance. 

The density of a body is defined b~he relationship between 

its mass and its volume. 

Density Mass 

Volume 

The mass o~ a body is the amount of natter in it, and it is 

measured by comparing its gravity pull /weight/ with that of 

standard mas.ses /boxes of weights/. For routine work in f ac­

tories and laboratories, the mass of a body is numerically 

the same as its weight: 

e.g. An object weighing 16,4 kg has a mass of 16,4 kg 

The basic SI unit of mass is 1 kg. 
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g, mg, 1w; and tare permited, although~ will normally be 

used for 1000 kg instead of Mg. 

The volume of a body is a measure of its "over-all" size, 

i.e. the amount of space it occupies. 

The main basic SI unit of volume is 1 m3 • Permited 

are 0,001 m
3 

which is l dm3 or 1 l and 0,000001 m3 which is 

1 cm
3 

or 1 ml. The basic SI unit of density is 1 kg m-3 . 

Used and permited are 1 kg dm-3 , 1 g cm-3 and 1 t m-3 which 

1 -3 all are equal ooo kg m • 

Examples~ 

1/ If 100 g of mercury occupy a volume of 7,35 cm3 

-Mass _ loo g then tbe density of mercury -
Volume 7,3Scm3 

13,6 g cm-3 

2/ A piece of glass weighs 14,26 g and has a volume of 5,8 

cm
3

• What is its density? 

Density of glass - 14126 g - 2,46 g cm-3 
5,8 cm3 

3/ A 50 ml bottle filled with a salt solution weighs 

95,286 g. rhe Weight Of the bottle is 42,341 g. What is 

the density of the salt solution? 

SO ml of salt solution weigh 52,945 g. Density of salt 

solution - 521945 - 1,059 q cm-3 
so 

-3 4/ A vitreous brick has a density of 2,54 g cm and weight 

2,5 kg ? What i~ its volume in cm3 ? 

Density - Weight 
Volume /1s/ 



·volume - Weight -
L>ensity 

Archimedes Principle 

2500 g _
3 

- 984,25 cm3 

2,54 gem 

23/ 

In measuring the density of solid bodies it is conve-

nient to use Archimedes' ~rinciple which states that: 

When a body is immersed ~n a fluid, its apparent loss 

in weight /upthrust/ is equal to the weight of fluid dis­

placed. 

With conventional laboratory equipment the volum~ of 

a solid material cannot be measured accurately, whereas 

weighings can be made with greater precision. The applica-

tion of Archimedes' Principle avoids the direct measurement 

of the volume of the svlid body. 

If D 

I 

the ndryn weight /i.e. in air/ of the body; and 

the weight of the body when immersed in water /densi­

ty of which is 1 gcm-3/ - often called suspended 

weight~ then 
,of :'1ater 

D - I- the numerical value of weight /in g/ having the same 

numerical value of volume /in cm3/ as the body. 

Hence, density of the body - _Q_ (9' cm-1. 
D-I 

Example. 

A solid piece of ~atal weighs 24,63 g in air and 19,86 g 

when immersed in water. What is its numerical vatue of 

density? 

Density of metal - ---~~._.;.;W~e~i~q~h-t;....;;o~f..__m~e-t~a~l;._ ______ • 
Weight of same volume of wat~r 



D ---
D-1 

~---2-4.~,~6-3._~ - 5,16 
24,63-19,86 

-3 gem 

'"\A I , ... , 

If a liquid other than water is used in determining the vo-

lume of the test material, then the density of the liquid 

itself must be taken into account. 

Example: A test piece weighs 20,42 g. i.hen immersed in pa­

raffin /of density 0,813 g per cm3/ its weight is 15,37 g. 

What is the density of the test material? 

By Archimedes' Principle, the apparent loss in weight 

/5,05 g/ is equal to the weight of paraffin displaced. 

Now, since Volume - Weight 
Density 

the volume of paraffin displaced - 5,05 

0,813 
= 

6,21 cm3 

and this is also the volume of the test piece. 

Hence, Density of the test material 20,42 -
6,21 

3,29 gcm-3 

The materials so far considered have been simple, uni­

form substances, existing in only one physical state, i.e. 

entirely as a solid or entirely as a liquid. 

Many ceramic materials are more complex, since they 

are often mixtures of components which have different phy­

sical states. The two main categories are: 
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1/ Porous Solids - composed of solid material inter-

spersed with pore spaces, e.g. a fired earthenware body; 

a plaster mould. 

2/ suspensions - consisting of solid particles in a 

liquid medium /usually water/, e.g. a casting slip; a glaze 

suspension. 

Values of mass, volume and density of several substances 

are in the following Table I. 

Table I. 

Material Weight/mass/ Volume Density 

Glass 41,66 g 16,8 cm3 2,48 gcm-3 

Paraffin 39,2 g so.- cm3 o, 784 .gcm-3 

Alumina 84,3 g 22,48 cm3 3,75 gcm-3 

Kaolin 156,0 62,4 cm3 2,5 -3 
g gem 

Steel. 1,0 t o,129 m 
3 7760.- kgm-3 

Exi'U1\ple: 

A vessel weighirig 48,6 g is completely filled with a 

liquid of density 1,575 gcm-3 • If the gross weight is then 

216,3 g what is the capacity of the vessel - in cm
3

• 

The weight of the liquid is 216,3 - 48,6 - 167,7 g. 

The capacity of the vessel will be then 

167,7 - 106,5 cm3 
1,575 
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III. Porous Solids 

Effect of Porosity en the Function of Ceramic Materials. 

The amount of pore space in a ceramic material has far-reach­

ing effects Qj its properties. 

A dense, non-porous material tends to dunt far more 

readily than a porous one, since the latter is capable of 

relieving stresses within the pore structure. 

Highly porous materials should not be used where there 

is a risk of corrosion, since the cavities provide centres 

of attack and a large overall surface area. Similarly, such 

materials have a low resistance to erosion and abrasion. 

In general terms, ware with high porosity has less me­

chanical strength than a similar vitreous product. 

Porosi~y play~ an important :=ale in the drying rates 

of clay goods. As might be expected, an open porous body can 

be dried rapidly. In the heavy clay industries highly plastic 

clays, which form closepacked. dense bodies,are difficult to 

dry at an economical rate. For this reason, manl' clays have 

to be heavily groqged, so that, without cracking or distort­

ing, they can be dried more quickly. 

The amount oi air phase pJ:esent influences thermal con­

ductivity. Materials with high porosity are generally good 

heat insulators and also have low electrical c~nductivity. 

The viscosity and density of a glaze suspension may 

need adjustment according to the porosity of the ware, in 

order to regulate the "pick-up" of glaze. 
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The vitrification characteristics of a ceramic material 

are often illustrated by a diagram showing the porosity 

of the material at many different firing temperatures. 

Pore Structure 

Most ceramic products c;ui be classed as porous solids, 

in which the continuity of the solid matter is interrupted 

by voids of different kinds. 

In general there are two main types of pores: open 

and sealed pores. Qpen pores are voids which are accessible 

/at the surface of the article/ to penetration by a fluid. 

They exist because of the imperfect packing of the indivi-

dual particles of the material and also to the escape of 

gases during drying and firing processes. 

Sealed pores are formed on firing when 

bubbles of gas are frozen into the glassy ma~r~x, or when 

open pores are sealed by moltEn material. 

Some clays a~d bodies •bloat• when overfired. This is 

due to the melting action of the fluxes, together with the 

evolution of gases from such impurities as calcium sulphate. 

Large numbers of bubbles and blisters are formed, and the 

article expands, becoming a mass of sealed pores as the 

bloating continues. 

Density of Porous Solids 

The density of a material has been defined as a rela­

tionship between its mass /weight/ and its volume. 

For a vitreous object there is only one weight and one 
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volume involved. 

For a porous solid, however, there are different ways 

of expressing its volume, and these must be defined before 

any precise meaning can be give.'.l to its density. 

There are three volume expressions in common use: 

l. Apparent Volume 

This is the •envelope• volume-of the porous solid 

/sometimes referred to as the Bulk Volume/, and includes 

the volume of the solid component, open pores and sealed 

pores. 

It may be determined by: 

a/ Physical measurements of the test piece in suitable 

cases, e.g. a porous brick of sides 29 x 14 x 6,5 cm has an 

apparent volume of 2639 
~ 

cm-. 

b/ Using a mercury displacement method, e.g. a volume­

ter /the mercury does not enter the small open pores/. 

c/ The difference between the soaked weight /S/ and 

the immersed weight /I/ of the piece. If water is used as 

the fluid medium, then the numerical value of /S-I/ g gives 

the apparent volume in cm3 • 

2. True Volume 

This refers to the volume of the solid component only. 

It may be determined by crushing the piece into powder form-

so that all the pores are destroyed - and then using a "den-

sity bottle" method. 
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3. Apparent-solid Volume 

This volume lies in between l and 2 . It is the 

volume of the solid component and sealed pores only, and 

is obtained from the difference be·;:ween the dry weight D 

and the i.nunersed weight I of the piece. 

s-r gives the volume of open pores+sealed pores+solid 

/11 I 

S-D gives the volume of open pores /18/ 

and by sulistraction 

D-I gives the volume of sealed pores+soiid 

A piece of porous material has only one weight /since 

the weight of air in the pore system may be neglected/. 

Consequently there are three expressions of density, corres-

ponding to the three volume expressions defined above. 

Apparent/or bulk/density - _____ w_e_i_g_h_t ____ _ 
Apparent volume 

True density - ____ w_e_i_g_h_t __ _ 
True volume 

ho/ 

Apparent solid-density - _________ w_e_i~g-h_t ______ _ 
Apparent-solid volume 

For all density expressions, the units employed must be 

clearly stated as kg per m3 ; g per cm3 ; kg per dm3 etc. 

Example 

A porous ceramic test piece has weight I dry/- 14, 62 g ; 

weight soaked = 16,25 g ; and weight immersed - 8,37 g. 

Calculate 

a/ its apparent density; b/ its apparent-solid density. 



According to /20/ 

a/ the apparent density 

According to I 2 2 I 

D --- -S-I 
14162 - 1,85 g per cm3 

7,8S 

30/ 

b/ the apparent-solid density D 14162 - 2,34 - 3 
- 0-Y - 6,25 gem 

Porosity 

This property is measured by comparing the volume of 

the pores with the dimensions of the piece itself. 

Once·again, it is important to define clearly what is 

meant by ",t>Ores" and whether the test piece is to be measur-

ed in terms of weight or volume. 

The two most widely used expressions are Apparent 

Porosity and Water Absorption. 

Apparent porosity is the ratio of open volume to total 

volume. Hence: 

Percentage apparent porosity - Open pore volume x 100 
Total volume 

- S-D x 100 
S-I / 23/ 

Water absorption is ~he ratio of open pore volume to the 

weight of the test piece. Therefore: 

Open pore volume Percentage water absorption - - ~ x 100 
Weight 

s-o x 100 --o /24/ 

The determination of water abaarptiai is of ten used for 

"works control" purposes because it is simpler and less 
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time-consuming than the measurement of apparent porosity 

/the immersed weight of the piece is not required in the 

water-absorption test/. 

The difference between absorption ~er unit volume 

/apparent porosity/ and absorption per unit weight /water 

absorption/ is illustrated in the following example: 

A trial piece weighs 210 g; after soaking in water 

it weighs 250 g; and when suspended in water it~ weight is 

150 g. Calculate the percentage apparent porosity and the 

percentage water absorption. 

According to /23/ 

th t t it - ~ x 100 - 250-210 100 e percen aqe apparen poros y s-r 250_150 x = 

- 40,0 % 

In accordance with I 24 / 

th t t b t . s-o 100 - 250-210 x 100 -e percen age wa er a sorp ion - ~ x 210 

19 ' 

For most ceramic mate~ials, the apparent porosity is 

approximately twice the value of the water absorption. 

Apparent porosity measurements. praride a better basis 

ior the comparison of ceramic materials in general-the value 

of the "open pores per unit volume" is directly related to 

such properties as glaze "pick-up", and, upon this basis, 

the ceramist may make a fair conparisJn between porous mate-

rials of different bulk densities, e.g. an earthenware body 

and a high-alumina body. 
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Determination of Apparent Porosity 

Most laboratories use paraffin, rather than water, sin-

ce it has better penetrating properties and a lower rate 

of evaporation. 

The same formula for apparant porosity is used, i.e. 

/23/ 

s-c --x S-I 
Percentage apparent porosity 100 

where D - weight of dry test piece; 

S - weight of test piece after soaking in paraffin; 

I - weight of immersed test piece /suspended in pa-

raffin/. 

In fact, the apparent porosity formula applies whatever 

liquid is used, since the ratio 

Weight of liquid filling the open pores 

Weight of liquid having the same apparent volume as the 

test piece 

remains the same. 

/For the determinati~n of the densit.y of a ceramic material 

the density of any liquid used i;n the measuring process 

must be taken into account/. See Chapter II, and the remark 

on p. 24 

True Porosity 

For the complete assessment of the porosity.of a mate-

rial all the pores /open and sealed/ must be considered. In 

this case the true porosity of the material is determined: 
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-Percentage true porosity 
Tkll1.11e of all p:>res x 100 

'lbtal vol1.111e of the test piece 

True volune 

~tvol'!De 

As>aJ;ent volune-'rrue voltne 

Apparent volune 

- { 1 - True vol\.IDe ) x 100 
Apparent volune 

x 100 

/25/ 

/26/ 

l Da 
Percentage true porosity ( % ]- 1 - 0 t ) x 100 ( % J /27/ 

where 

D - Apparent density a 

Dt - True density 

Weight /28/ 
Apparent volume 

Weight /29/ 
True volume 

It is evident that the determination of true porosity 

involves a knowledge of the true density of the material. 

This latter property of the material can only be assessed 

by using a·aample which has been crushed into fine powder 

form, i.e. in which all the pore system has been destroyed. 

Sealed Pores 

The volume of sealed pores in the material is obtained 

by difference: 

Percentage sealed pores _ Percentage true porosity -
Percentage apparent porosity 
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Examples: 

1/ A brick 29xl4x6,S·weiqhs 4,5 kg. If the true density 

is 2,8 gcm-3 , calculate the percentage true porosity. 

According to /27/ the percentage true porosity is 

Da 
tp % -( l - Dt } x 100 

Apparent density ace.to /28/: 

weight __ .......;;.4~5~0~0--""g--........ - ~ -
29xl4x6,5 cm3 2639 

1,705 gcm-3 

app.volume 

-3 
True Density Dt = 2,8 gem 

t % 
p 

-{1 - ~a)· 100 - (1 -
12~~5 ). 100 - 39 % 

t 

2/ The external dimensions of a porous test piece are 

lOxlOx5 cm. The weight in air is 1,300 g ; after scaking 

in water, it weighs 1,410 q. Calculate the bulk density 

and percentage apparent porosity of the material. 

Acco1:ding to /20/ 

the Bulk density - Weight 
Apparent volume 

According to /23/ 

- 1,300 - 2,6 g per cm3 
lOxlOx5 

the Percentage apparent porosity 

_ Volume of open pores x 100 _ -----s---~D------
Apparent volume Apparent volume 

_..,;l:.::l::.;:O~- x 100 - 22 % 
lOxlOx5 

x 100 -
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Problems 

1/ Calculate /a/ the bulk density, and /b/ the percentage 

apparent porosity, of the test pieces from the following 

data: 

/A/ /B/ 

Weight dry /g/ 120 92 D 

Weight soaked in water/g/ 146 105 5 

Weight suspended in water/g/ 72 43 I 

The weight of the test piece after soaking in water is s. 

The weight of the test piece sus~~nded /immersed,' in water 

is I. 

According to Archimedes Principle an apparent loss in 

weight /upthrust/ of a body immersed in a fluid is equal 

to the weight of fluid displaced. In case the fluid is water 

having density of l gcm-3 then the apparent loss in weight 

in g equals the apparent /bulk/ volume of the test piece 

3 in cm . 

a/ The bulk /apparent/ volume will be then 5-I /see 

D /17// and the bulk density - s=I' ... see eq. /20/ 

A. 120 - ~ - 1,62 gcm"J 
146-72 74 

B. 92 92 ----- - l,48 gcm-3 

105-43 62 

b/ According to /23/ the percentage apparent porosity 

will be: 



146-120 26 • 100 - ~ • 100 - 35,l % 
A. 74 146- 72 

105-92 13 • 100 - ~ • 100 - 21 % B. 62 105-43 

2/ Calculate /a/ the percent~ge apparent porosity, /b/ the 

percentage water absorption, and /c/ the apparent-solid 

density, of a trial brick, given that: 

Weight dry - 280 g ........ 
Weight soaked in water- 342 g ........ 

Weight suspended in water- 149 q 
........ 

a/ According to /23/ the percentage apparent 

porosity - ~ • 100 
S-I 

Le. 
342-280 

342-149 
100 - ~ • 100 - 32,l % 

193 

b/ According to eq. /24/ the percentage water 

absorption - ~ • 100 
D 

342-280 62 Le• o 100 - - • 100 - 2 2 I l % 

280 280 

c/ According to /22/ Apparent-solid density -

Weight 

Apparent-solid volume 

D 

s 

I 

Apparent-solid volume is the difference between the dry 

weight /D/ and the immersed weight /I/ of the piece /see 

eq./19//. In accordance with /22/ the Apparent-solid density 

280 - ~ - 2,14 gcm-3 
280-149 131 
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3/ A test-piece weighs 84,1 g in air ana 47,3 g when i.mmers-

ed in water. If the percentage apparent porosity is 23,6% 

calculate the bulk density. 

84 I] g • • • • • • D 

47,3 g •••••• I 

According to /23/ the percentag~ apparent porosity - S-D.100 
S-I 

23,6 s - 23,6 I 100 s - 100 D 

76,4 s 100 D - 23,6 I 

s - 100 D-23,6 I l00x84,l - 23,6x47,3 7293,7 - 95,46 g 
76,4 76,4 76,4 

Acc./17/ the Apparent /bulk/ volume - S-I 95,40-47,3 

48,16 cm3 

Acc./20/ the Apparent /bulk/ density Weight 

Appar.volume 
84,1 

48,16 

- 1,75 gcm-3 

4/ The dimensions of a trial silica brick are 4 cmx4 cmx2 cm, 

and the true density is 2,39 gcm-3 . If its weight /dry/ 

is 72 q calculate the percentage true 

True density Dt - 2,39 gcm-3 

Weight 

True volume 

porosity. 

••••• see eq./29/ 

Weight 72 Acc. /28/ the Apparent density Da 
Apparent volume 4x4x2 

According to /27/ the true porosity 

- 2,25 gcm-3 

Da 
/%/ - ( 1- 0 ). loo -

t 

- ( 1-
2125 

)· 100 - 5186 ' 
2,39 • 

l 
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... 
5/ A sample of flint-density - 2,63 gem-~ is heated to 14So0 c; 

after calcination, the densi~y is 2,34 gcm-3 What is the percen-

tage increase in volume of the original flint sample? 

The lower the density the higher the volume: 

-3 l 2, 63 gem 

2, 34 gcm.-3 •••••••••••• 

x - l00x2,63 ~ 112 , 39 % 

2,34 

100 % 

x % 

The pe~~entage increase in volume is 12,4 %. 

f 

-3 6/ The apparent density of a brick is 1,7 gem and the true den-

sity 2,4 gcm-3• If a test piece has dimensions 3x4x2 cm3 , calcu-

late the weight of water it may absorb/assuming no sealed pores/ 

Da - 1,7 gcm- 3 ; 

Da 
According to /27/ the percentage true porosity - ( 1- - ).100 

Dt 

( 1- 1 ' 7
) .100 - 29,2 % 

2,4 

The test piece volume is 3x4x2 - 24 cm3 

The weight of water which may be absorbed will be 24x0,292 - 1.....s_ 

7/ A porous test piece weighs 47,3 g and displaces 312 g of mer-

cury from a volumeter. What is the bulk density of the material? 

/Density of mercury is 13,6 g per cm3/ 

The volume of displaced mercury is 

312 
- 22,94 cm

3 

13,6 

The bulk density of the ma~erial - according to /28/ - will be 

then 

Weight 

Apparent volume 

47 , 3 - 2,06 gcm-3 

22,94 
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IV. Suspensions 

In the ceramic industry, a suspension of solid particles 

in a fluid is often referred to as a Slip. The solid component 

may be clay, flint, quartz, stone, felspar, glaze, colour, etc., 

and the liquid component is usually water. 

In most laboratories, the metric system is used for the 

measurement of weights and volumes. It is =onvenient, therefore, 

to weigh 200 cc of the slip /using a 250 ml measuring cylinder/. 

E.g. If 200 cm3 of the slip weighs - 326 g 

then the density of the slip 32~ - 1,63 g per cm3 

200 cm3 

Consider a slip made from solid particles of s~one /density 

2,6 gcm-3/ and water /density 1 gcm-3/. What are the maximum 

and minimum density limits of all the possible slips that could 

be made from these two components? 

Clearly the maximum density slip is obtained in the theore-

tical case when it consists of a solid block of stone /no water 

at all/, and the density would be 2,60 gcm-3 • 

The minimum density slip would be entirely water /no stone 

particles/ and hence its density would be l gcm-3 . 

It specified amounts of water and powdered material are mixed, 

what will be the density of resultant slip? 

This type of problem may be solved using the relationship 

Density - Weight /15/ 
Volume 

Then 

Density ~£ slip _ Total weight of components /JO/ 
Total volume of components 
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Example 

1/ In the laboratory a suspension is made using 20 g of dry 

3 clay /density - 2,62/ and 30 cm of water. What is its density 

-3 in gem ? 

Material Weight Volume 

/g/ /cm.3/ 

a/ Dry clay 20 /7,63/ 

I b/ Water /30/ 30,0 

c/ Slip /SO/ /37,63/ 

a/ 20 g of dry clay would occupy a volume of 

b/ weight of water 

c/ Density of slip 

30xl,OO 

20+30 

7,63+30 

30 g 

-3 1,33 gem 

Density 
/gcm-3/ 

2,62 

1,00 

/l,33/ 

20 --- 7,63 cm.3 
2.62 

2/ A flint suspensicnof density 1,54 gcm-3 is made from 80 g 

of dry flint and SS cm3 of water. What is the density of the flint? 

Material Weight Volume 

/g/ /cm3/ 

Dry flint 80 80 
d 

·Water SS SS 

Suspenslon 135 80 t-SS 
d 

Let d be the density of dry flint /gcm-3/ 

80 3 Volume of flint - d cm 

weight of water - SS g 

According to /30/ 

Density 
/gcm-3/ 

d 

1,0 

1,54 

the density of sus~ension Total weiql.t of components 

Total volWtle of compcnents 

l,S4 135 
i\o+55 
d 

50,3 d - 123,2 
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d - 123,2 - 2,45 gcm-3 
50,3 
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3/ Equal weights of water and a powder material of density 

2,5 gcm-
3 

are made into a slip. W~at will be its density? 

Let d is the density of slip /gcm-3/ 

x is the weight of water 

x is also the weight of dry material 

According to the eq./30/ 

d 2x 2x -------x 
215 + x l,4x 

Dilution Problems 

-3 1,43 gem 

The density of a slip is reduced by the adaition of water, 

and the corresponding change in density, may be treated as 

follows: 

The density of water is 1 gcm-3 and the necessary dilution 

is 
E - F cm3 
F - 1 

/31/ 

of water added to every cm3 of slip at Egcm-3 to give a resul­

tant slip at Fgcm-3 • 

Example 

How much water must be added to 480 cm3 of slip /density 

1,8 gcm-
3

/ to reduce its density to 1,65 gcm-3 ; /E - 1,8 gcm-3 

F - 1,65 gcm-3/ 

According to /31/ 

1,8-1,65 - 0,15 3 f f h 3 " l" 1 cm o water or eac cm of origina s ip. 
1,65-1 0,65 

Hence total water required: 

0115 
• 480 - 111 cm3 

0,65 
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Brogniart's Formula 

Calculations involving the liquid and solid components of 

a slip are often simplified by using Brogniart's Formula which 

may be applied to any volume of slip and any system of units. 

In general it becomes: 

Weight of dry material /Weight of slip - Weight of water/x 

d 
x d-1 ••.•..• /32/ 

where ~ - density of the solid component. 

In the above formula /32/ the "Weight of slip" and •weight of 

water" must have the s..a.me volume. 

Example 

300 cm3 of slip weigh 462 g 

300 cm3 of water weigh 300 g 

Hence, according the formula /32/ 

Dry content - (462-300) 215 - 270 g 
2,5-1 

The above principle is ~!cer ~sed in particle size measurement 

/e.g. the hydrometer l!leer>d/ for calculating the dry content 

of a sample in slip form. It is convenient to use a specific 

gravity bottle as the containing vessel. The bottle is half-

filled with the slip to be tested, then the water is added 

to fill the bottle completely - it is then weighed. The weight 

of the bottle completely filled with water is obtained, and, 

since the weight of the bottle is the same in both cases, it 

follows that: 

weight of particles in sample - [(wt.t:ottle+slip)-(wt.bottle+water)J .. 

d 
"'d-1 

where d is the density of the dry material. 
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Example 

In a hydrometer test on a sample of wet-ground alumina, 

Weight o~ bottle + slip - 124,6 g 

and Weight of bottle + water - 95,8 g 

What weight of dry alumina /density - 3,64 gcm-3/ was used in 

the test ? 

Weight of dry alumina - ( 124, 6-95, 8) lL!! - 39, 71 g 
2,64 

Problems 

1/ 200 cm
3 

of slip weigh 298 g. What is its density ? 

According eq. /15/ 

298 --- 1,49 gciii3 
200 

2/ What volume of water /cm3/ must be added to 40 g of dry 

glaze /density 2,9 gcm-3 / to yield a slip at 1,5 gcm-3 

According eq/30/ Density of slip Total weight of components 

Total volume of components 

1,5 40+x 

~x 
2,9 

l,S ( 13,8+x)- 40 + x 

0,5 x - 40-20,7 

x - 38,6 cm3 

3/ A litre of slip weighs l 578 g. The solid component has a 

density of 2,6 gcm-
3

• Calculate the dry content of the slip. 

According to Brogniart's Formula /32/ 

wd - (ws - ww)· d~l 

wd (1578 - loco). 2 ~6~r - 578 f;~ - 939 ~ 
Dry content of the slip weighs 939 g. 

., 
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4/ A vessel weighs 92,6 g when filled with slip, and 67,4 g 

when filled with water. What is the weight of solid particles 

-3 in the slip ? /Density of the dry material is 3,26 gem /. 

Again according to /32/ 

wd -{ w -w ) ~ - ( 9 2 6 - 6 7 4) 
3 

I 
2

6 S V a-1 I I 3,26-1 

v. Body Calet..lations 

Body Mixing 

- 36,4 q 

In the manufacture of all ceramic products the requisite 

quantities of components /flint, stone, ball clay, china clay, 

bone, etc·.·/ are measured in terms of weight or volume then 

subjected to a mixing process. 

For most ceramic bodies, the actual mixi1.g takes place in/ 

slip form, which ensures an intimate blending of the constituents 

and hence a uniform product. The original quanti~y of each 

component maj, however, be measlr ed out in the dry state or in 

slip form. 

"Dry" Measurement 

The component powder materials are simply weighed out then 

transferred to the mixing ark-due allCM'mel being made for any 

moisture content /see Chapter I/. 

An older technique, sometimes used in the manufacture of 

bone china, is to fill and level-off a"standard box" with the 

dry powder component. A specified number of boxes of each ma-

terial is then used in the body mix. This of course, is an 

attempt to measure the dry materials on a volume basis. It 

suffers from errors due to inconsistent packing, and variable 

moisture contents of the raw materials. 
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•wet• Measurement 

A widely used method, in practice, is to obtain a stock 

of each constituent material in slip form. If the consistency 

/density/ of each slip is known, then a given volume may be 

pumped into the mixing ark-and it is a simple matter to calcu-

late the dry material involved. 

Example 

A mixing consists of 550 1 of fireclay slip /at 1,25 gcm-3/ 

and 70 1 of flint slip /at 1,5 gcm-3/. What is the percentage 

dry recipe of the mix /assuming that both components have a 

-3 ~ensity /dry/ of 2,5 gem /. 

Using Brongniart's Formula /see eq./32//: 

1 l of f ireclay slip has a dry content 

1 1 of flint slip has a dry content 

of w0 - (ws-wwj d~l -(1500-1000). 2~5~1 - 5oox i;; - 833,3 g 

Total amount of dry f ireclay 

- 550 x 0,417 - 229,3 kg 

Total amount of dry flint 

70 x 0,833 - 58,3 kg 

Total amount of dry materials - 287,6 kg and the dry recipe 

is 80 % fireclay; 20 % flint. 

The volume of each component slip may be measured in any 

convenient units: litres, c~bic meters /m3/ cubic decimetres 

/dm3/ etc. Then the recipe may be written as e.g.: 

14 1 ball clay ~t 1,2 qcm- 3 density /wet1 

8,5 1 china clay at 1,3 qcm-3 density 

5 1 flint at 1,5 gcm-3 density 



46/ 

_., 
2,5 l stone at 1,6 gem ~ density 

and it now becomes a simple mattec to ccnvert this into the 

corresponding •dry• recipe. Assuming that the density of each 

of the component of dry materials is 2,5 qcm-3 , then the "dry" 

recipe becomes 

14 ( 1,2 - 1) 
2,5 

2,5-1 4,67 

8,5 ( 1,3 - 1) 
5 
3 4,25 

5 { 1,5 - 1) 5 
3 4,17 

2,25 ( 1,6 - 1) 5 
'! 2,25 

and the percentage recipe is: 

Ball clay 30,4 % 

China clay 27,7 % 

Flint 27,2 % 

Stone 14,7 % 

100,0 % 

A further simplification is possible if the density of all 

the dry comp~nent is the same. In the above example, the d~nsi­

ty of each dry component was 2,50, and the factor j appeared in 

the expression of each dry content. This constant factor !fl 
may be omitted, since it does not affect the ratios between 

the weights of the component materials. 

E.q. 

Ball clay 14 lC ( 1,2 - 1) - 2,8 

China clay 8,5 x { 1,3 - 1) 2,55 

Flint 5 x ( 1,5 - 1) 2,5 

Stone 2,25 x ( 1 !6 - 1 ) 1,35 

9,20 

.1 
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This is virtually the same dry recipe, which is clearly seen 

when it is converted to percentage form, giving: 

30,4 % 

China clay 27,7 % 

Flint 27,2 % 

Stone 14,7 % 

100,0 ' 

In general, then, if the density of each component is the same, 

to convert from a •wet" recipe to a "dry• recipe, apply the 

formula 
v x ( dw - 1) /33/ 

to each component, where 

V - the Volmne and 

dw- the density of each wet component 

/1 being the density of water/ 

Example 

Calculate the percentage dry recipe of the following mix: 

10,5 1 ball clay at dw 1,2 -3 gem 

6,5 1 china clay at dw 1,3 gem -3 

4 1 flint at d 1,6 gcll'-3 
w 

2,5 1 stone at dw 1,6 gem -3 

Ory recipe Percentage dry recipe is: 

Ball clay 10,S x (1,2-1) 2,1 26,4 % 

China clay 6,5 x ( 1,3-1) - 1,95 24.5 ' 
Flint 4 x ( 1,6-1) - 2,4 30,2 ' 
Stone 2,5 x (1,6-1) 1,5 18,9 ' 

7,95 100,0 ' 
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Effect of Density 

The assumption that all the components have a density of 

2,50 is never strictly true. Materials, such as ball clay, china 

clay and stone, have a reasonably constant density and conse-

quently cause very little variation in the final body from 

batch to batch. 

Flint, however, has a variable dansity dependent upon the 

calcination process. Calcining is necessary to make the flints 

brittle and, therefore, easier to grind; but, during calcina-

tion, the density of the material could be reduced, theoreti­

cally, from approximately 2,65 to 2,30. 

In a well-controlled calcination process, the fall in 

density is arrested at the value 2,50; on the other hand under-

calcined flint has a higher density and over-calcined flint 

a lower d~nsity than 2,50. 

Such variations may cause errors in the body mix if a 

"wet" recipe is used. To illustrate this, compare the dry con-

tents of the following flint slips: 

Slip A: 1 l at wet density d - 1,6 kgdm-3 ; 
w 

eansity of dry flint d - 2,5 kgdm-3 

Slip B: 1 l at wet density dw - 1,6 kgdm-3 ; 

density of dry flint d - 2,4 kgdm-3 

According to /32/ 

Dry content of Slip A 1,6-1 • f ;~ - l kg 

Dry content of Slip B 1,6-1 2,4 - 1,028 . r;4 kg 

Both the volumes and the densities of the two 

the same, and it becomes clear that a reduction in 

slips are 

the density 

of the dry powder material causes an increase in the dry 
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content of the slip. 

A •wet• recipe determines the volume and density of the 

slip to be added to the mixing ark, but, even if these instruc­

tions are followed implicitly, errors in the body composition 

will occur if the density of the dry component changes. 

Assuming a density of 2,50 for each the dry components, 

it h~s been shown that the dry recipe for the mix is: 

/see p. 47 / 

Ball clay 30,4 % 

China clay 27,7 % 

Flint 27,2 % 

Stone 14,7 % 

Suppose now that a batch mix was made using under-calcined 

flint /density - 2,60/. What effect would this have upon the 

dry recipe? 

The calculation becomes: 

Ball clay 14 x ( 1,2 - 1) 5 
4,67 - -3 

China clay 8,5 x ( 1,3 - l) ~ - 4,25 

Flint 5 x (1,5 - lJi;~ -4,06 

Stone 2,25 x (l,G - l} ~ - 2,25 

and the percentage dry recipe is now: 
15, ;.!J 

Ball clay 30,6 % 

China clay 27,9 % 

Flint 26,7 % 

Stone 14,8 % 

100 ' 

i.e. the use of under-calcined flint has led to a reduction of 

0,5% in the free silica content of the body. 

The general ceramic implications of this effect may be 
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summarized as follows: 

Under-calcination Less Sio2 Tendency to craze ..... ..... 
of flint in body the applied glaze 

Over-calcination ..... More sio2 ..... Tendency to peel 
of flint in body the applied glaze 

Density of the Body Slip 

The component slius each have a density which ensures 

that its fluid properties are suitable for mixing. The final 

body slip usually has a density of about 1,35 gcm-3-appropriate 

for further processing /lawning, magnetting, etc./ 

The density of the final body slip may be calculated 

from the "wet"·recipe. 

Example: 

An earthenware body is made from: 

18 1 of ball clay slip at 1,2 kgdm- 3 

11 1 of china clay slip at 1,3 kgdm -3 

7,5 1 of flint slip 

4,5 1 of stone slip 

at 1,5 kgdm-3 

at 1,6 kgdm- 3 

what is the density of the body slip ? 

Then: 

Volume of body slip - 18+11+7,5+4,5 - 41 l 

and 

Weight of body slip - 18xl,2 + llxl,3 + 7,5xl,5 + 4,5xl,6 -

- 54,35 kg 

Hence, Density of body slip - 5lf35 - 1,325 kgtlm-3 

Problems 

/Unless otherwise stated, assume that the density of all dry 

components is 2,5 gcm-3/. 
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1/ Calculate the percentage dry recipe of the following mix: 

500 1 of fireclay slip at 1,2 gcm-3 and 60 l of flint slip at 

1,6 gcm-3 /1,6 kgdm-3/. 

According to /32i 

Dry content of f ireclay in 1 l of slip(l,2-1). j - 0,333 kg/l 

Dry content of flint in 1 1 of slip (l,6-1). i - l kg/l 

Dry fireclay 500 x 0,333 166,5 kg 73,5 % 

Dry flint 60 x 1 60,- kg :6,5 % 

226,5 kg 100 % 

'2/ A mixing has the recipe: 

60 1 ball clay at 1,2 kg/dm- 3 

so 1 china clay at 1,3 kg/dm3 

25 1 flint at 1,55 kg/dm3 

12,5 1 stone at 1,6 .kg/dm3 

What is the percentage dry recipe? 

Dry content of kg % 

20 24,9 ball clay 60 ( 1,2-1) 5 x 3 
china clay SC x ( 1,3-1) 5 

3 25 31,1 

flint 25 x(l,55-1) 5 
J 22,9 28,5 

stone 12 I 5 X ( 11 6 - l J ·i 12,5 15,5 

80,4 100,-

3/ A recipe calls for 12 1 of flint slip at 1,6 gcm-3 /density 

l 

1 

of dry mater~al 2,5 y~-3/. If a stock of flint slip is to be 

used at 1,55 gcm-3 /the dried material having a density of 2,45/, 

how many wet litras should be added ? 

The 12 1 of normal flint has a dry content of 

12 x ( 1,6 - lJf - 12 kg 

. j 
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The incorrect slip must have an aqual dr; content i.e. 

.x • { 1,55-1). ~::~ - 12 ; .x 
12.1,45 
2,45.0,55 

4/ The recipe of an earthenware body is: 

17,5 1 ball clay at 1,2 kg/dm3 density 

li,- 1 china clay at 1,3 kg/dm
3 

density 

6,5 1 flint 

4,~ 1 stone 

at 1,6 kg/dm3 

at 1,525 kg/dm3 

Calculate the percentage dry recipe and the 

slip. 

Dry content of ball clay slip 17,5•(1,2-l). 

Dry content of china clay slip 14,-·{l,3-l). 

Dry content of flint slip 6,5·{1,6-1}. 

Dry content of stone slip 4 • ( i , 5 2 5-1). 

V,.,lume of body slip: 

17,5 + 14 + 6,5 + 4 42 1 

Weight of body slip 

12,9 1 of flint 

from stock 

density ' of the :body 

kg % 
5 5,83 25,5 % - -3 
5 7,- 30,7 % - -3 
5 6,5 28,5 % - -3 
5 3,5 15,3 % - -3 

r 22,83 kg 100,- % 

17,5.1,2+14.l,3+6,5.1,6+4.l,525 - 21+18,2+10,4+6,l - 55,7 kg 

Density of body slip 

5517 - 1,326 kg/dm3 

42 

5/ The recipe of a body is 

75 1 ball clay 

50 1 china clay 

35 1 flint 

15 1 stone 

at 1,2 

at 1,3 

at 1,6 

at 1,6 

' -

kg/dm3 

kg/dm3 

kg/dm3 

kg/dm3 

-1 
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Analytical data nf the ccznpcnants is: 

% Si02 % Lo~s-on-ignition 

Ball clay 50,5 10,2 

China clay 49,5 11,8 

Flint 97,0 0,5 

Stone 72,E 1,5 

What increase in flint /"wet[!]"/ is required to 9ive a 1 % 

increase in the percentage silica /calculated on the fired body/? 

Material Dry recipe Fired weight Weight of Si02 
in fired m~terial 

Ball 5 75.0,2-3 -25 kg 25 
Ioo x 89;8-22,45 

clay kg 

China 5 50.0,3.j -25 kg 25 
100 x 88,2-22,05 I 

clay kg I 
5 35 Flint 35.0,6.j -35 kg 100 x 99,5-34,825 

kg 

Stone 5 15.0,6.3 -15 kg 15 
Ioo x 98,5-14,775 

kg 

Totals 94,1 kg 

Percentage silica /calculated on fired body/ 

- 69184 x 100 - 74,22 % 
94,l 

25 
50,5 x lCO --
- 12,625 kg 

25 
49,5 x 100,. 

- 12,375 kg 

35 
97 x loo -

- 33,95 kg 

15 
72,6 x 100 -

- 10,89 kg 

69,84 kg 

Let xf!J be the air.cunt of flint slip required to give 75, 22 % 

silica /calculated on the fired body/. Then 

1 
I 

I 
I 

I 
I 
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in fired material 

Ball clay 75.0,2.j. - 25 kg 25 
100 .89,a-22,45 kg 

i 
I 5 25 China 50.0,3.3 - 25 kg I 100"88,2-22,05 kg 

clay 

Flint 5 x.0,6.3 - x x l00"99,5-0,995 x 

Stone 5 15.0,6.3 - 15 kg 15 I00.98,5-14,775 

I 

Totals 59,275+0,995x 

and ~5,89 + o,97 x . loo - 75,22 
59,275+o,995 x 

kg 

25 

I so, 5 ·100 -

- 12,625 kg 

25 
49,5.100 -

- 12,375 kg 

I x 

I 97 100 ...0,97x 

15 
72,6.100 -

=- 10,89 kg 

35,89+o,97x 

(35,89 + 0,97 x) . 100 - 75,22 ( 59,275 + 0,995 x) 

Solvi~g this equation gives x - 39,25 1 /or dm3/ i.e. there 

must be an increase of 

39,25 - 35 - 4,25 l of flint slip. 

VI. Introduction to Glaze Calculdtions 

Chemical equ«tions are often us~d in ceramic calculations. 

Jl_ll che.mical calculations ai.e based on the use of formulae and 

equations in conjuction with atomic weights. 

It is important to understand the use of these fundamental 

calculations as applied to ceramic materials. 

To calculate the molecular weight of soaa ash,Na2co3 • Using 

the atomic weights of each atom, /see Table II., p.85/ 

two atoms of sodium 

one atom of carbon 

2 x 23 

1 x 12 

46 

12 

three atoms of oxygen - 3 x 16 48 

106 

i 
! 

I 

! 
I 
I 

I 
I 



55/ 

The molecular weight - 106 

To calculate the molecular weight of white lead, 

Pb {OH) 2 . 2PbC03 , 

3 atoms of Pb 3 x 207 621 

8 atoms of 0 8 x 16 128 

2 atoms of H 2 x 1 2 

2 atoms of c 2 x 12 24 

775 

The molecular weight of white lead - 775 

Use of Chemical Equations 

Chemical equations describe not only the nature of the 

atoms and molecules of substances taking part in a chemical 

change, but also the quantitative relationship between them. 

For example, consider the equation 

caco3 - cao + co2 

The weight of one molecule of calcium carbonate expressed in 

grams - 40+12+(3xl6)- 100. The gram-molecular weight of Ca0-56 

and the gram-molecular weight of co2 - 44. 

This means that 100 g of calcium carbonate on heating 

will yield 56 g of lime and 44 q of carbon dioxide. 

The equation also indicates the volume of gas liberated. 

This is based on the fact that the molecular weight of any gas, 

expressed in grams occupies 22,4 litres at N.T.P. /Normal Tempe­

rature and Pressure/, i.e. o0 c and l05Pa pressure /reference 

Avogadro's Hypothesis/. In the above equation 100 g of calcium 

carbonate on heating would liberate 22,4 litres of carbon di­

oxide at N.T.P. 

These principles are used in the following examples: 
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If one ton of china clay is calcined to l.100°c. what is the 

loss in weight in kg ? 

The equation for this reaction may be written /Table III.,p.86/ 

Al2o 3 .2Si02 .2a2o - Al2o 3 + 2Si02 + 2H2o 

The loss in weig~t is due to the vaporization of the chemically 

combined water. 

258 parts by weight of china clay suffers a loss in weight 

of 36 parts by weight of chemically combined water; 

258 tons of china clay loses 36 tons of water; 

1 ton of china clay loses 36 

258 
tons of water; 

or 1 kg of china clay loses .-1! - 0,1395 kg of water 
258 

A frit mixture contains 100 kg of calcium carbonate. Calculate 

the volume of carbon dioxide /m3/ which will be liberated on 

0 fritting at a temperature of 1,000 C. 

44 g co2 : 22,4 litres at N.T.P. 

100 g of caco3 will yield 44 g of co2 i.e. 22,4 1 at N.T.P. 

100 kg •• lo5g of caco3 will yield 44.103g of co
2 

3 i.e. 22,4.10 1 at N.T.P. 

100 kg of caco3 will yield 22,4 m3 of co
2 

at N.T.P. 

Applying Charles' law : 

1000 + 273 3 0 22,4 - - 104,5 m co2 at 1000 c 
273 
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Oxides 

The molecular formulae of glazes and frits are given in 

terms of molecular parts of the constituent oxides. The oxides 

are classified into three main group: 

/1/ Acidic Oxides 

They are the oxides of non-metals. If soluble in water, they 

combine with it, forming an acid. They combine with bases to 

form salts. Silica Sio2 and boric oxide s
2

o
3 

are the two main 

acidic oxides used in frits and glazes. They combine with other 

elements to form silicate and borate glasses. 

/2/ Basic.Oxides 

They may be considered at the oxides of metals. They react 

with acids to form a salt and water only. If soluble in water 

they yield hydroxides. 

The main basic oxides used in the ceramic industry are 

listed below: 

Cao Bao PbO MgO ZnO 

/3/ Amphoteric Oxides 

An amphoteric oxide may exhibit either basic or acidic 

properties. Alumina, Al2o3 reacts with dilute hydrochloric acid 

to yield aluminium. chloride and water, and thus behaves as a 

basic oxide; 

Al2o3 + 6 HCl - 2 A1Cl3 + 3 a
2

o 

but with sodium hydroxide, alumina reacts as an acidic oxide 

and forms sodium aluminate: 

Al 2o3 + 2 NaOH - 2 NaAl02 + H
2

o 

Alumina is the main amphoteric oxide in frits and glazes. 

I 
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Relationship between Percentage Composition and Formula 

The chemical analysis of a pure compound determines the na-

ture and quantity of each constituent chemical substance. The 

result of a quantitative analysis is given in terms of percenta-

ge compositio~, or proportion by weight of each element present, 

e.g. a compound containing carbon, hydrogen, nitrogen and sulphur 

on analysis is found to have the following percentage composition: 

c - 41,4 % 

H 5,8 % 

N 16,l % 

s 36,7 % 

If the figures for the percentage composition are divided 

by the atomic weight of the elements concerned, then the result 

of this calculation gives the simplest possible formula to the 

compound. The "empirical" or "simplest p~ssible" formula only 

indicates the proporticns of the atoms in the molecules, but 

does not give their actual number. It is necessary to appreciate 

that the percentage composition when divided by the appropriate 

atomic weight gives the "simplest possible" formula ana that 

this is adequate for most ceramic materials, since the correct 

ratio between the constituent elements is maintained. 

This is true not only with pure chemical compounds, but the 

same considerations apply to ceramic materials, although the for­

mulae of some of them are expressed in terms of oxides,e.g. 

The percentage composition of china clay is given as: 

SiOl - 46,51 

Al2o3 - 39,53 

H20 - 13,96 
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Calculate its molecular formula. 

Sio2 46.51 : 60 0,775 

Al2o3 39,53 :102 0,387 

H2o 13,96 18 0,775 

Dividing throughout by the smallest number /0,387/ the empirical 

formula - Al2o3 .2sio2 .2a2o. 

The molecular formula for china clay - Al2c3 .2sio2 .2a2o 

In the above exauiple the percentage composition is given 

in terms of oxides, molecular weights of which must be used in 

place of atomic weights. Similar principles apply in calculating 

the molecular formula of a glaze from its percentage composition. 

A simple glaze has the following percentage composition: 

PbO 63,90 

5,87 

30,23 

Dividing the percer.tage composition of each oxide by its 

molecular weight the ratios become: 

63,90 FbO : 5,87 Af O 
223 102 2 3 

30.23 Si02 60 

0,287 PbO 0,504 Si02 

In calculating the empirical formula, each molecular part 

would hav~ been divided by the s~allest number /in this case 

0,058/. However, in ceramics a convention is adopted with gla­

zes, that the sum of the basic oxides be equal to unity. This 

puts all glaze fo.rmulae on a basis which enables the many dif fe­

rent types of glazes to be compared, one with another. A know-

ledge of glaze formulae used in this form is of paramount impor­

tance to the glaze technologist. He can forecast such physical 
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properties as fusibility, solubility, ~tc., from such informa-

tion. 

In the above calculation, the basic oxide is PbO and divi-

ding throughout by 0,287 the glaze formula becomes: 

The oxides are usually written in the order shown, i.e. basic, 

amphoteric and acidic. 

Later, the "molecular weight" of glazes is referred to. 

It should be noted that this weight is not the "true molecular 

weight", but is really a "formula weight". It is an arbitrary 

figure calculated from the formula obtained by usiLg the above 

convention. The "molecular weight" figure as used in glaze cal-

cula~ions has no true significance, since it has been computed 

from this artificially devised formula. 

Given the Formula. Calculate the Percentage Composition 

The reverse procedure to that used in the previous problem 

is shown below: 

Givenjthe formula of sodium carbonate, Na2co3 , calculate 

the percentage composition in terms of 

/a/ the elements Na,C and O: and /b/ the oxides Na2o and co2 . 

The molecular 

/a/ 

/b/ 

weight of Na2co3 • 106. 

46 Sodium I06 x 100 

Carbon 12 x 
~ 100 

48 Oxygen ~ x 100 

Na2o {2 x 23) + 16 

~ x 100 

43,4 % 

11,3 % 

45,3 % 

62 

58,5 % 

l 



Further example 

co2 12 +(2x16j- 44 

44 
106 x 100- 41,5 % 

Given the formula of a glaze as: 

Calculate the percentage composition. 

PbO 0,6 x 223 133r8 

Na2o 0,4 x 62 24,8 

Al203 Or25x 102 25,5 

Si02 1,9 x 60 114,0 

B203 0,4 x 70 28,0 

326,l 

326,1 represents the "molecular weight" of the glaze. 
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As stated previously it is not a "true mole~~lar weight," 

but, in fact, a "formula weight". 
100 By multiplying throughout by 326 ,l the percentage composition 

is: 
PbO 41,04 

Na2o 7,59 

Al 2o3 7,82 

Si02 34,96 

8203 8,59 

It can be seen in the above calculation that 

Molecular Weight x Molecular Parts - Parts by Weight /34/ 

Using sodium oxide as an example: 



62/ 

molecular.parts 0,4 

and their product 24,8 

This relationship is used throughout glaze calculations. 

Recipe of a Glaze 

It has been shown that the chemical analysis of a glaze 

/i.e. the weights of the constituent oxides present/ can be 

written in terms of a molecular formula. Also, that given the 

molecular formula of a glaze the percentage composition /or 

analysis/ may be computed.Could these .;eights of the various 

oxides actually be used to manufacture the glaze ? 

On a small scale in the laboratory, it may be possible to 

obtain and weigh out the PbO, Al2o3 , etc., and to make the gla­

ze. The percentage composition would then become the actual 

working recipe of the glaze. 

For industrial-scale production however, it is both 

uneconomical and impractical to manufacture glazes from raw 

oxides. Other materials are, therefore, used to introduce these 

oxides. 

The choice of raw materials depends upon many factors, 

such as: 

/1/ Availability of the material in a pure state. The com-

pound need not be 100 % pure, but it should be available ln a 

form which does not have variable amounts of impurities from 

batch to batch. 

/2/ Cost of raw material. 

/3/ Suitability of the material for continuous use under 

factory conditions. For example, certain lead compounds may 
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prove to be poisonous and to have a cumulative effect when used 

by operatives over long periods of time. 

Given a Glaze Formula, Calculate a Recipe /see Table IV. ~.87/ 

A simple glaze has the following formula: 

Lead oxide PbO • The following compounds contain PbO which 

could, theoretically, be used to introduce this oxide into the 

glaze: 

Litharge PbO 

Red lead Pb3o4 

White lead Pb(OH) 2• 2 PbC0 3 

Lead bisilicate Pb0.2 Si02 

Litharge and red lead do not suspend well, are costly and pre­

sent the risk of lead poisoning. 

White lead was, in the past, used as a source of PbO be­

cause of its suspending properties and availability. However, 

its use has been prohibited. White lead is a potential source 

of lead poisoning, because it is soluble in the hydrochloric 

acid contained in the gastric juices. 

Lead frits are generally used today to introduce the PbO 

content. Lead bisilicate is a common form of lead frit extensi-

vely used becauseji~ is virtually insolublP. in dilute hydrochlo­

ric acid. 

Alumina /Al
2
Q

3
L. Two commercially available compounds con­

taining Al2o3 are: 

Bauxite 

China clay 

Al 2o3 • 2 H20 

Al2o3 • 2Si02 .2 H20 
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China clay is preferred because it is a 

product. Its flaky structure a~~o helos in the suspensio~ of 

the glaze. 

Sil:i.ca /Si02L. Flint is usually the main form of Si02 , but 

quartz sand of high purity is sometimes used. 

The three raw materials which may be used to compound 

this glaze would then be: 

Lead bisilicate 

China clay 

Flint 

The calculation of the recipe for this glaze is shown in the 

table below: 

Material Molecular Molecular Parts by PbO Al2o 3 Si02 
weight parts weight 

Lead 343 l.o 343 1,0 2,0 

bisilicate 

China clay 258 O, 2 51,o 0,2 0 ,4 -

Flint 60 0,5 30,0 0,5 

l,O 0,2 2,9 

The "parts by weight" column gives the final recipe: 

Lead bisilicate 343,0 

China clay 51,6 

Flint 30,0 

Glaze calculations are best written out in the ta.ble form as 

shown above. 

All data to the left of the double vertical line refer 

to the material as a whole. Data to the right refe~ to the 

oxide components involved. 
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Note. 0,2 molecular part of china clay brings in 0,2 molecular 

pa~t of Al2o3 and 0,4 molecular part of Si02 • 

The general rule: 

Molecular Weight x Molecular Part - Parts by Weight /34/ 

is used and these values are set out as shown in the second, 

third and fourth columns of the table. 

In the past white lead may have been used in the calcula­

tion instead of lead bisilicate, then the result would have 

been: 

I 

Material Molecular Molecular Parts by PbO Al203 Sio2 
weight parts weight 

White le~d 775 0,333 258 1,0 

China clay 258 0,200 52 0,2 0,4 

Fli11t 60 2,500 150 2,5 

l,O 0,2 2,9 

In the molecular parts column, 0,333 molecule of white 

lead is required to produce one molecule of PbO in the finished 

glaze for the following reason: 

One molecule of white lead produces three molecules of 

lead oxide on calcination. 

co2 and HiO are non-permanent oxides and do not form compounds 

with other glaze constituents. 

Many ccmpounds used in frits and glazes behave in a similar 

manner. A list of compounds is given in Table IV p.8'l. The table 

gives the formula, molecular weight and permanent oxides obtained 

on heating these compounds. 
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A further example of calculating the recipe of a glaze is 

given below. The principle is exactly the same as in the pre-

vious example but, in many glaze calculations, more arithmetic 

is involved. This is due in some cases to such felspathic rocks 

as stone which are not pure chemical compounds. There are many 

different varieties of stone, each having its own composition 

and forrnu~.a. 

The formula of a glaze is: 

0,081 K
2

0 "I 

0,028 Na2o 

o, 293 cao 

0,598 PbO 

Calculate a recipe using the following raw materials: 

Whiting, lead bisilicate, china clay, flint, and stone; 

ti1e stone has a molecular formula·. 

0,412 

0,143 

0,180 

Writing out the calculation in the usual table form /see p.67/. 

- I 



-...---

Material Molecular Molecular Parts by PbO K20 

weight parts weight 

Lead 343 0,598 205,1 0,598 

bi silicate 

+ Stone 585,7 o,197 115,4 o,oa1 

Whiting 

China clay 

Flint 

The recioe is 

100 0,258 

258 

60 

Lead bisilicate 

Stone 

Whiting 

China clay 

Flint 

0,035 

1,400 

205,1 

115,4 

25,8 

9,0 

84 ,o 

25,8 

9,0 

84,0 
-- ~·-· 

0,598 0,081 

+In the above calculation the molecular welght of the stone 

was calculated in the same way as the molecular weight of any 

other compound, i.e. , see p.68 

Na2o cao Al 2o 3 

0,028 0,035 0,197 

o,258 

0,035 

0,028 0,293 0,232 
·--

Si02 

1,196 

1,399 

0,010 

1,400 

4,065 

I 

0\ 
...... 

' 

_J 



K2o 94 x 0,412 

Na2o 62 x 0,143 

cao 56 x o,180 

38,7 

8,9 

10,1 

Al2o3 102 x 1,000 -102,0 

Si02 60 x 7,100 -426,0 

585,7 

68/ 

The stone is used as a raw material essentially to intro-

duce the alkali content. 

Considering K2o, 

0,412 molecular part K2o 

1 molecular part K2o 

0,081 molecular part K2o 

1 molecule of stone 

1 molecule of stone 0,412 

1 x O ,081 molecule of stc•ne 0,412 

0,197 molecular parts of stone 

The calClllation shows that 0,197 molecular part of stone 

is required to introduce the requisite molecular part of 

K2o, namely 0,081. If 0,197 molecular part of stone is used, 

then at the same time, the following amounts of other oxides 

are introduced. 

0,143 x 0,197 = O,u~8 
0,180 x 0,197 = 0,035 

1,000 x 0,197 - 0,197 

7,100 x 0,197 - 1,399 

The K2o and Na2o are now equivalent to the molecular 

parts as required by the gla?.e formula. Since stone is a flux 

and the alkalis are the active part of the flux, then the sto-

ne is introduced to satisfy the K2o and Na2o requirements. 

0,197 molecular part of stone, in this case meets the require-
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mpn~~ nF ~ n ~"~ »~ n ~h~- ~------ -- - - -·2- -··- ··-2...,. .. ...... ., ... so because the question~. 11as 

been formulated in such a way that the alkali oxides are in 

the correct ratio to each other. If this was not the case, some 

other material would have to be introduced to make up for the 

deficiency of one of the oxides. 

Given the Recipe of a Glaze. Calculate tl'2 Formula 

A simple example is given which is the reverse procedure 

of the previous one. 

Calculate the formula of a glaze which has the following 

recipe: 

Lead bisilicate SO 

China clay 28 

Flint 10 

Using the glaze calculation table: 

Material Molecular Molecular Parts by PbO Al2o3 Sio2 
weight parts weight 

Lead 343 O, 146 so 0,146 0,292 
bi silicate 

China clay 2S8 0,108 28 0,108 0,21€: 

Flint 60 0,167 10 0,167 

0,146 0,108 0,67S 

Bringing the basic oxides to unity, divide throughout by 0,146. 

0,146 molecular part for lead bisilicate is calculated by 

dividing the parts by weight /obtained from the recipe/ by the 

molecular weight: ~ - 0,146. The molecular parts for china 

clay and flint are calculated in a similar manner • 
• 
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Further example 

Calculate the formula of a glaze which has the following 

recipe: 

Lead bisilicate 171,5 

Whiting 23,0 

Stone 120,4 

China clay 32,2 

Flint 30,0 

The formula of the stone is: 

0,28 

0,62 

0,10 

.Material M:>lecular M:>lecular Parts by p~ CaO K.iO NaiO Al203 Si02 
weiqht parts weight 

I 
lead bi- 343 O,SCX> 171,5 O,SCX> l,CXX> -, 

silicate ! 
I I ! 

I Whitin:J 100 0,230 23,0 0,230 

Stone 602,2 0,200 U0,4 0,056 O,U4 0,020 I 0,200 1,400 

China clay 258 o,us 32,2 I 0,125 0,250 

I Flint 60 O,S<X> 30,0 o,sco 

o,SCX> 0,286 0,124 0,020 0,325 3,150 

To calculate the molecular weight of the stone: 

Cao 56 x 0,28 = 15,68 

K2o 94 x 0,62 == 58,28 

Na2o 62 x 0,10 = 6,20 

Al 2o3 102 x 1,0 = 102,00 

Sio2 60 x 7,0 = 420,00 

602,16 
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Dividing throughout by 0,930 to bring basic oxides to unity, the 

glaze formula is: 

0,538 PbO l 0,307 cao 
{ 3,387 Si02 0,133 

K20 J 0,349 Al 2o3 

0,022 Na2o 

Problems 

/1/ Calculate the empirical formula from the percentage compo-

sition of the following compounds: 

/a/ Fe 

0 

72,4 

27,6 

/b/ Fe 77,78 

0 22,22 

/c/ K 38,61 

N 13,86 

0 47,53 

a/ Atomic weight of Fe - 55,85 /see Table II p.85/ 

and of O - 16,00 

The relative number of atoms in the compound is: 

72,4 

55,85 
211 ~ - 1,296 : 1,725 ~ 3 : 4 

16 

The empirical formula of the compounds is• Fe3o4 • 

b/ 77,78 : 22122 - 1,3926 : 1,388 ~ 1 : 1 
55,85 16 

The compound is FeO 

c/ Atomic weight of K 39 

N 14 

The relative number of atoms in the compounds is: 

38,61 

39 
13,86 

14 

47,83 

16 

The compound is KN03 

0,99 : 0,99 : 2,99 ~ 1:1:3 
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/2/ Calculate the percentage composition of the following 

compounds, in terms of oxides /including water/: 

/a/ Borax crystals Na2s 4o 7 .loH20 /Tal:>le IV p.o7/ 

a/ 

/b/ Lead bisilicate Pb0.2Si02 
/c/ Felspar K20.Al2o3 .6sio2 
/d/ Silicic acid H2Si03 

Na2s 4o7 .loa2o + Na20.2B2o3 .1oa2o 

Atomic weights of oxides: 

Na2o + 2 x 23 + 16 - 62 

B2o3 + 2 x 11 + 3 x 16 - 70 ; 2 s 2o 3 + 140 

10 a 2o + 10 (2 + 16) - 180 

Atomic weight of the compound is 382 

Percentage composition 

Na2o 62 100 16,2 % . + 
382 

8203 
140 100 36,6 % + 
382 

a 2o 180 • 100 47,l % + 
382 

b/ Pb0.2Si02 

Atomic weights of oxiaes 

PbO + 207 + 16 - 223 

2Sio2 + Z(28+32) - 120 

Percentage composition: 

PbO + ~ • 100 - 65 % 
343 

2Si02 + 
120 • 100 - 35 % 
343 

compound atomic weight - 343 

.I 



73/ 

According to Table r.v ~.87 the atomic weight of Felspar is 

556 

K2o + ~ • 100 - 16,9 % 
556 

102 
+- 100 18,3 % 

556 

6Sio2 + 
360 • 100 - 64,7 % 
556 

d/ Silicic acid H2sio3 ; atomic weight is 78 

60 Si02 + ~ • 100 - 76,9 % 
78 

18 
~ -- . 100 - 23,1 % 

78 

/3/ If one ton of whiting is calcined to l,ooo0 c, what is the 

loss in weight. 

According to Table IV on the p.Sithe atomj.c weight of whiting 

(caco3 ) is 100 

cao ... 40+16 • 100 - 56 ~ 
100 

co2 ... 12+2xl6 • loo - 44 % 
100 

The loss is 44 % i.e. in weight 440 kg. 

/4/ A glaze is analysed and found to have the following per-

ceneage composition: 

Si02 - 66,96 cao - 10,94 

Al2o3 -14,23 K20 - 1,e1 

Calculate the molecular formula. 

Atomic weights of oxides are as follows: 

Sio2 -t 60 ; Al2o3 ... 102 ; Cao ... 56 ~ !<20 ... 94 



66,96 Si02 60 
14,23 Al O 

102 2 3 
10,94 Cao : 

56 

74/ . 

Dividing throughout by the smallest number /0,084/ the empi-

rical formula will be: 

13,28 Si02 : 1,666 Al203 : 2,321 cao : l K20 

To bring the basic oxides to unity it 

throughout by 3,321 /i.e. 2,321 cao + 

Then the molecular formula will be : 

o, 7 cao} 
{ 0,5 Al203 4Si02 0,3 K2o 

/5/ The analysis of a glaze 

PbO 

cao 

is given 

53,24 % 

5,72 % 

5,21 ' 

35,81 % 

Calculate the molecular formula. 

53,24 PbO 
223 

5,72 cao 
56 

5,21 Al 0 
102 2 3 

is necessary 

1 K20/. 

as follows: 

35,81 SiO 
60 2 

to divide 

- 0,2387 PbO : 0,1021 Cao : 0,0511 Al203 : o,5968 Si02 

uividing throughout by the smallest number /0,0511/ we 

obtain: 

4,6712 PbO : 1,998 Cao : 1 Al203 : 11,6791 Si02 

To bring the basic oxide to unity it is necessary to divide 

throughout by 6,6692 /i.e. 4,6712 PbO + 1,998 CaO/ 

O, 7 PbO} 

o,3 cao 
0,15 Al 2o3 { 1,75 Si02 
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i6/ The percentage composition cf a glaze is found by analy-

sis to be: 

PbO 22,80 

Na2o 6,96 

K20 11,54 

Al203 9, 70 

Si02 41,00 

B203 8,00 

Report these results as a glaze formula. 

Atomic weights of oxides are as follows: 

22,8 PbO 

223 
6,96 Na 0 

62 2 
911 Al 0 : 41 SiO • S B 0 
102 2 3 60 2 • 70 2 3 

- 0,1022 Pb0:0,1122 Na20:0,1227 K20:0,095 Al 2o3:0,6833 Si02:0,ll42 

B203 

Dividing throughout by the smallest n~er /0,095/ we obtain 

To bring the basic oxides to unity it is necessary to divide 

throughout by 3,548 /i.e. 1,076 PbO + 1,181 Na2o + 1,291 K2o; 

The glaze formula will be then: 

0,303 
PbO } 

{ 2,027 Si02 0,333 Na2o 0,282 Al 2o3 
0,364 K2o 0,339 B203 

/7/ A glaze on analysis is found to have the following per-

centage composition: 51,6 

Al 2o3 8,7 

PbO 33,6 

K2o 6,1 



Calculate: 

/a/ the glaze formula; and 

/b/ a recipe for the glaze 

76/ 

using china clay, lead bisilicate, potash felspar and flint. 

Atomic weights of oxides are as follows: 

5116 SiO • S, 7 Al 0 
60 2 • 102 2 3 

33,6 PbO : 6,1 K O 
223 94 2 

Dividing throughout by 0,0649 we obtain: 

13,25 Si0
2 

: 1,314 Al2o 3 : 2,32 PbO : l K20 

Dividing by 3,32 /i.e. the sum of basic oxides 2,32 PbO+l K2o/ 

we obtain: 

{ 3,99 Sio2 

which is the glaze formula 

According the Table Non t."le page 87/ the material to be used 

posses following formulae and weights 

China clay Al
2
o

3
.2s10

2
.2H2o(258)-Al2o3 (102)+ 2Si02 (2x60) 

Lead bisilicate Pb0.2Si02 (343)- Pb0(223)+ 2Si0 2 (2x60J 

Potash felspar K
2
0.Al

2
o3 .6Si02(S56J-K20(94) +Al 203 (l02}+65i02 (6x60) 

Flint Si02 { 60) 

The recipe for the glaze will be as follows: 

Lead bisilicate 

Felspar 

China clay 

Flint 

239,7 parts 

167,4 -"-

24,2 -"-

35,88 -"-

as confirmed by following table: 

l 
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i Material I M:>lecular ~lecular Parts by ~ K20 Al203 Si02 
weight parts ~ight 

Iead bi- 343 0,699 239,7 0,699 1,398 
I silicate I 
i 

Felspar 556 0,301 167,4 0,301 I 0,301 1,806 I 
! 

I 

I 0,188 China clay 258 0,094 24,2 0,094 

Flint 60 0,598 35,88 I 0,598 
I 

0,699 0,301 0,395 3,990 

/8/ Calculate the working recipe for a glaze of molecular 

formula: 

0,6 
PbO } 
Cao 0,18 Al203; 2,0 Si02 

K2o 

0,3 

0,1 

using lead bisilicate and potash felspar for two of the ma-

terials. 

We shall calculate as follows: 

I Material M:>lecular M:>lecnlar Parts by pt() cao K20 Al203 Sio2 
weight parts ~ight 

lead bi- 343 0,6 205,8 0,6 1,2 
silicate 

Whit.in:] 100 0,3 30,0 0,3 
I 

I 
Felspar 556 O,l 55,6 I O,l 0,1 0,6 

China clay 258 0,08 20,6 0,08 0,16 
i 

Flint 60 0,04 2,4 0,04 

I: 0,6 0,3 O,l 0,18 2,00 

The working recipe for the glaze will be: 

Lead bisilicate 205,8 parts 

Whiting 30,- -"-
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Felspar 

China clay 

Flint 

/9/ Calculate the recipe of a frit: 

0,72 

0,28 

using red lead, borax, and flint. 

55,6 parts 

20,6 -"-

2,4 - 11
-

0,90 SiC2 

0,56 s2o3 

78/ .1 

Molecular weights of materials to be used I see Table IV on the p.87 I 

Read lead : Pb3o4 (685) - 3 PbO (3x223) 

Borax: Na2B4o 7• lOH20(382) ._ Na2o{62) + 2 B2o 3 (2x70) 

Flint: Si02 (60) 

Material M:>lecular M:>lecular Parts by PbO Na.iO B203 
-weight parts weight 

i:ead 685 0,72 493,2 3P!:D 0, 72 

lead lPbO 164,4 I 
i 

Borax 382 0,28 106,96 0,28 0,56 

Flint 60 0,9 54 I 

E o, 72 0,28 0,56 

The working recipe for the gla~e will be as follows: 

-Read lead 164,4 parts 

Borax 107,0 -"-

Flint 54,0 -"-

Si02 

i 

0,9 

0,9 

/10/ What is the recipe of a lead frit PbO; 0,2 Al 2o3 ; 2 Sio2 

using red load, china clay, and flint ? 

I 
! 
I 
I 
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~ 

~aterial M:>lecular ~lecu:lar I PartS by Pb:> A.12°3 Si02 
weight pdrts weight 

lead lead 685 l 685 -r-=22813 l 

Ctina clay. 258 C,2 I 51,6 0,2 0,4 
I I 

Flint 60 1,6 96 I 1,6 I 
I: l I 0,2 I 2,0 

The working recipe for the glaze will be: 

Read lead 228,3 parts 

China clay 51,6 _ .. _ 

Flint 96 

/11/ Given the following lead frit formula, ~alculate a recipe 

using red lead, felspar, china clay, and flint: 

0,9 PbO 
2,2 Si02 

.Material M:>lecular M:>lecular Parts by Pb:> Kio A.12°3 Si02 
weight parts weight 

Read lead 685 O,~ 616,5 •205 , 5 3 0,9 

Felspar 556 O,l 55,6 O,l O,l 0,6 

China clay 258 0,2 51,6 0,2 0,4 

Flint 60 1,2 72,0 1,2 

I: 0,9 O,l 0,3 2,2 

The working recipe for the glaze: 

Read lead 205,5 parts 

Felspar 55,6 -"-
China clay 51,6 

_ .. _ 

Flint 72,0 
_ .. _ 
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/12/ Calculate the recipe for the frit of formula: 

0,30 Na2o l 
I { 2,00 Si02 0,10 K20 

J 
0,18 Al 2o 3 0,60 B2o 3 0,60 cao 

using borax, whiting, felspar, china clay, and flint. 

In accordance with the Table IVCX\ tbE p.Si materials to be used 

have following formulae and weights: 

Borax Na~B 4o7 .loH 2o(382)+ Na20(62) + 2B203 (2x7oJ 

Whiting caco3 (106}+ Ca0(56} 

Felspar K20.Al2o3 .6Si02(556}+ K20(94) + Al 2o 3 (102J +6Si02 (6x60) 

China clay Al2o 3 .2sio2 .2H2o(258)+ Al 2o 3(102} + 2Si02 (2x60} 

Flint Si1J2 {60) 

Material I M:Jlecular t-t:>lecular Parts by ~o K20 cao Al203 SiO B203 ! 2 
weight parts weight i 

I 

Borax 382 0,3 114,6 0,3 I 0,6 I 
I 

I I 
Whiting 100 I 0,6 60,0 I 0,6 I 

I 
; 

I I 0,1 I 
I 

Felspar I 556 0,1 55,6 0,1 0,6 i 

I I 
' 0,16 i I Chira. clay 258 0,08 20,6 0,08 

I ----t 

Flint 60 1,24 I 74,4 1,24 I ! 

E 0,3 0,1 0,6 0,18 2,00 0,6 

The working recipe for the frit, the formula of which is give1. 

abo7e, will be as follows: 

Borax 114,6 parts 

Whiting 60,0 -"-
Felspar 55,6 -"-
China clay 20,6 -"-
Flint 74,4 -"-
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VII ~ritted Glazes 

Most commercial glazes contain one or more frits. By frit-

ting various components together it confers many desirable pro­

perties to the glaze. 

The main reason for fritting are: 

/1/ Soluble compounds, when fritted with other selected mate­

rials in the correct proportion, beccme insoluble. Glaze com­

ponents should be insoluble, otherwi:.>e they tend to migrate 

into the pores of the bisc~it ware and the glaze when fired 

may have a "sta~ved" appearance. 

/2/ Although lead compounds available to the ceramic industry 

are generally insoluble in water, they may have considerable 

solubility in dilute acids. If the compounds are soluble in 

dilute hydrochloric acid then they are toxic, since the gas­

tric juices are highly acidic /0,17% hydrochloric acid/. 

Lead compounds are fritted to produce glaze components 

which are virtually insoluble in dilute acids. 

/3/ A glaze with a high proportion of clay substance may crack 

on drying. Chemically combined water has still to be released 

during the glost fire and these conditions may lead to a poor 

glost finish. Part of the plastic material should, therefore, 

be fritted, and part /approximately 10%/ used raw for glaze 

suspension. 

/4/ Some compounds, such as calcium carbonate, liberate a gas 

on heating. Any compound that behaves in this way is fritted, 

so ~hat the glaze ia not likely to suffer from pin-holing and 

bubbling. 

It is common practice to use two frits, i.e. a lead frit 
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and a borax frit. If lead and B2o 3 compounds are fritted to­

g~ther, then the lead does not generally reach satisfactory li­

mits of insolubility. However, recent research has shown that 

lead borosilicate can be produced satisfactorily when the ratio 

of PbO : B2o3 is carefully selected. 

Another point to consider is that the frit must mature 

at a reasonably low temperature. It follows then that the raw 

materials for a frit have to be selected to meet many require­

ments. 

Experience has shown that the following limits, when applied 

to a frit, produce a product which has the necessary properties 

required for glaze manufacture. The basic to acidic oxide ratio 

should be within the range 1:1 to 1:3. Amphoteric to acidic 

oxide ratio 1:10 to 1:20. 

Such compounds as Cao and MgO are often fritted with other 

materials to make them less soluble. 

Synthesis of a Fritted Glaze 

Oxides may be introduced into a fritted glaze in many forms. 

Some typical oxides are discussed below and the reasons stated 

for th~ choice of particular compounds. 

! 2Q. Compounds commercially available are: Pearl ash K
2
co

3
, 

potassium ni:rate KN03 , potash felspar K
2
0.Al

2
o

3
.6sio

2 
and stone. 

K2o could be introduced by any of the above compounds. However, 

potash felspar is.a likely choice; although it is insoluble and 

inert, it would introduce the required amounts of Al
2
o

3 
and Si0

2 
to the frit. 

,!!2£:. Soda ash Na2co3 , borax Na2B4o7 .loH
2
o, soda felspar 

Na20.Al2o3 .6sto2 and stone. Since borax is cheap and a readily 

, I 
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available co~pound and B2o 3 is also required, then the Na
2
o 

could be intro~uced into the frit as borax. 

£!Q.:_ Invariably introduced as whiting /Caco
3

; since this 

compound is extremely abundant and cheap. 

~ Generally introduced as a lead bisilicate frit. Ideal 

formula Pb0.2Sio2 • 

Al223~ Introduced as china clay Al2o 3.2sio
2

.2H
2
o. Part is 

put into the frit to give insolubility and some is left over 

for mill batch additions. 

Sio2~ Introduced as flint /Si02/. 

!2Q3~ Borax Ka2B4o 7 .loH2o is used wherever possible 

because of price and availability. 

Fritting Factors 

Consider the following frit: 

Felspar 55,6 kg 

Borax 95,5 kg 

Whiting 35,0 kg 

China clay 25,8 kg 

Flint 42 ,O kg 

Total weight 253,9 kg 

In practice, it is found that 253,9 kg of this frit recipe pro­

duce 189,9 kg of frit after heating. 

The theoretical weight of frit produced can also be derived 

by calculation. 

Felspar 

Borax 

Whiting 

55,6 x l 

95,5 x 0,529 

35,0 x 0,560 

China clay 25,8 x 0,860 

-
55,6 

50,5 

19,6 

22,2 



Flint 42,0 x 1 42,0 

189,9 

84/ 

The factors used above, e.g. borax 0,529, are referred to as 

"fritting factors". 

Felspar has a fritting factor of 1 /one/ because it does 

not lose weight on heating. 

Borax has a friting factor of 0,529. It is calculated 

as follows: 

Na2B4o7.1oa2o - Na20+2B2o3+10H20 
I I 

382 - 202 

1 - .m - 0,529 

202 is the combined molecular weight of one molecule of Na2o 

and two molecules of s 2o3 • 

Whitin2: 
Caco3 CaO+Co2 

100 - 56 

1 - ~ - 0,56 

Fritting factor - 0,56 

China clay: 

Al203.2Si02.2H20 -.Al203+2Sio2;2a20 

258 - 222 

1 = ~~~ - 0,86 

Fritting factor - 0,86 

A list of fritting factors for various compounds is given in 

Table IV on the p.87. 

Typical analyses of ceramic materials are iii Table V on p. 87. 



Substance Sym. 

Aluminium . Al 
Antimony Sb 
Argon . . A 
Arsenic . As 
Barium . . Ba 
Beryllium Be 
Bismuth . Bi 
Boron . B 
Bromine. Br 
Cadmium Cd 
Calcium . Ca 
Carbon . . c 
Cerium . . Cc 
Cesium . Cs 
Chlorine. Cl 
Chromium . Cr 
Cobalt Co 
Columbium. Cb 
Copper . . Cu 
Dysprosium . Dy 
Erbium . Er 
Europium Eu 
Fluorine. F 
Gadolinum . Gd 
Gallium • . Ga 
Germanium. Ge 
Gold. .. Au 
Hafnium Hf 

~ 

INTERNATIONAL ATOMIC WEIOHTS Tjtble II 

At. Wt. 

26·97 
121 ·76 I 
39·944 i 

74·91 
137·36 

9·02 
209·00 

10·82 
79·916 

112·41 
I 

40·08 I 

12·0l0 I 

140· 13 
132·91 
35·457 
52·01 
58·94 
92·91 
63·57 

162·46 
167·2 
152·0 
19·00 

156·9 
69·72 
72·60 

197·2 
178·6 

Substun;-i S·y~l 
-· --,,-------.,.------. 
At. Wt. Substance Sym. At. Wt. 

~lium. I He 
Hlnmium Ho 
Hydroge11 H 
Indium . . In 
Iodine . I 
Iridium. . Ir 
Iron . . Fe 
Kro>ton . Kr 
lanthanum la 
lead Pb 
Lithium i Li 
lutccium . : Lu 
Magnesium 1 Mg 
Manganese . i Mn 
Mercury . i Hg 
Molybdenum 1· Mo 
Neodymium Nd 
Neon . I Ne 
Nickel . Ni 
Nitrogen I N 
Osmium Os 
Oxygen. : 0 
Palladium . i Pd 

, Phosphorus . ' P 
• Platinum . Pt 

Potassium . I K 
j Praseodymium Pr 
, Protactinium · Pa 
I I 

' 4.003 Radium . Ra 226·05 
164.94 Radon Rn 222 

' 1.008 Rhenium. Re 186 · 31 
114.76 Rhodium Rh 102·91 
126.92 Rubidium Rb 85·48 
193.1 Ruthenium . Ru 101 ·7 
55.85 Samnrium Sm I SO· 43 
83.7 Scandiur.. Sc 45· 10 

138.92 Selenium Sc 78·96 
207.21 Silicon • Si 28·06 

6.940 Silver Ag 107·880 
174.99 Sodium . Na 22·997 
24.32 Strontium Sr 87 · 63 
54.93 Sulphur . S 32 ·06 

200.61 Tantalum Ta 180·88 
95.95 Tellurium Tc 127·61 

144.27 Terbium. Tb 159·2 
20.183 · Thallium Tl 204 · 39 
58.69 Thorium Th 169·4 
14.008 ' Tin Sn 118·70 

190.2 i Titanium. Ti 47·90 
16.000 1 Tungs1en. W 183 · 92 

106.7 1 Uranium U 238·07 
30.98 : Vanadium V 50·95 

195.23 : Xenon Xe 131 ·3 
39.096 ' Yuerbium Yb 173·04 

140.92 I Yttrium . Y 88·92 
231 Zinc . . Zn 1 65·38 

I Zirconium Zr I 91 ·22 
- --- --·- -· --

f'f) 

c.n 

~ 



Name 

Aptc 
Al bite 

Ampbibolcs 

Anawe 

Anhydrite 
Anorthite 

Apatite 

Arqonite 

Baddclcyite 

Barytcs 
Bauxite 

Bcntonito 

Beryl 

Boracite 

Borocak:ite 

Brook.ite 
Calcite 

C&rboNndwn 

Chert 
QW!a clay 

Chromite 

Cobaltite 

Conmdwn 
Cristobillitc 

Cryolite 

Dolomite 

Fdspar 

TABLE OF MINERALS 

Description I Formula 

A form of cryitalline silica Si01 
Soda fel~par Na20.Al10J.6Si02 

[Na.AJ.SiJ01] 
n(S~011)6-Silicates with chains of 

lilicon-oKygcn linka&CS 
A natural form of titanium 

dioxide 
Anhydrous calcium sulphate 
Limc-felspar 

Haloaen derivative of cal­
c:iwn phosphate 

A natural form of .;alcium 
carbonate 

A naturally occurrina zir­
conia mineral 

Hcavyspar. Bariumsulphate 
A natural form of hydrated 

alumina 
An extremely fine arai.ncd 

montmoril!onite type of 
clay 

An example or the rina 
auucture silicates 

A naturally occurrina borate 
mineral 

Natural form of Clllciwn 
dlboratc 

A natural form of titania 
A natural form of calcium 

carbonate 
A synthetic compound of 

ailicon carbide 
Chalcc.1onic silica 
A primary clay essentially 

kaolinite 
A chrome mineral of the 

apiocl aroup 
A sulphide <:ontainina cobalt 

and arsenic 
A cryitallinc form of alumina 
Hi&hcit temperature form of 

crystalline silica 
Mineral sodiwn aluminium 

ftuoridc 
A double salt of calcium 

maancsium carbonate 
Sec onhoclasc, albite and 

anortbitc 

Ti01 

Caso. 
eao. AI20J. 2SiO: 
(Ca. Al1. Si?Os) 
CaJ(Cl.F .OH)(PO~)J 

CaCOl 

Basa~ 
Al:OJ.2H:O 

lBcO.Ah0J.6SiO: 
(BcJAl:SioOu) 
6MK(). MKCI:. SB:OJ 

Ca0.2B:OJ.6H:O 

TiO: 
CaCOJ 

SiC 

Si01 
AIJOJ.2Si02.!H:O 
(Ah(OH)~(ShOj)) 
FcO.Cr:OJ 

Co.As.S 

AhOJ 
SiO: 

NaJAIF0 

CaCOJ.MiCOJ 

Name 

Flint 

Fluorspar 
Fullers Earth 

Galena 
Ganister 
Gypsum 

Haematite 

Iceland Spar 
Iron Pyrites 

Kaolinite 

Kicsclauhr 

Kyanitc 
Lcpidolitc; 

Lianilc 
Umonilc 

Maan.:silc 

Maanclitc 
Marcasite 

Mica 
Montmofillonilc 

Mullitc 

Muscovite 
Nephclinc 

Nc~hcl'!te 
yenatc 

Thivicr'1 Earth 
Tourmaline 

Trcmolite 

Tridymitc 

Vermiculite 
Willcmitc 

Witherite 

Wollutonilc 
Whilina 
Zlr:~n 

Zirconia 
-·--

Description 

Crypto - crystalline 
donic silica 

cbalcc· 

Calcium ftuoridc 
Clay similar to bcntonite 

with hiah absorbina 
powers 

Natural lead sulphide 
A lino aralned quartz rock 
Calcium sulphate dihydlatc 
A naturally occurrin& form 

or iron oxide 
Sec calcite 
Iron sulphid<: 
Clay substance 

Diatomaccous earth; remains 
of the diatom animal 

An alumino-silicatc 
A micaccous form of lithium 

mineral 
A low-aradc brown coal 
Hydrated iron o"ld.: 
A naturally occ•mina form 

of masncsiwn carbonate 
Maanctic iror. ollide 
F<:rrous 1ulphidc 
Sec muscovite 
A type of clay sub:uance 
A crystalline constituent of 

aomc fired bodies 
Potash mica 
A low 1ilica flux 

A rock conslstinaof nephcllne 
and f<:lspar 

A clay hiah in iron oiUdo 
A complex boro·silicat<: of Al 

and Nat.filus trac<:s of Li, 
Fownd 1 

A calcium maancsiwn slli-
catc. Arnphibolc type 

An intermediate crystalline 
fonn or 1illca 

Hydrous mica 
Zinc 1ilicate or the olivine 

type 
A natural form or barium 

carbonate 
Calcium rnc1asilicate 
Cak:lum carbonate 
Zirconium silicate 
Zirconium ollid<: 

Table III 

Formula 

Si01 

CaF2 

PbS 
SI01 
CaS04.2H10 
Fc20J 

FcS1 
Al10J.2Si0~.2H10 
(Al OH>.( lzO,)) 

Si01 

Al10J.Si01 
(Ll.K.Na)z(F.OH)z 
Al20J.lSi01 
60-1or. carbon 
Fe10J.%H10 
MsC01 

Fe104 
FoSa 

N11..Als. M1.SiJ4.060°(0H)12 
JAl10 J. 2Si01 

K10. lAl101. 6Si01. 2Hi0 
3rn•ro>. Kzo 

A z0J.8Si0zl 

CaO.lM10.4Si01 

Si02 

JMaO.(Fe. Al)zOJ. 35101 
2ZnO.Si01 

BaCOJ 

CaO.SI01 
caco, 
ZrOz.SIO, 
ZrOz --

o:> 
O'I 

' 

_J 



Table :7 
COMPOUNDS USED IN GLAZE CAl.CUl..ATlOSS W1TH THEIR 

PEulA.'IDIT OXIDES A.'1> flUTTJNG FACTORS 

The approximate molecular weights that are commonly used are 
shown in brackets. 

I ~.:: Frittiq I Formulae and Molecular Weisfits I 
Borax O· '29 Naz&<h. lOHiO. (382)-Naz(){62) + 2Bz03(2 x 70) II 

Boric acid 0·564 2HJBOJ(lx62)-Bi()J(70) I 

Clilla day 0·861 Ali<>J.2Si()z.2Hi().(ll8)-Ali0J(l02) I 
+ 2Si0i(2 x 60) 

Fclspar 1-<IO Ki0. Ali()3. 6Si0i(S56)-Kz0(94)+ 
AliOJ(l02)+6SiOz(6 x 60) 

FliDt 1·00 Si0z(60) 

lad bisilicale 1·00 PbO. 2Si()z.(343)-PbO(ll3)+ 2Si<h(2 x 60) 

Padasb 0·681 l{zCOJ(l38)-Kz0(94) 

Red lead ·0.911 Pb30..(68S)-3Pb0(3 x lll) 

Sodaasb 0·'85 Na2CO:i(l06)-Naz()(62) 

Wbitiq 0·560 CaCOJ(lOO)-+CaO{S6) 

White lead 0·863 Pb(OH)z. 2PbCOJ(77S)-3Pb0(3 x lll) 

Table V 

TYPICAL ANALYSES OF CERA..\llC MA TERL\LS 

Alumina I Black : Blue : Booe China '. Chrome I . l 
brick ball clay j ball clay · ash clay i ore i Dolonute 

r I · 

SiOz 13·73 I 46·86 ! SO·S6 i 0·31 I 41.00 2· 10 ! 0 24 I TIOz 2-88 0·68 0·87 
i 

0·10 0·21 . 
Ali()J 81·'41 34·80 33·40 0·06 

' 
37-05 16··U' 0-10 

I FeiOJ 1·41 0·80 

I 
I ·2' ' 0·13 O·S9 i 16-SO I O·OS 

Ma<> 0·10 0-32 0·40 i 1·26 0·28 16·!6 I 21 ·20 
cao 0·11 0·32 O·S9 '4·26 ! O· IS 0·12 31·20 ' 
KiO 0·36 ; 1·47 r 3·10 I : 1·7S : 0·01 : 0·01 • 

NaiO 0· 11 I 0·30 O·M I 0.34 I 0·30 I 0·18 • o-u I 
Loss 0·14 14·30 i 9·66 14u~ ! 12·'5 t 1·02 ; 47.47 I 
Pi(), ! I 46-70 I Cr.iOJ I I 

e·g:;n I Fdspar l Flint rb~:y i:i.loloc:bitc PeiJt!atitt Plaster I ' I 

·SiOz 69·93 68·00 i 97.97 ! SS-27 S4·8l 7Z·23 O·S4 I 
n<>i 0·01 0·02 : 0·01 ' 1·04 0· 10 0·03 : 0·02 r 

AliOJ 19·53 16·8S j 0-39 ' 35.;o 42·31 17·83 0· 14 
; 

Fei0> 0·63 0·18 
0·061 

4.94 0·1S 0·28 l 0·06 
~ 

I 

Ma(> 0·01 I 0.13 I O·OS I· 16 0·12 ! 0·12 l 0·30 
CaO 0·73 0·37 0·62 0·31 0·20 I 0·90 38·S9 
Kz() 1·60 10·64 I 0·02 1·63 1· 73 1·90 O·Ol 
Naz() 0·62 

I 
MS I 0.04 ! 0·39 I 0· 11 S·96 ' O·OS J I 

Loll S·7S 0·41 I 0-6.5 I 0·34 
I 

0·.53 ! 7-88 
SOJ ! I i i .52·S1 

Silica ' i i I 
Sud 

-~~I 
Slate I l\cd Cl:ly i Stone I WhitUJi 

i I 

SiOi 9S·02 9S·90 I '1·'4 37·68 
r :'2·16 0·04 I I ! 

TiOz O·ll 0·17 0·94 I 0·.52 0·0.5 

I 9 1·07 0·8S ~ 19·63 I ll·.51 1S·l6 0·11 
0·21 0·79 

I 
8·26 S·OO 0·16 0·01 

0· 12 0·06 1·99 I 1·94 0·16 0·04 
c.o O·IS I ·7S I ·4' 19·:U l·.57 I S6·06 
KaO 0·91 0·12 I 3·20 i 2.n 4.JJ ~ 
Naz() 0·16 

I 
0·08 1·31 0·2.5 3· 17 0·03 

Lou 0·37 

I 
S·08 I 20·12 1·93 

I 
43.93 

58' 
I 0·30 

I 0·02 
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B. 

VIII. H~at transfer 

Heat transfer is another basic phenomena i~ the manuf actur­

ing of ceramics which has to be dealt with. 

Heat is always transmitted from plac~s of higher temperatu­

re to places of lower temperature. There are three fundamental 

modes of heat transfer: 

a/ by condu~tion - as a rule in solids ; 

b/ by convection - as a rule in liquids or gases 

c/ by radiation - in transparent media. 

When calculating the parameters of ceramic furnaces all 

three modes of heat transmission must be considered. Conduction 

should be normally taken into account to calculate thermal los­

ses through the walls, convection as the primary mode of heat 

transmission in gases in the furnace, while radiation comes 

into consideration for the heat transmission from the combustion 

products and furnace walls into the fired ceramic body. 

Conduction 

Conduction in a homogeneous opaque solid is the transfer 

of heat from one part to another, under the influence of a tem­

perature gradient, without appreciable displacement of the par­

ticles. Conduction involveR the transfer of kinetic energy from 

one molecule to an adjacent molecule; it is the only mechanism 

of heat flow in an opaque solid. With gases and liquids, con­

vection may be supplemented by convection and radiation. Within 

a fluid flowing in streamline motion, heat is transferred by con­

duction at right angles to the direction of fluid flow. 

Convection 

Convection involves the transfer cf heat by mixing one par­

cel of fluid with another. The motion of the fluid may be enti-
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rely the result pf differences of density resulting from the 

temperature differences, as in natural convection, or the motion 

may be produced by mechanical means, as in forced convection. 

Radiation 

A hot body emits radiant energy in all directions. When 

this energy strikes another body, part may by reflected. Part 

may be transmitted through the body, in which case the body 

is said to be diathermanous. The remainder is absorbed and 

quantitatively transformed into heat. 

VIII a/ Transmission of heat by conduction 

Transient conduction is a very complex process, which 

in many cases cannot be mastered mathematically. What we can 

solve are only simpler cases, which are howaver of very great 

interest to us in the calculations for furnaces. We presume 

that we are confronted with transmissions of heat in isotropic 

media, i.e. media exhibiting the same physical properties in 

all directions. The thermal state of such a medium is given by 

the temperature field, i.e. a set of momentary temperatures at 

all the points of the portion of space under consideration. The 

temperature field is continuous, uninterrupted and scalar. The 

surf aces including points of equal temperature c.re termed iso­

thermal surfaces. If we are dealing with simple one-dimensional 

heat transfer through a wall, the isothermal surfaces are paral­

lel with the interface. In the case of a straght wall we are 

therefore concerned with planar surfaces, in the case of a cy­

lindrical surface with co-axial cylinders, in the case of a 

s~he:ical surface with concentric spheres, and so on. 

Linea connecting points of equal temperatures /see Fig. 2 / 
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-----T-iiT 

-----T-24T 
Fig.2. Pattern of isotherms and 

direction of heat flow vector 

are called isotherms. When travelling along the isotherm T 

from A is the direction s we reach points with different tem-

peratures. Travel in the direction s is characterized by the 

ratio 

which will be a maximum if the motion takes place in the di-

rection of normal n, i.e. a normal to isotherm T. The tempe-

rature gradient 
grad T 

is the limiting value of the ratio or 

grad T - lim !!. A no 
t:.fi+o .. n 

/35/ 

-where n
0 

is the unit vecbor 

/36/ 

The temperature gradient is a vector perpendicular to 

the isothermal surface. Resolving the general direction n into 

components in the direction of the co-ordinates, the following 

will apply: 

grad T - l! i + l! j + aT k ax ay az 
/37/ 

-where i,j,k are unit vectors in the direction of th~ axes x,y 

and z. 
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Grad T is positive in the direction of increase of the tem-

perature, but heat flows in the opposite direction. 

The set of temperature gradients constitutes a vector field. 

The existence of a vector field signifies that heat is being 

transmitted within the medium. 

The relationship between the heat flux, tt.e temperature 

gradient and the properties of the medium are described by 

Fourier's law: 

- aT ( ) dQ - -A an dF dt J /38/ 

dQ is the amount of heat transported in the direction normal 

to area dF of isothermal surface in time dt. It depends on a 

physical property of the medium, the coefficient of thermal 

conductivity X and temperature gradient ~~ • The minus sign 

implies that the heat flows from higher temperatures to the 

lower ones. Since grad T is a vector, dQ,too, will be a vector. 

The heat flux density q is the flux traversing a unit 

area in a unit of time 

or 

-
- Q 
q - Ft 

/39/ 

/40/ 

Vector q can be resolved into the directions of the axes of 

the co-ordinates: 

/41/ 

The dimension of thermal conductivity Xis [Wm-lK-lJ . 

The thermal conductivity is the amount of heat transported 

through 1 sq.metre of isothermal surface within a time unit, 

with a thermal gradient of l degree K or c per 1 metre of 
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thickness. It is a property related to composition and ~ust be 

dete:rmined for each substance. It varies within ~ide limits. 

The thermal conductivity of metals decreases as temperatu~ 

re rises, but for silicates as temperature rises thermal con-

ductivity on the contrary increasee. The ten!pera~ure dependence 

is normally linear, and can be expressed by the relationship 

/42/ 

With porous materials, thermal conductivity also depe?Yls on 

other conditions such as humidity, specific gravity or b~lk 

density and structure. 

Thermal conductivity of metals 

The values are high and proportional to their electrical 

conductivities. Thermal conductivities of alloys are lower than 

those of pure metals. 

Silver possesses the highest thermal condu1.:tivity 

/420 WJn-lK-1/, followed by pure electrolytic copper /380 Wm-lK-1/, 

then gold /250 Wm-lx-1/ and aluminium /230 wm-lx-1/. The ther­

mal conductivity of Mo is 145 /Wm-lK-1/ that of Ft, 73/Wm-lx-1;. 

The conductivity of ferrous alloys is much influenced by the 

carbon content; struct':lral steel and cast iron have thermal 

conductivities al::out SO /Wm-lK-1/ at room temperature. Rather 

low thermal conductivities are typical of nickel or chromium­

alloyed steels /12 to 16 Wm-lx-1;. 

Thermal conductivities of refractory materials 

These are in the range of tenths up to units /Wm-lx-1;, 

and as the temperature increases, their values usually increase 

moderately. 
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With some materials thermal conductivity can be determined 

from empirical formulae. 

Empirical formulae for the calculation of thermal conduc­

tivities in ;wm-1it-11 of some refractory and buildinq materials 

are qiven in Table VI 

Table VI 

TC-CJ 
Material Bulk density Thermal conductivity 

t1y (kgm-3) 1(Wm- 1 K- 1) 

Dense fireclay 1800 to 2200 0.7 + 0.64x 10-> x T 
Dense silica 1700to~ 0.84 + 0.76x10->xr 
Fim:lay hishi n Al203 3000 1.69-0.23 xJO-J x T 
Mullile 2160 to 2900 2.29 + l.7x 10-> x T 
Zircon 1.3 +0.64xl0- 3 xT 
Magnesite 2600 to 27ro 6.17-2.68x 10->xr 
Chrome magnesite 2900to 3000 2.1 to 4.1 
Sil~on carbide 2100 to 2500 9.3 + l."'Sx10->xr 
Red brick 17SO to 2100 0.47 + O.SI x10-> xT 
Concrete 2400 0.92 
Ught-weiaht lim:lay 810 to 13'10 0.17S to 0.33 
li&ht-~-eight siliol 690 to 1000 0.2S6 to 0.48 
Asbestos board 900 to 1200 O.IS7+0.14x10- 3 x T 
Crushed ubestos 800 O.!IJ6 + 0.18x10-3 x T 

Thermal conductivity of liquids 

-1 -1 It normally varies within the range ~ - O,l to 0,7 /wm K /. 

With the increase of temperature, ~ de~reasea, with the excep­

tion of water and anhydrous glycerine. 

Thermal conductivity of gases 

The thermal conductivity u•ua.J.ly varies within the range of 

A - 0,006 to c,6 /Wn:.-1it-11. Tho•• having higher densi~ies pos­

sess lower the~l conductivities. Only under high vacuum -

below 6,5 /Pa/- does thenrial conductivity depend markedly on 

pressure - otherwise it is independent of it. 
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Gener.-1 solution of the differential ec;uation of heat 

conduction /Fourier-Kirchhoff ~riation/ 

Let a homogeneous and is~tropic ~<>dy te un~ve~ty heated. The 

walls of the elementary prism dx dy dz /Fiq. 3 / will cave 

94/ 

different telllperatures. According to the Fourier e~uation, tr.e 

amount of heat ~terinq area A will be: 

/43/ 

and the heat leaving at a distance dz the area B having a ge­

nerally different te1nperature T + i¥ .dz shall be, again under 

Fourier's equation: 

dOB - ->. d:< dy h- ( T + * dz ) dt /44/ 

z 

I 

Fiq.3. Heat transfer by conduction 
in an elementary parallele­

piped 

Assuming that TA>TB' the heat will travel in the direction from 

A to B, a p~r~ of it rm&aining in the body and causing the body 

itself to be heated. The amount of heat dO that will remain 

in the body will be ~ 

l 
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/45/ 

Analogous expressions can be written for the heat flow in the 

x and y directions. 

The overall rise in temperature of the elementary prism 

will be given by the addition of increments of temperatures 

caused by the heat flux in tee directions x,y and z. 

2 2 2 
dQ - >.( .Y, + 4 + a i ) dx dy dz dt /46/ 

dx ay az 

Due to this heat the body is reheated in time dt by the value 

of 
aT it . dt 

If density of the body be p and the specific heat c, then to 

heat the body by the above value /2,18/ the following heat will 

be consumed 

dQ - dx dy dzcp ft dt /47/ 

Deducting /47/ from /46/, w·e shall obta::.n: 

2 2 2 
O - ~(Li- + !..!. + Li) dx dy dz dt - dJt dy dzep ll dt 

ax" ay"' az" at 

Defining the group 

). --a c.p /48/ 

the thermal diffusivity, w obtain: 

-1 
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/49/ 

The group of derivatives 

a2 
-+ 
ax2 

a2 a2 2 
~·~-v 
ay"' az"' 

/50/ 

is the Laplace differential operator, so that 

/51/ 

Eqs. /49/,/51/ express the mutual relationship between the 

distributi.on in time and space of the temperat•.ires at an arbi­

trary point of the body in which heat is being transferred. 

The coefficient of proportionality a is tr.ennal diffusi--
vity, and expresses the rate of change of temperatures in trans-

ient conduction of heat. :ts dimensions are 

.). 
a - - ; a> 

If thermal conductivity >. expresses the ability of matter 

to conduct heat, diffusivity ~ expresses the th~rmal inertia 

of the matter. It is likewise related to co~position. It is 

low for gases and liquids and high for metals. Values a ~f 

some ~f the substances are given in the table below. /VII/ 

Table VII 

THERMAL DIFFUSIVITIES o OF VARIOUS SUBSTANCES 

0 0 0 
Material (cm2 s- 1J Material (cm1 s- 11 Material (cm1s- 1J 

Silver ~.n <iranitc 0.011 Wood 
Copper l.14 LilnCS(one 0.007 (alons annual riap) 0.004 S 
Aluminium 0.86 Sands1one 0.01 1 Wood 
Zinc 0.41 Glass . 0.0058 (normal 10 rinp) '>.002. 4 
Tin 0.38 Concrete 0.0042 Cor'~ 0.0014 
~ass 0.33 Brick 0.00311 &JcnSC ftreclay 0.0016361 
Pla1inum 0.25 Dry sand 0.0020 Porous ftrecla y O.OOOIJ08 
S1ecl 0.12 \foist 'll'ld 0.0())) L'cnM silica 0.001 57 
Casi iron 0.12 (8%) FlllCd cul material "0.002 ) 

O;acomaccous Carib 0.000 857 

----------- . ·----····· ·-· 



In a steady-state heat transfer problem 

hence 

Eq./52/will assume the form 

V
2

T - 0 

seeinq that a f O. 

97/ 

/52/. 

/53/ 

Eq./53/ has a qreat number of j?OSSible solutions, any 

particular solution depends on "the boundary conditions. The 

functions tr.at satisfy the equation for the steady state 

yield isothermal surfaces which do not chanqe their positions. 

Heat conduction throuqh a simple planar wall 

The simplest solution is one for a one-dimensional heat flow, 

for example with infinitely large flat slabs, with heat flow 

perpendicular to the surface, or radially in a cylinder of 

infinite length, or in a sphere. 

0 I 

Fiq.4. Heat conduction throuqh a simple 
planar wall 

In the case shown in Fiq. 4 heat is transmitted in the direc­

tion of axis x, this !mplyinq that the surface y,z are isotherms, 

hance 
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The differential equation /53/ will be simplified to the form 

d2T 
--- - 0 /54/ dx2 

The axes shall be selected in tte manner shown in Fig. 4 

~c that for 

X - 0 I 

and 
/55/ 

X - S I 

Eq./54/ is solved by integration: after the first integration 

dT C --dx 1 /56/ 

and after the second 

/57/ 

Constants c1 and c2 ~ust be determined from boundary condi­

tions /55/ 

substituting 

C2 - Tl 

Tl-T2 c __ ....;;:;_,;. 
1 s 

8 

/58/ 

/59/ 

If we are only to establish the difference in temperatures 

AT0 - T1-T2 , it ia convenient to com;·ert the equation to a 
• 

eimensionless form, by introducing 

then by substituting in/59/we will obtain 

Tl-T2 
T-T - T -T - x 

2 1 2 8 



I 

Denoting 

and 

then 

, 

0 

!!.... - e as a ~imensionless temperature 
dT

0 

x - X as dimensionless distance, 
s 

e - 1 - x 

/60/ 

/61/ 

I X 

Fiq.S. Relationship between dimension­
less tem~erature distribution 
and wall thickness 

Equation /61/ is a universal equation of a dimensionless tem­

perature field in a thin wall /see Fiq. 5 /. It illustrates 

the temperat~re distribution in a wall of thickness s, and 

boundary temperatures T1 and Tr 

The amount of heat traversing a unit area in a unit of 

time ,is determined from Fourier's equation 

because 

q - -). i! ax 

after substituting /'39 I becomes 

/see I 56 I,/ 58 I 

The equation ca11 be re~ritten in the form 

/39/ 

/62/ 



'• 

100/ I 
Tl-T2 

g-~--
A s /63/ 

Substituting this expression into equation for the temperature 

field,' 59 /,we obtain 

/64/ 

From this it follows that under otherwise equal conditions, 

an increase in ~emperature difference between tee surf aces 

m·eans an increase in the heat flux q. 

The total amount of heat flowing through a wall having 

the area F m2 in time t /hrs/ will be 

/65/ 

The expression ~ (~"Jc.-2K-l) is referred to as thermal conduc­

tivity of the wall, its reciprocal value f (m2xw-l~ being term­

ed tharmal resistance of the wall. 

Steady conduction of heat through a composite planar wall 

The wall consists of n homoqeneous layers /see Fig.6 /,each 

of which has a different thermal conductivity ~ 1 ,~ 2 ,l 3 •••An• 

We assume contact between the layers to be perfect, and each 

material to have the same interface temperature. If the tempe­

ratures of the surfaces of the wall T1 and Tn+l are given, then 

at steady state the flow through unit area per unit of time 

will be equal through all isothermal surfaces. We can write 

a system of equations /62/ : 

q • ~: (T1 - T2) 

q • i.1 (T1 - Ti) 
J2 

lj 
q •-(T,-T.) ,, 

q • ~(T. - To 1) s,. /66/ 
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Fig.6. Heat conduction 
through a compo­
site flat wall 

From them we can determi~ the temperature gradients in the individual la~rs of 
the wall: 

/67/ 

By summing up these equations we obtain: 

( 
.s, .Sz .S3 s,.) T, - T..+1 .., q -:-- + ,.- + ,.- + ... +-;-
A, '"'2 A3 ... ,. 

from which 

T1 - T..+ 1 T, - T,.. 1 q - -------------- .. -- ,-.-.. --
.s, .Sz .S3 + " 't" !!. r+r+r+ ... T '"' 

I 2 3 • i• I ,ll 

/68/ 

1-n 
The expression > Si 

r- is the sum of thermal resistances of 
i i~ 

all the layers of the wall. The temperatures on the inter­

faces of individual layers are computed from Eqs. /67/ 

Oeaerally 
,., 

T' ... ~ ,, 
•t+1-A1-qt.,"! 

I• I J\j 

/69/ 

/70/ 
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Steady radial conduction of heat through a simple cylindrical wall 

Let us consider a tube of length 1 i the inner surf ace of the 

wall having radius r 1 and temperature T1 , the outer surface 

having radius r 2 and temperature T2• We assume that the mate­

rial of the tube has a constant thermal conductivity ~ indepen­

dent of temperature, and heat is conducted radially - see Fiq.7 

The isothermal surfaces are cylindrical, co-axial with the 

cylinder surface. The heat that traverses this cylindrical sur­

face of radius r and length 1 in w:it time will ce, according 

to Fourier's law, 

dT A.dT 
Q = --J.F fj; = -1itrl <fr (W] 

Q dr 
dT= -----2it.l.I r 

Q T= ---lnr+C 
2itll 

/71/ 

i12/ 

If we integrate ove~ the range from T1 to T2 and r 1 to r 2 

IT• Q I'' dr 
dT• --- --2dl , 

T1 •1 

Q '1 T1 -T1 •-ln-
2dl '• 

/73/ 

Hence the heat being transmitted 

2dl 2dl 
Q • -(T1 - Tz) • -(T1 - Tz) [W] 

I '1 I di n- n-
'• d, 

/74/ 
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Fig.7. Heat conduction tru:ough. 

a s4.mple cylindrical wall 

The equation of the temperature distribution in the wall will 

be established by determining constant C from the boundar1 

conditions, and introducing in into Eq. /72/ 

For radius r 1 the temperature of the wall will be T1 , and the 

constant 

By substituting into /72/ we obtain 

For Q we shall substitute from /74/ 
· In.!!_ 

2dl 1 d d, 
T,. T1 - ---;r-(T1 - T2)'Tifln-;r • T, - (T, - Ti)-d- /75/ 

ln-2 K a ln-2 
d, d, 

The temperature in the wall of the tube will vary in accordar:ce 

with the loqarithmic curve. The amount of heat transmitted 

throuqh l m lenqth cf the tube will be 

/76/ 

l 
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Steady co11duction of heat through a composite cylindrica.l wall 

/Fiq. 8 /. 

E'iq. 8. Heat cond-action throl.1gh 
a composite cylindrical 

wall 

The dimension of the tubes diameter d1 .•• diaJ11eter dn+l , 

thermal conductivities of the materials Al' ••• An' and the 

temperatures of the inner and ou~er surfaces T1 and Tn+l are 

known. The following amount of heat will pass through the iso-

thermal surfaces: 

q,. Q = 21t(T1 -Ti)-= 21t(Ti-T3) = ...• 2Jt(T.- T •• ,) [Wm-•] 
. I -•-In ~ -•-In _!t _1_ In dot /77 / 

A1 di Ai d1 A. d. 

From which we shall determine: 

T. T. 
q l I d~ +I 

- +1•-- n--
• • It u. d. 

/78/ 

By summinq up these equations we shall obtain the overall tempe­

rature gradient 

.,. T. q ( 1 I di 1 d3 1 I d.+1 ) /79/ 
'' - •• t • "i" 2.A, n T. + 2Ai In Ti + ... + 2A. n T 

From which we can determine the amount of heat for a known 

temperature qradient 
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K(T1 - T.+1) (Wm-'] 
q - ·-· 1 d 

L-10.....!!.L ••• u. d, 
/80/ 

The expression 

of o:::ie layer. 
i-n 

Expression ')' 
i~ 

d 1 1 ....!!! ( mICW-1} is the thermal resistance 'll1 n di 

l di+l l ln {mDW- l is the thermal resistance ll1 c;:-
of all the layers combined. 

T~e tem~eratures at the interfaces between individual 

layers will be d~termined freim equations /78/ 

q 1 di 
Ti - r1 -- ... , ln-d 

K """' l 

q ( 1 di 1 d,) 
T3 • T1 "i" ll, In 7;' + lli In d;' 

q ( .... 1 d1+1) 
T .. + I - r. - - L -:;'1 In -d -

K 1•1.t.Af I 
/81/ 

Within each layer the temperature varies logarithmically and 

across all the layers as shown in figure/8/ • 

VIII b/ Transmission of heat by convection 

Beat transmission in a fluid, from a fluid into a solid and 

vice versa i~ determined by the temperature gradient and ther­

mal conductivity. 

In the said relations, heat is transferred by both convec­

tion and thermal conduction. Cor.vection is a mode of heat trans-

mission :n which there is macroscopic flow of the fluid, and 

this carries heat d:t.rectly from a region of one· temperature to 

a reqion ~f another temperature. Convection can only occur in 

a fluid. Cor.vection is always accompanied with transmission of 

heat by conduction, the latter mode of transmission being 
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achieved by subnU.croscopic motion of matter. The motior. of the 

fluid makes the entire pheno~enon of heat transmission complex, 

for the kind of flow depends on the mode by which the fluid is 

bro~qht into motion, and also on the dimension and the shape 

of the solid. 

Free or natural convection is a flow arising as a conse-

quence of the difference in the densities of the hotter and 

cooler regions of the fluid. It can only materialize if tbe 

fluid is situated within tt.e field of act!cn of bulk forces, 

e.q. under the influence of the earth's ~·ravity. Free convec-

tion will be considered only as due to the effect of earth 

gravity, with a constant gravitational acceleration g, disre-

qarding the influence of other material forces. 

Forced convection depends on a flow ar181rl9 as a result of 

the action of external artificial forces, such ae by a pump 

or a fan, on the fluid. A combination of the two kinds of mo-

tion may also be considered. However, the influence of natural 

convection is usually negligible at high velocities. 

During the flow the particles move in either an orderly 

fashion, parallel with the channel walls, in which case we 

speak of streamline or laminar f!ow, or a disorderly fashion, 

in which case we are dealing with a turbulent flow. Laminar 

flow will change 

r • 
~-cau14111 

Fig.9. Heat transfer by 
convection /Newton's 
law/ 

l 
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into a turbulent flow wheil the mean flow velocity has reached 

critical velocity. Critical velocity differs from one fluid to 

another, and also varies for different geometrical conditions. 

Even in turbulent flow a thin layer of fluid with a lami­

nar flow ttill form next to the wall and this !s called the boun-

dary layer. The thickness of this layer diminishes as the mean 

flow rate increases. 

T"ue most frequent case of heat transmission by convection 

is a heat transfer from a fluid to the surface of a solid, or 

vice ver~a. Obviously heat always flows t;)~-ard the region of 

lower temperature. In engineering calculations the amount o~ 

the heat transferred is often calculated from Newton's law -

see Fig. 9 

where Ts( 0 cJ - the temperature of the wall of the solid 

Tk [ 0 c J - temperature of the f l''1id 

F( m2 
J - the· surface area of the solid 

/82/ 

a[wm-2x-1
J - the-coefficiei.t of heat txansfer, which is the 

coefficient of proportionality between the heat 

transmitted by surface F[m2Jand the temperature 

c;radient ~T - Ts - Tk { 0 cJ. 
In general, the coefficient of heat transfer has different 

values at different points of the surface of a solid, and con­

sequently it can be determined exactly only for an element of 

surf ace dF 

a - __ d_o __ _ 
/83/ 

( T
8
-Tk)dF 

or for a unit area 

.I 
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( wm-2x-l J 
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/84/ 

According to Eq. /84/ the coefficient of heat transfer a is 

E!tiUal to the amount of heat which is transported frODt the 

fluid through a unit area [ m2J into the surface of a solid-or 

vice versa-for a·temFerature diffe~ence 6T - i 0 c. 

Newton's law is apparently very simple, ~ut the difficulty 

lies in the determination of coefficient a • Th!~ coefficient 

is a function of numerous quantiti~s, such as the shape and 

the dimensions of t.~e body, mode of the flow, velocity, tempe­

ratuxe and o~~er properties of the fluid. 

We may write 

Of the properties of the fluid the followinq affect tl:~ 

coefficient of heat transfer the most: ther~al conductivity, 

its coefficient teing 1(wm-1tc-1J, s~eciiic heat c(Jkg-lY.-1], 

2 -1 diffusivity a(m s J, viscosity, the coefficient of which i~ 

ri [m-1kgs-1). The parameters 1,c,a and p also have a· 

on the transmission of heat by conduction. By conv~c~ vis-

cosity 11 moreover, plays an important role too. 

According to a rheological definition a fluid is a sub­

stance that is continuously defo~ed if acted upon by an arbi­

trarily small force. 

A fluid in respect of which relation /f j/ between tangent­

ial stress and rate of deformation is true, i.e. 

dv ( -21 
T - 1'I a; N m j /86/ 

is called a Newtonian fluid. Molter. glasses are also consider­

ed to be Newtonian fluids. 
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The dynamic viscosity n and kinematic viscosity v are tem­

perature-dependent physic~l prop!!rties peculiar to fluids 

/gases and liquids/. With liquids, viscosity is strongly tempe­

rature-dependent, but it is almost independent of pressure. With 

gases, n increases with increasing temperature and also rises 

with increasing pressure, but not so rapidly. With increasing 

tempP-rature kinematic viscosity v of liquids increases at about 

the san:e rate as dynamic viscosity n , sir.ce density p does not 

change substantially with temperature. Gases behave differently 

because density decreases rapidly with inc~easing temperature 

and kinematic viscosity thus increases rapidly. 

The compressibi1ity of liquids also affects heat transfer. 

It is expressed by volume compressibility, which is a unit of 

volUB!etric compliance of any substances and is determined from 

the change of volume with pressure, divided by the initial vclu-

me of the substance. 

If the compressibility· is detemined at constant temperature, 

we are conc&rned with isotheJ:mal compre&sib!li ty dC , if under 

constant entropy, we are dealing with adiabatic compressibility. 

With liquids, isotheJ:mal is very small, for 

example for water x .. 
T 

With gases, isothermal compressibility is on the contrary 
2 

great, in the case for example T of air is approximately 1 [ ~]· 
lkN 

It is important to know how the gas 1s being compr.assed in 

the situatior. invol·.red. The compressibility only needs to be 

considered at high velocities, above one quarter of the speed 

of sound. Under normal conditions, heat transmission with flowing 

gases may be regarded as transmission in ir.compreasible media. 
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Of 9reater importance is the thermal expansion characte­

rized by the coefficient of volume thermal expansivity 

S 1 ( AV ) ( i"C -1] ( deq -1] 
- Vo ~ P""'COnst 

For liquids the value of this coefficient is low. 

For an ideal gas 

S - l - C,003 661 l K-l 1 
273.15 

/87/ 

/88/ 

In an unevenly heated fluid,regions of ~ifferent densi­

ties form, and thia ~ltimately leads to natural convection. 

In free convection the condition p = const. is usually well 

satisfied seeing that changes in pressure are usua~ly very 

£mall compared with the overall pressure existin9 in the medium. 

Differential equatious describing heat transfe~ by convection 

Because heat transfer by convection depends on both thermal 

and hydrodyr.amic processes, a single differential equation 

~ill not be sufficient to define the problem; a set of equations 

will have to be employed. These are: 

Equation of heat transfer through the boundary layer 

If tre are concerned with transfer of heat in one direction, 

e.g. y ·/normal to the surface of the body/ we may write the 

equation in the followinq form: 

where 

a - - L( ~) 
J'. dy y+O 

J' -T - T s 8 k 

1f-T -T 
k 

see Fiq.9 

/89/ 

T - temperature of the f luic in the boundary layer 

A - thermal r.onductivity of the fluid 



7 

111/ 

Equation of continuity 

The equation of continui~y for compressible fluids is as 

follows: 

-o 

For incompressible fluids /P - constr 

the equation of continuity becomes: 

aw aw aw / 
~+~+--!-o ax ay az 

~ -01 at 

Eq./91/ may be written in the vector form: 

div w - o 

p - density of the fluic 

wx,wy,wz are veloci~ies in directions x,y,z 

w - vector of velocity 

Equation of heat transport through a fluid 

/90/ 

/91/ 

/92/ 

The differential equation describing the temperature 

field in a fluid is deduced from the law of conservation of 

onerqy, assuming homogeneity and ir.compressibility of the fluid, 

and assuming further that there is no heat generation in the 

fluid itself. The equation may be written as follows: 

Th! eXl)resaion is thermal diffusivity a /see /48//. 

The 16ft-hand side of the equation is the total derivative 

of temperature T with respect to t,x,y,z and the expression in 

the brackets on the right-hand side of the equation is v2T , 

/see SO/. The equation of transfer of energy /93/ can therefore 

be 11w-ri tten in the form: 

a • 
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/94/ 

If w - w - w - o, i.e. the fluid is not in motion, the equa-x y z 

tion will be transformed into the equation of heat transfer 

by ccnduction, and the decisive factor in the transfer will be 

thermal conductivity-as is the case with solids. In a steady­

state heat transfer ~ - o, and equation /93/ will be simpli­

fied. 

From Eq,./93/ it is clear that th~emperature field in 

a fluid i!l motion depends on velocities wx,wy,wzr the equation 

of heat transmia.sion /89/ and the equation of passage of energy 

through a fluid /93/ have five ur.Jcnowns 

and 

These have yet to be supplemented by equa~ions describing the 

velocit? field. 

Equations of motion 

The basic equation for the motion of a fluid is Newton's equa­

tion of motion 

F - ma /95/ 
where F - force, 

m - mass, 

a - acceleration. 

An element of a fluid clx dy dz may be acted upon by body 

forces and surface f.orcea. The body forces are those external 

forces ":hat act on all the particles of a g:tven volume of 

a fluid, such as the gravitational field of the Ear·~h. The sur­

face forces represent the result of the action upon the element 

ot t.he fluid surrounding it. These forces act on each of the 
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six faces of the elementary prism, qenerally in oblique direc­

tions. They are characterized by stresses, which include pres-

sure and viscous stresses. The element under consideration of 

a fluid is then acted upon by three forces: qravity, pressure 

and the viscous forces. 

The Navier-Stokes t:quations describe the flow of viscous 

liquids. They are valid for both laminar and turbulent flows. 

They can be very clearly and concisely formulated in vector 

form 

ow - 2 
p Dt - pq - Vp + l'IV w 

where symbol 

v-L+L+.L ax ay az 

/96/ 

/97/ 

is the Hamiltonian differential operator and v2 is the Laplace 

differential operator /seE 'SO//. 

Eq./96/ assumes the properties of the fluid to be constant 

and independent of temperature. This is, however, not the case. 

Density p in particular is temperature-dependent, indeed it is 

the differences in density that produce free convection. If 

the ~quations of motion are also to describe free convection, 

we must tak~ into consideration the chanqes of density witt 

tesr.peratu£e. A general equation expressing p - f(tJfor all 

fluids does not existf therefore we shall express this depen­

dence by the coefficient of thermal expansion s, which is prac­

tically constant for gase~ and also for liquids, in a liDlited 

temperature range. 

For free convection, we shall consider buoyancy to be the 

driving force, p is the mean value and can be regarded as 

l 
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constant: dividinq Eq./96/ by its value, we obtain equation of 

motion for the free convection caused b~ the differences in den­

sities /due to differences in temperatures/ cf the fluid in the 

vector form 
,...,,_,­
U>;.y - - q-s Dt /98/ 

Transmission of heat by convection in an incompressible 

fluid is therefore described by the following differential 

t!q'.lations: 

for the heat transfer in the boundary layer 

A ( aT ) 
a - - dT an n-0 

for the flow of heat throuqh a fluid 

£! - av2T Dt 

for the motion of a fluid 

ow - l 2 - - qsJ' - - Vp + vV W Dt p 

for continuity of flow 

div w - o • 

/89/ 

/94/ 

/98/ 

/92/ 

These differential equations describe heat transfer in seneral. 

For the solution of a specific case we must yet define a suf f i­

cient number of parameters. These are normally given by: 

the geometrical data characterizing the system in which the 

heat transfer takes placeJ 

the physical properties of the systemi 

the boundary conditions indicating the values of some parameters 

on the boundarie&J 

the initial conditions describing the state of the system at 

its b~ginning. 
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The latter complex of these conditions is dispensed with 

for steady-state phenomena. 

Theory of Similarity and Modelling 

The equations /89,94,98,92/ have numerous variables, and 

an analytical solution is possible in only a few simple cases. 

Solution by experiment is therefore of great importance for 

convective heat transfer problems. By an experiment performed 

under c~rtain conditions and with certain values of parameters 

we can obtain numerical values of the variables beinq souqht, 

and can set•up equations to describe the results of the experi-

ments. 

Besides, we need to be certain that the result3 gained in 

a specific model can be transferred to an analogous process on 

the full-sized equipment. 

Such problems are investigated by the theory of similarity. 

By applying the theory of similarity dimensional, physical quan­

tities can be grouped into a smaller nUll!l:er of dimensionless 

groups. The dimensionless groups obtained in this fashion caD. 

be regarded as new variables. If introduced into the equations, 

the solution cf such equations will be simplified, seeing that 

there will be fewer characteristic groups than there are sepa­

rate variables. This will make it easier to determine the phy­

sical relations in the phenomena under investigation. 

The theory of similarity alsqiays down the conditions 

under which it i• permissible to scale up the results of labo­

ratory observation. It provides a theoretical basis for experi­

ments a.~d an important tool in theoretical research. It permits 

us to analyse the process under observation and describe the 

.I 
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results obtained. 

To exploit the theory of similarity it is first necessary 

to convert the equatio~s describing the process of heat transfer 

by convection into dime~sionless form. 

Criteria of similarity and criteria! equations 

The equations of heat transfer by convection will then contain 

cert3in dimensionless qr~ups, invariants, or criteria of simi-

larity, which have been named after scientists who contributed 

to advances in heat transfer and hydrodynamics. 

The first of t±ese is the Nusselt number 
al

0 Mu-- /99/ 

It characterizes the heat transfer on the interface sera-

rating the wall and the fluid. As a rule we are seeking the Nusselt 

number from the equation of heat transfer, considering that 

from it we deten:tine the heat transfer coefficient a [Wm.-2K-1J. 
1

0
lm) is the characteristic dimension of t~e system 

A (tb-lK-1) is the thermal conductivity of the liqt>id 

Another group is 

/100/ 

the Reynold's number, characterizing the ratio of tho inertial 

and the viscous forces. 

w
0 

{ ms-1 ) is the velocity and v [m2s-1) the kinematic viscosity 

of the fluid. 

Ancther qroup is the Peclet numJ:er, which can be written in the 

following way: 
Pe - wolo - wolocpp /101/ 

a A 
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where the numerator represents the heat transmitted by convec­

tion and the denominator indicates the heat transmitted by con-

duction. 

a [m2s-~ is thermal difussivity of the fluid 

c [Jkq-lK-1] specific heat of the fluid 
p 

p (kqm-3] density of the fluid 

1'"{ K} temperature difference 

The dimensionless complex3 ql Q-

Gr - 8 ~ Vs 
v 

/102/ 

is the Grashof number, which characterizes the buoyancy arisir.q 

in a fluid as a result of the diffe:ences in density. 

8(K-1)is the coefficient of volume thermal expansivity 

g(ms-2}acceleration of gravity 9,81 ms-2 

-it [R} meu temperature difference 

p -p 
As a.:J- ..£.._,.,where p , p

0 
are the densities of the fluid 

Po 
at two different points /temperatures/, we can write, as a va-

riant of the Grashof number, thejso-called Archimeces number 

/103/ 

The Archimedes number is usually used to monitor the free 

mution of solid particles, bubbles or drops of immiscible liquid 

present in another liquid. In that case p
0 

and p are densities 

of different phases. 

Another dimenaionlesa group is the Euler number 

/104/ 

-, 
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It expresses the ratio of pressure forces and the inertial 

forces. As we always assume an iucompressible fluid with cons­

tant physical properties, we are not concerned with the abso-

lute value of the pressure but only with a change in pressure. 

This ie why the Euler number is usually written in the fonn: 

Eu 
/105/ 

p, Ap{Nm-2) pressure, change in pressure 

The Euler number characterizes the flow of a fluid, as a rule 

in a tube, caused by a pressure difference. 

The dimensionless criteria of similarity, which e~press 

the ratio between the forces acting upon ehe fluid and its 

motion /the mechanical criteria of similarity/ can also be 

obtained from a simple comparison of forces acting upon the 

fluid with th~ inertial force. 

The inertial force is 

F - ma /95/ 

Expressingm as f13 /denaity times volume/ and acceleration as 

w a--· t , 
1 

t - - ; w 
w2 a--r 

where w is the velocity and 1 the dimension /path/, then the 

inertial force is 

the ~orce due to pressure is 

pl2 

that due to gravity 

m9 - pl3g 

/106/ 

/107/ 

/1C8/ 
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the viscou3 force /shear stress times area/ 
2 w 2 Tl - q I' • 1 - nwl /109/ 

and the surf ace tension force 

al illO/ 

From a comparison of these forces with the inertial force ~e 

can obtain some of these criteria: 

pressure pl
1 

p ') 
. • ••• --

2 
-
1 

:s -
2 

••• Eu (Euler N 
mert1a ew I ow 

I. /111/ 

2. 
inertia ew212 owl _ wl R. (R Id .... ) -- ... - - - ... e eyno s '" 

viscosity · · · rrwt 'I • 
/112/ 

3. 
gravity af

3
g gt F (f d N•) --=-- r roue 

inertia ··· aw212 w2 · 
/113/ 

4. 
. . 212 I 2 
inertia ~ = ~ = We (Weber N°) 

surface tension ·· · t1l '1 

/114/ 

In addition to the numbers already discussed we now have two 

others: 

the Froude number, characterizing the flow of a fluid in an 

open channel due to gravity, 

and the Weber number, characterizing the ~otion /flow/ of a 

liquid due to surf ace tension. 

All these numbers can be raised to any powers, multiplied or 

divided by one another, to eliminate some ~uantities which are 

difficult to measure. In this way new criteria can be produced, 

for example 
2 1 W212 g_!._3 

Fr Re - ~ ---r' - -z 
w \I \I 

3 
9'.f--Ga 
\I 

which is the Galileo number. 

Multiplyinq this number by expression B~T 

/115/ 

.1 
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we obtain the Grashot number. 

120/ 

/102/ 

Now we can write the differential equations in dimension­

less form: 

( 
ii'J \ 

Nu= - --j 
oY rao 

( 
W iJO iJB) 2 

Fe w .. ax + w, ar + w, az = v B 

( 
aK-.. i1W.. c;w .. ) Gr 8 iJ (£ R ) vzw 

Re w .. oX + W, vY + JV, cZ = Re - oX u e + '" 

i::w.. aw, aw.·_ 
0 ix + ar + az -

/116/ 

/117/ 

/118/ 

/119/ 

where X,Y,Z ; Wx,wy,wz ; e are dimensionless coordinates, 

velocities and temperature respectively. 

Thes~ equations still have to be sup~lemented by similar 
. 

dimensionless P.quations of motion for the y and z directions. 

The equations plus the boundary conditions then mathematically 

describe the transfer of heat by convection. 

From the relations of individual qu~tities we may then 

write the criteria equations in a general form: 

Nu - f 1 (x,Y,Z,Pe,Re,Gr) 

0 - f2(X,Y,Z,Pe,Re,Gr) 

Eu - f3(X,Y,Z,Pe,Re,Gr) 

wx - f4(X,Y,Z,Pe,Re,Gr) 

/120/ 

/121/ 

/122/ 

/123/ 

As haa already been pointed out, further numbers can be 

obtained from the num.bers already known by mathematical ope-

:cations. 

Thus the Peclet number 

wolo 
Pe-­a 
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can be written as 

/124/ 

wr.ere expression * -Pr is a new dimensionless qroup, the 

Prandtl number; this criterion includes only physical proper-

ties of the fluid 

/125/ 

With liquids, Pr is temperature-dependent; in most liquids 

this dependence is sillllar to the temperature dependence of 

viscosity n , because the other two properties vary much less 

with temperature. As the temperature increases, Pr decreases. 

The Prandtl number in gases is practically independent 

of ei:t:her temperature or pressure, for a given gas it is a 

constant, and depends on the number of atoms of the qas. 

For monoatomic gases Pr - 0,67 

For diatomic gases Pr - 0,72 

For triatomic gases Pr - 0,8 

For tetraatomic and polyatomic gases Pr - l 

If we consider that Pe - Re Pr, then the equations /120-123/ 

may be converted into a more simple form. 

For conditions in which only natural convection occurs 

the velocity is dependent solely or. the buoyancy effects, re­

presented by the Grashof number and the Reynolds numter can be 

omitted. Again, when forced convection occurs the effects of 

natural convection are usually negligible and the Grashof 

number may be omitted. Thus: 



for n~tural convection: 

and for forced convection 

Convection in Gases 

Nu - f(Pr,Grj 

Nu - f (Re,PrJ 

/126/ 

/127/ 

122/ I 

For most gases over a wide range of temperature and pres­

sure, the product~~P is constant and the Prandtl number may 

often be omitted, making the design equations for calculation 

of film coefficients with gases simpler. 

Forced convection in Tubes 

The results of a number of workers who have used a vuiety 

of gases such as air, carbon dioxide, and steam and of other 

who have used l.tquids such as water, acetone, kerosene, ~nd 

benzene can be expressed in the general form of equation /127/ 

as: 
/128/ 

where n has a value of 0,4 for heating and 0,3 for cooling. 

In this equation all of the physical properties are taken at 

the mean bulk temperature of the fluid(Ti+T0 J/2, where Ti and 

T
0 

are the inlet and outlet temperatures. Equation /128/ is 

valid for P.eynolds numbers greater than 10,000 and has been 

tested for v~lues of the Prandtl number lying between 0,7 and 

160. The difference in the value of the index for heating and 

cooling occurs because in the former case the film temperature 

will be greater than the bulk temperature a.~d in the latter 

case less. Conditions in the film, particularly the viscosity 

of the fluid, exert an important effect on the heat transfer 

process. 
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Viscous Liquids 

With very viscous liquids there wJ.11 be a marked dif feren-

ce ~t any cross-section bet~-eenthe 7iscosity of the fluid adja­

cent to the surface and the value at the axis or at the bulk 

temperature of the fluid. Sieder and Tate have presented a mo­

dified equation for these conditions includJ.ng a viscosity 

correction term: 

/129/ Nu - 0,027 Reo.8Pr0.33(f21f1s10.14 

where/U is the viscosity at the bulk temperature and /ls the 

viscosity at the wall or surface. 

Turbulent Flow of Gases 

When the atove equations are applied to heating or cooling 

of qases for which the Prandtl number usually has a value of 

about 0,74, substitution of Pr - 0,74 in equation /128/ gives 

the equation: 

Nu - 0,02 Re0 •8 

Special Equation for W~.ter 

/130/ 

Water is ve1:y frequently used as the cooling liquid, and 

if the variation in value of physical propertirs with tempe­

rature is included, then equation /126/ becomes: 

a -
W0,8 2 1 

1063 (1 + 0,00293 T) (Wm- IC J 
do,2 

where T(K] is tamperature 

d[m) is diameter 

w[ms-1Jis velocity 

Effect of tube lenght and diameter 

/131/ 

~he ef f e~t of length to diameter ratio 1!1 on the value 

of the heat transfer coefficient a is important at low Reynolds 
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number but ceases to be siqnif icant at a Reynolds nu.mter of 

about 104 • 

Straamline Flow 

, 

Althouqh heat transfer to a fluid in streamline flow takes 

place solely by conduction, it is convenient to consider it here 

so that the resu1ts can be compared with those for turbulent 

flow. For streamlL~e flow throuqh a tube the velocity cistribu­

tion across a diameter is parakolic /Fiq.10 /. If a lic;uid 

enters a section heated on the outside, the fluid near the wall 

will be at a hiqher temperature than that in the centre and 

its viscosity will be lower. The velocity of the fluid near 

the wall will therefore be qreater intbe heated section, and 

correspondinqly less at the centre. The velocity distribution 

will therefore ~e altered, as shown. If the fluid enters a sec-

tion where it is cooled, the same reasoninq will sho~ that the 

distribution in velocity ~ill be altered to that shown. With 

a qas the conditions are reversed, because of the increase of 

viscosity with temperature. The heat transfer. problem is there­

fore complex. 

Piq.10. Effect of heat transfer on velocity distribution 
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For values of ( Re Pr ~ J qreater than 12 the followinq 

empirical equation is applicable: 

C! 1/3 c 1/3 
Nu - 1,62 (Re.Pr r J - 1, 75 (G rt } /132/ 

2 
where G - ~ • ~ w i.e. the mass rate of flow. 

The product Re.Pr is.the Peclet number - see /124/ 

Thus equation /132/ can be written: 
1/3 

Nu - l,62(Pe ~) /133/ 

rn this equation the temperature difference is taken as the 

arithmetic mean of the terminal values, i.e.: 

where Tw is the te?:Jperature of the tube wall which is taken 

as constant. 

If the liquid is he~ted almost to the wall temperature 

Tw /i.e. when G.cp/Al is very small/ then, on equating the heat 

gained by the liquid to that transferred from the pipe: 

or 

T2-Tl 
Gcp(T2-Ti)"'" wdlm 2 

/134/ 

For values of (Re Pr d/l} less than about 17, the Nusselt group 

becomes approximately constant at 4,1. 

Viscous Liquids 

Experimental values of « for viscous oils are greater 

than those given by equation /132/ for heatiaq and less for 

cooling. Thi• is due to the large variation of viscosity with 

temperature and the correction introduced for turbulent flow 

may al.a be used here, giving the equation as: 
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0,14 1/3 

Nu ( ']:J - l,86(Re Pr !) -

I d ) 1/3 ( ~ ) 1/3 
- 1,86\ Pe. T - 2,01 ir- il35/ 

Forced Convection Outside Tubes 

If a fluid passes at right angles across a sinsle tube, 

the distribution of velocity around the tube will not te 

uniform. In the same way the rate of heat flow around a hot 

pipe across which air is passed is not uniform but is a maxi­

~um at the front and back and a minimum at the sides, where 

the rate is only some 40 per cent of the maximum. The general 

picture is shown in Fig. 11 but for design purposes referen-

ce is ~de to the averag~ value. 

Fig.11. Distribution of film heat transfer coefficient round 
a cylinder with flow nontal to axis for three diffe­
rent values of P.e. 

Flow Across Single Cylinders 

A number of workers have •11died the flow of a hot gas 

past a single cylinder varying from a thin wire to a tube of 

150 mm diameter. -They have used temperatums up to 107 3 JC and 

air velocities up to 30 m/• with Reynolds numbers /d.wf / ;ut 
from 1000 to 100,000 /d

0 
is the cylinder diameter, or the out­

si'8 tube diameter/. Their results may be expressed by the 

relation: 



Taking Pr as 0,74 for gases, this reduces to 

Nu - 0,24 Re0 • 6 

/136/ 

/137/ 

12~/ 

For very low values of Re /from 0,2 to 200/ with liquids the 

data are better represented by the equation 

/138/ 

VIII c/ Heat Transfer by Radiation 

A heated body emits energy in the form of electromagnetic 

waves. This enerqy is radiated in all directions and on fallinq 

on a second body is partially absorbed, partially reflected, 

and partially transmitted as indicated in Fiq.12. The fraction 

of the incident radiation absorbed is known as the absorptivity 

a, and the fraction reflected the reflectivity of the body. 

The amount transmitted will therefore depend on these two pro­

perties. If the amount transmitted is neqligible the material 

is termed opaque. 

Incider.t 

Fiq.12. P.efleetion,abeorption and transmission 
of radiation 

.I 
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Kirchhoff's Law 

Suppose two bodies A and B of areas A1 and Ai to be in a 

large enclosure from which no enerqy is lost to the outside. 

Then the enerqy atsorbed by A from the enclosure will be A1a1I; 

where I - is the rate at which radiation is falling on A per 

unit area, and a 1 is the absorptivity. The enerqy given out 

by A will be E1A1 , where E1 , the emissive power, is the enerqy 

emitted per unit area per unit time. At equilibrium these quan­

tities will be equal. In the same way the enerqy emitted by B 

will equal the energy received. Thus 

I-A1a1 - AlEl and I''"2a2 - A2E2 
or 

/139/ 

Thus for all bodies the ratio of the emissive power to 

the absorptivity will be the same. The maximum possible value 

for E will occur when a has its maximum value of unity. This 

condition applies to a black body which is defined as one which 

absorbs all the radiation falling on it, i.e. its absorptivity, 

Now the emissivity t of a body is defined as the ratio of 

its emitting pow~r to that of a black body; i.e. e - E/~. Sin­

ce E/a is constant for all bodies, E/a - Eb/~. 

Thus 
t - E/~ - a/Ai, /140/ 

Then, 3ince ~ - 1, the emissivity t of any body is equal to 

its absorptivity a. 

Energy Emitted by a Black Body 

The enerqy emitted per unit time by a black body depends 

only on its temperature. Thi• energy i• qiven out ov,er a range 

I • 
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of wavelengths and the general distribution of energy from a 

black body at various temperatures is shown in Fiq.13. At any 

temperature there is a wavelength Zm at which the maximum ener­

gy is emitted. The enerqy at wavelengths less than this falls 

off rapidly, but for wavelengths greater than zm the drop in 

energy is much less. It will be seen that the total emission 

increases rapidly with temperatuie and that the hiqher the tem­

perature the smaller is the wavelength at which the maximum 

occurs and the more pronounced is the peak. 

,0 

Q 4, . 
"'e 40 

~ 3, 
.c 
.. 30 

i 2, 
i 

2 4 
waw1en4t11, 14"' 

Fiq.13. Emission from a black body 

The wavelength of the energy radiated at temperature below 

820 X is too qreat for it to be visible, but at hiqher tempera­

tures the wavelengths correspond to those of the visible spec­

trum and the colour of a radiating tody under these conditions 

is a qood indication of its temperature. 

The total energy emitted per unit area per unit time is 

qiven by the 3tef an•·Bol tZJl'&nn law: 

. 
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/141/ 

where T is the aksolute temperature and a is the Stefan-Boltz­

mann constant which has the v~:~e 5,67 x lo-Etwtm2K~. The wave­

length Zm at which the maximum energy is radiated was found 

by Wien to vary inversely as the absolute temperature. Tal:in~ 

the temperature in degrees. TZm - 0,00288, where the wavelength 

is in metres. 

If E;dz is the radiation between wavelengths z and Z+dZ, 

the total radiation is given by: 

-E - ~ E;dz /142/ 

rt can be shown that this inteqral is ec;ual to aT4 , so that: 

E - aT4 /141/ 

Emissivity & 

The ratio of the energy emitted tyabody to that emitted 

by a black body at the same temperature has been defined above 

as the emissivity. Strictly this should be taken for each wave­

length, since the ratio, will not %8mlinconstant over a wide 

range of wavelenqths. A qrey ~ody is defined a! one which has 

a constant value of & , so that for any temperature range it 

radiates the same proportion of the energy radiated by a black 

body. Similarly it will have a constant absorptivity. 

Values of & have been measured for many ~.aterials, and it 

is found that for most industrial non-metallic surf aces and for 

non-polished metals t may be taken as about C,9; for highly 

polished surf aces such as copper or aluminium values of t as 

low as 0,03 are obtained. A small cavity in a body has an effec­

tive emissivity of unity and therefore behaves as a black body. 
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Heat Transferred by Radiation 

A body of emissivity £ at an absolute temperature T
1 

emits 

energy eoT~ per "unit area. If the surroudings are black, they 

reflect back none of this radiation, but if they are at an 

4 absolute temperature T2 they will emit raeiation oT
2

• If the 

body is grey it will absorb a fraction £ so that the net radia­

tion per unit area from the grey body will be: 

4 4 q - eo(T1 - T2 ) /143/ 

This relation will still be true where the grey body is 

~o small that a negligible proportion of its radiation is re­

flected back to it from the surroudings, e.g. a body radiating 

to the atmosphere. 

For a material that does not behave as a grey body but 

as a selective emitter, the absorptivity of the surface at T
1 

for radiation from surroudings at T
2 

will be aT
2

• This will 

not be equal to its emissivity £Tl at T
1 

but to its emissivi­

ty at T2 , i.e. £T2 • Onder these c~nditions the general equa­

tion for the net exchange of heat becomes: 

4 4 
q - 0 l£T1T1 - £T2T2l /144/ 

Transfer Coefficient for Radiation 

The net heat transfer from unit surface of a grey body 

at a temperature T1 to a black enclosure at T
2 

can be written 
as: 

Thu a 

/145/ 

and "r may be looked upon as a radiat:ian transfer coefficient. 
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Equation /145/ is also applicable if the surroudinqs are not black, 

provided that the body is small and none of its radiation is 

reflected back to it. 

The simplest case to consider is the heat exchange between 

two large parallel plates. In this case, all of the heat radia­

ted by the one surface will fall on the other. In many cases, 

however, the second surface will intercept only part of the ra-

diation. The fraction of the total radiation from surface 1 

which is intercepted by surf ace 2 is referred to as the geometric 

or angle factor F12 and its value depends on the geometrical 

arrangement of the two surfaces. For simple configurations the 

geometric factors can be calculated, but for more complex arran-

gements they are most readily determined by experimenting with 

models. 

For transfer between two large parallel plates, each of 

which has a grey surface, it will be shown that the heat trans­

fer rate per unit area is given by: 

where 

El.£2a 4 4 
q - ---- t Tl - T2) 

£1+£2-£1£2 
/145/ 

are emissivities of the plates 1 or 2 respectively. 

For lonq concentric cylinders or concentric spheres, the 

heat transfer rate per unit area of surface 1 is given by: 

/146/ 

Wh.ere Ai x
2 

is the ratio of :urface area of cylinder l /inner/ 

tUld 2 /outer/ 
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Gas Radiation 

Most of th~ simple monatanic and diatomic gases such as 

helium, hydrogen, oxygen, and nitrogen are transparent to ther-

mal radiation, but some polyatomic gases-notably carbon dioxi-

de, water vapour, carbon monoxide, ammonia, and hydrocarbons-

abaorb a considerable amount of radiation of certain frequen­

cies. These gases, which are industrially very important, ra­

diate appreciably in the same wave bands. In contrast with 

the behaviour o! solids a considerable thickness of gas is 

required to absorb a large fraction of the radiation falling 

on it. Thus if I- is the intensity of the incident radiation, 

the intensity I after the radiation has passed through a layer 

of thickness x is given by: 

/147/ 

where m- will,in general, vary with the wavelength as is appro­

ximately proportional to the partial pressure of the gas for 

any one wavelength, i.e. to the number of molecules per unit 

volume. The absorption will then be a function of the product 

Pql' where Pg is the partial p=essure of the qas and l is the 

equivalent thickness of the qas stream. The absorptivity of a 

g~s is conveniently plotted against temperature for a constant 

value of Pgl. The thickness 1 is assumed the same in all direc­

tions but this will only be true for the case of a hemisphere 

where the gas is radiating to the mid-point of its base. It 

has been found that for a wide range of conditions 1 may be 

taken as 3,4 times the gas volume divided by the area of the 

retaininq walls. A few values on this basi.s are given in Table 

.. 
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Table VIII. ~qu~valent dimensions for hemispherical radiation 

Shape 

Srhcre 
Infinite cylindn ndia1ing 10 walls 
Sr;ace !>et-en infinite parallel planes 
Sr;i.:e outside bank of tubes wilh centres on cquilalcral 

rriani:te: clearance = diamcrer of lube 
Oil!<>. with lube c:cnlrcs on square pilc:h; tube diameter 

= c:lcaranc:e 

Characlerislic 
dimenmn 

L 

Diameter 
Diameter 

Distance apart 

Clearance 

Clearance 

Equivalenl dimension for 
hemispherical ndialion 

0·51L 
0·86L 
1-70L 

2·89L 

3-49L 

Curves showing the emissivity of ~ater vapour at a total 

pressure of one atmosphere, are in Fig. 14. The net radiant 

heat exchange between a gas at T1 and unit area of enclosure 

at T2 acting as a black body will be: 

q /148/ 

where &9' and ag are the emissivity and absorptivity of the 

gas. 

Fig.14. Ab•orptivity and emissivity of water vapour 
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If the enclosure acts as a non-black surface some of the 

radiation falling on it is reflected back; of this, part is 

absorbed by the gas and part by the eurface. For these general 

concitions it is usually sufficiently accurate to take the 

emissivity of the enclosure as E', where£- -tEs+l~/2. This 

is permissible because £
6

, the emissivity of the surface, 

will probably lie between 0,7 and 1. The radiation exchange 

will th.;!! b~: 

/149/ 
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