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To my wife Marion 



Preface 

T H I S is intended as a course book for students taking exami-
nations under the broad subject heading "Furnace Technol-
ogy". It should be particularly useful to students of Metallurgy 
taking Furnace Technology at both par t II and par t IV of the 
Institution of Metallurgists examinations. It does, however, 
cover the requirements of a large number of professional, 
technical and university courses. Fo r this reason, many of the 
worked examples have been given in detail. It has been the 
author 's experience that such a treatment is very necessary 
and not an over-simplification. 

It is expected that students will be conversant with the ap-
propriate subject-matter of the book, and will have studied, or 
will be studying, the more theoretical and practical aspects of 
the subject-matter. 
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Introduction 

F U R N A C E technology involves the detailed study of solid, liquid, 
gaseous, and nuclear fuels and electric heating as well as the 
design of furnaces and other heat utilization devices. In order 
to compare the economics of different sources of heat the effi-
ciency of utilization processes must be determined. Furnaces 
and boilers using the same or different fuels may be compared 
one with another, or with the theoretical thermodynamic heat 
requirement for the operation. In order to arrive at efficiencies 
of utilization, various calculations have to be made. Thus, the 
available heat in fuels (calorific values), the rate of combustion, 
and the product of these two, calorific intensity, need to be 
determined in order to decide whether sufficient heat of the 
required level of intensity is theoretically available in the fuel 
to carry out the specified duty. 

In evaluating efficiencies, it is necessary to measure the quan-
tity of fuel used, of air entering, and of flue gases leaving the 
plant, and the heat lost to the surroundings. In addition, the 
effect of insulation upon furnace structures must be calculated 
before it is actually installed. For example, in the open-hearth 
steel furnace, while heat conservation by roof insulation ap-
pears desirable, any a t tempt to do so would raise the temperature 
of the "cold e n d " to such a value that the refractory would fail 
by deformation under the existing compression stresses. In all 
instances of furnace insulation there is an opt imum beyond 
which the addit ional cost of lagging exceeds the value of the 
heat saved. 

When the design of furnaces is under consideration, it is 
necessary to calculate the size of flues, combustion space, and 
chimneys, and the rating of fans required to supply sufficient 
air for combustion. It is also necessary to calculate the pressure 

XV 
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losses that occur throughout the system. Temperatures and 
temperature differences must also be known as the basis for 
choice of materials and for installation of heat recovery de-
vices. 



C H A P T E R 1 

Introductory 

1 . 1 . I N T R O D U C T I O N 

The fossil fuels—coal, oil, and gas—are at present the most 
important sources of energy, although atomic energy is likely 
to assume increasing importance. Atomic energy has to be con-
verted into a usable form, generally electricity, and this, at 
present, involves normal modes of heat transference. 

The instrinsic value of any fuel as a source of heat is related 
to the heat which would be produced by combustion under iso-
thermal and ideal gas conditions. 

Coal and oil are defined by the geologist as sedimentary 
rocks but they differ from all other sedimentary rocks by being 
organic (chemical) and it is the release of the heat of combus-
tion of the organic material that provides us with a source of 
energy. In most coalfields there is a geological continuity from 
peat through brown coals to the anthracites. This change in 
rank can be measured by a number of parameters, perhaps the 
best function being the increase in carbon content of the vitrain 
macιrai, vitrain being one of the four banded constituents that 
can be observed by macroscopic examination of coals. Just as 
rocks contain minerals, so coals contain macιrais. 

No chemical formula can be applied to coal or oil; the for-
mer is a complex organic molecule whose structure has not yet 
been elucidated, while oil is a complex mixture of many differ-
ent organic molecules. However, both can be assigned elemen-
tal formulae which indicate the percentages of carbon, hydro-
gen, oxygen, nitrogen, sulphur, and other elements, and this in-
formation is generally sufficient to assess the value of the pro-

D : CIFT 2 1 



2 CALCULATIONS IN FURNACE TECHNOLOGY 

duct as a fuel. In bo th cases it is necessary to consider the effect 
of any mineral matter which is present, before any calculations 
on the basis of elemental composition can be made, since in 
many cases the mineral matter can either interfere with the 
mechanical processes of combustion or have deleterious effects 
on the structure of the combustion chamber. 

1 . 2 . P R E S E N T A T I O N O F A N A L Y S I S 

Solid fuels contain inorganic matter and are usually burned 
containing moisture, and the combustion engineer requires to 
know the composition and characteristics of the material being 
burned—the "as-fired" analysis. Sampling and analysis of fuels 
a t this stage is generally inconvenient and expensive and it is 
necessary to devise a method of presentation which will enable 
allowances to be made for variations resulting from changes in 
sources of supply and from consequences of storage in the 
open. 

Analysis may be carried out on "air-dried" fuel, i.e. fuel in 
approximate equilibrium with the atmosphere a t the prevailing 
temperature and humidity, or on the "dry basis" , i.e. after 
heating to 105°C for at least one hour in vacuo, or in an atmos-
phere of nitrogen. Solid fuel for industrial purposes is purchased 
against specified values for heating capacity, moisture and ash 
content, chemical composition in respect of certain elements, 
and physical condition relative to size. The mineral matter in 
coal as mined is not identical with the ash content as determined 
by combustion under s tandard conditions. But there is a com-
paratively simple relationship : the King-Maries-Crossley for-
mula (KMC) where mineral matter (MM) is given by : 

M M = 1 - 1 3 ash +0-5 pyritic S + 0 8 C 0 2— 2 - 8 S 

in ash + 2 - 8 S O 4+ 0 - 5 C l . 

Alternatively, the British Coal Utilization Research Associa-
tion (BCURA) formula, which requires less data, may be used : 

M M = 1· 10 a sh+0-53 total S + 0-74 C 0 2 - 0-32. 
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It is most important that the ash determination is carried out 
according to BS 1016, because ash is not an intrinsic property 
of the fuel, it is an assay, and unless the conditions of test are 
strictly adhered to, then a different value may result. 

The results of analysis may be expressed on the above-men-
tioned basis, but it is frequently found to be more effective 
for comparison of fuels to present them on either the dry, ash-
free (d.a.f.) or dry, mineral-matter free (d.m.m.f.) basis. Care 
must be taken when using the various forms of analysis for 
combustion data. For example, if the calorific value (CV) of a 
sample of coal containing ash and moisture is determined, the 
d.a.f. or d.m.m.f. value will be higher than the found value 
(there will be more carbonaceous matter) . 

^ τ , ι ^ CV as determined X 100 
Hence, CV (d.a.f) = — ^ r - r— . 

100—moisture—ash 

If the fuel supplier quotes the analysis of a fuel on a d.a.f. or 
d.m.m.f. basis, then the properties of the fuel as charged to the 
furnace have to be evaluated before the quantities of air, sizes 
of furnaces, etc., can be calculated. If the CV (d.a.f.) of a fuel 
is given, then the CV as fired = CV (d.a.f.) X (100 - moisture — 
ash), i.e. less than the d.a.f. value due to the presence of mois-
ture and ash. If Ρ is a parameter (other than volatile matter) 
then: 

d.a.f analysis = — — — \ ^ r - . 

100 — moisture — ash 
The volatile matter (VM) has to be further corrected for the 

evolution of inorganic volatiles (e.g. carbon dioxide from car-
bonates). A suitable correction that may be applied is : 

Correction to VM = 0 1 3 a s h + 0 - 2 S + 0-7 C O 2 - 0 - 1 3 . 

With liquid fuels there is no complication as regards ash and 
mineral matter . However, analysis is normally reported on a 
weight basis. Where the analysis is given on a volume basis it is 
impor tant that the temperature of volume measurement is 
quoted. 

With gaseous fuels, analysis is generally reported on a vol-
ume basis. Where it is required on a mass basis then the follow-

2 ' 



4 CALCULATIONS IN FURNACE TECHNOLOGY 

ing procedure is adopted. Consider the following gas with volu-
metric analysis as indicated: CO, 8; C 0 2 , 2 ; H 2, 60; C H 4, 30%. 
To convert to weight analysis the volumetric percentage is mul-
tiplied by the molecular weight, and the percentage analysis 
recalculated on the new total, e.g. : 

Weight 

(%) 

CO = 8X28 = 224 
C 0 2 = 2X44 = 88 . 
H 2 = 60X 2 = 120 *

 y iZ 

CH 4 = 30X16 = 480 

24-5 
9-6 

13-3 
52-6 

912 100-0 

I 

1 .3 . DEFINITIONS AND UNITS 

Before carrying out calculations it is necessary to state the 
system of units to be employed and to define certain properties 
and standards. 

Temperature 

This can be stated for some purposes on the basis of the Inter-
national Practical Temperature Scale of 1948 (IPTS) and the 
revision of that scale (1960). This is based upon a number of 
fixed and reproducible points, and defines the instruments and 
equations to be used over its range. 

A practical scale such as this suffers from the scientific disad-
vantage that it does not depend on any fundamental under-
standing such as is involved in the thermodynamic definition of 
temperature. Kelvin defined a thermodynamic temperature 
scale which was independent of the thermometer used. This 
scale follows the relation Ô 1 / Ô 2 = Ti/T2, where Qi is the heat 
absorbed by an ideal engine at the higher temperature Γι , and 
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Ö 2 the heat rejected at the lower temperature Γ 2, when operat-
ing a Carno t cycle. 

In 1954 the Tenth Conference of Weights and Measures 
adopted a resolution which defined the "triple po in t" of water 
to be 273-16 degrees Kelvin (K) and eliminated the steam point 
from the thermodynamic scale. In 1948 the IPTS had been 
defined with its zero a t 0O100°C below the triple point of 
water, so that the practical scale and the thermodynamic scales 
are in agreement by definition a t this one temperature. 

In 1948 Celsius rather than centigrade was chosen to describe 
the practical scale (°C). Common units in combustion science 
are °C (Celsius), °F (Fahrenheit) , Κ (Kelvin), and R (Rankine). 

0°C - 32°F; 100°C = 212°F; 

t°F = 5 / 9 ( i - 3 2 ) ° C ; 

t°C = (32+l -8 f ) °F ; 

1 Κ = 1-8 R; 

/ K - f°C + 273-16 and / R = /°F + 459-67. 

Normal temperature and pressure (NTP) is taken as 0°C 
(32°F) and 760 m m H g pressure. Fo r technical purposes in 
Great Britain, gases are measured saturated with water vapour 
at 60°F, under a total pressure of 30 in.Hg and this is often 
referred to as s tandard temperature and pressure (STP). 

It is proposed that the future s tandard reference conditions 
should be 15°C and 1013 mbar and dry (STP). This will co-
incide with the introduction of natural gas into Great Britain. 

In the future it is possible that N T P may be revised to 0°C 
and 1 bar (1000 mbar ) ; 1 bar = 750 mmHg. 

Quantity of heat 

Hea t can be measured by the amount of energy required to 
raise the temperature of a specified weight of water through a 
specified temperature range. 

The pound-Fahrenhei t scale measures heat in terms of the 
British thermal unit (Btu). One Btu is the quantity of heat re-
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quired to raise the temperature of 1 lb of water from 60° to 61 °F. 
The mean Btu is 1/180th of the heat required to raise the tem-
perature of 1 lb of water from 32° to 212°F without conversion 
to vapour. 

In the metric system, the basic unit is the gram-calorie which 
is the amoun t of heat required to raise the temperature of 1 g 
of water from 15° to 16°C. The mean calorie is l /100th of the 
amount of heat required to raise the temperature of 1 g of 
water from 0° to 100°C without conversion to vapour. 

Another unit, the pound-calorie or Centigrade heat unit 
(Chu) is often used. It is the amount of heat required to raise 
the temperature of 1 lb of water through 1°C. 

In SI units the basic unit of heat is the absolute Joule (J). The 
Joule is the work done when the point of application of a force 
of one Newton (N) is displaced through a distance of one metre 
(m) in the direction of the force: 

J = N m . 

The Newton (N) is a unit of force which can be defined as the 
product of mass (kg) and an acceleration (m/s

2
) : 

Ν = kg m / s
2
. 

Thus J = kg m
2
/ s

2
. 

1 cal = 4-1868 J; 1 Btu = 1055-06 J. 
1 Btu = 252 cal = 0-556 lb-cal. 

1 Kcal = 1000 cal. 
1 therm = 100,000 Btu. 

1 thermie = 4-1868 M J. 

Specific heat 

The specific heat of a substance is the amount of heat ex-
pressed in thermal units required to raise unit mass or volume 
through one degree of temperature. 

The specific heats of all substances vary with temperature. 
Since all substances vary in volume or pressure with changes in 
temperature, it is necessary to distinguish between the specific 
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heats a t constant volume and constant pressure, denoted by 
Cv and Cp respectively. 

Liquids and solids undergo only small volume changes over 
a temperature change of one degree and Cv and Cp can be 
taken as equal for most purposes. F o r gases, the value at con-
stant pressure is higher than the value at constant volume, 
because of the work done against the atmosphere during ex-
pansion while being heated. 

The instantaneous specific heat of a substance is the amount 
of heat that must be added to uni t mass (volume) of such a 
substance at some definite temperature to increase its tempera-
ture one degree under specified conditions of volume or pres-
sure. The relationship between instantaneous specific heat and 
temperature is of the form : 

Cp = Λ + £ Γ + £ Γ
2
+ £ Τ

3
+ 

It is convenient to express specific heats in terms of the mean 
value between two temperature ranges (e.g. 0° and t°C). The 
mean specific heat of a substance, over a given temperature 
range, is the value by which such a range must be multiplied to 
give the quantity of heat necessary to raise unit weight (volume) 
through the range under the conditions of pressure or volume 
that exist. In combustion calculations the mean specific heats 
should always be used. 

With the exception of water vapour, the variation with pres-
sure in the specific heats of gases encountered in most combus-
tion work is small, andean be neglected. The range of pressures 
encountered in combustion problems is normally quite low, so 
that gases may be assumed at constant pressure. Hence calcu-
lations based upon the mean specific heats a t constant pressure 
will give results well within the accuracy of most combustion 
computat ions. 

Sensible heat 

This is the term given to the heat content of fuels and their 
combustion products over and above a specified da tum level. 
Sensible heat is heat that can be sensed, that is, if heat is applied 
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to a system then it is immediately "sensed" by a rise in tempera-
ture, or if heat is removed it is "sensed" by a fall in tempera-
ture. A quantitative expression for sensible heat is : Sensible 
heat = mass (volume) X MCp X temperature difference. MCP 

is the mean specific heat a t constant pressure. F o r gaseous 
mixtures it is found by multiplying the percentage of each con-
stituent by its mean specific heat and dividing the sum by 100. 

With gases it is more convenient to measure volumes than 
masses so that MCP on a volume basis is used instead of a mass 
basis. It is evident that al though the mass of a gas is always the 
same, irrespective of temperature, the volume will vary consid-
erably with temperature. Thus in the formula for sensible 
heat, it is clear that the temperature a t which the volume is 
measured will be important , as also is MCp. Hence, by conven-
tion, the MCP on a volume basis is calculated on the basis of a 
normal cubic foot (metre), that is a cubic foot (metre) of gas 
measured at N T P . Hence the volume to be used in the calcula-
tions is the volume of gases measured at N T P . 

Latent heat 

When a material undergoes a change of state at constant 
pressure heat is either absorbed or evolved, and during this 
change the temperature of the system remains constant. It 
cannot be "sensed"; e.g. when 1 lb of water is converted into 
steam at 1 a tm pressure and at 212°F then 970-1 Btu are ab-
sorbed; the temperature of the system remains constant dur-
ing the change. 

SI units 

The United Kingdom is changing to the metric system at a 
time when a degree of standardization of the system has itself 
just been achieved. The SI sets out the basic and derived units 
which have been agreed internationally. In the main the units 
in Tables 1-5 have already been adopted in metric-using coun-
tries. 
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T A B L E 1. B A S I C S I U N I T S 

9 

Quantity Unit Symbol 

length metre m 
mass kilogram kg 
time second s 
temperature kelvin Κ 
electric current ampere A 
luminous intensity candela cd 

T A B L E 2. D E R I V E D U N I T S W I T H S P E C I A L N A M E S 

Quantity Units Symbol 

force newton Ν = kg m/s
2 

work energy joule J = N m 
power watt W - J/s 
electrical potential volt V = W/A 
luminous flux lumen Im = cd sr 
illumination lux lx = lm/m

2 

T A B L E 3. D E R I V E D S I U N I T S W I T H C O M P L E X N A M E S 

Quantity Units Symbol 

area square metre m
2 

volume cubic metre m
3 

frequency hertz Hz = s
1 

density kilograms per cubic 
metre kg/m

3 

velocity metre per second m/s 
pressure, stress newton per square 

metre N / m
2 

thermal conductivity watt per metre kelvin W / m K 
kinematic viscosity square metre per 

second m
2
/s 
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T A B L E 4 

Multiplication factor Prefix Symbol 

1 000 000 10
6 

mega M 
1 000 10

3 
kilo k 

100 10
2 

hecto h 
10 10

1 
deca da 

0 1 ί ο -
1 

deci d 
001 10"

2 
centi c 

0001 10~
3 

milli m 
0000 001 10~

6 
micro μ 

T A B L E 5. C O N V E R S I O N F A C T O R S 

Length 1 in. 
1 Â (angstrom) 

25-4 mm 
10~

10
 m 

Mass 1 lb 
1 ton 

0-453 592 37 kg 
1016-06 kg 

Force 1 pdl 
1 dyn 

0-138 26 Ν 
1 0 "

5
N 

Energy (work, heat) 1 ft lbf 
1 ft pdl 
1 erg 
1 cal (int.) 
1 Btu 
1 kWh 
1 therm 

1-355 8 J 
0042 14 J 
1 0

- 7
 J 

4-186 8 J 
1 055 06 kJ 
3-6 MJ 
105-51 MJ 

Calorific value 1 Btu/ft
3 

1 Btu/Ib 
37-259 kJ/m

3 

2-326 kJ/kg 

Velocity 1 ft/s 0-304 8 m/s 

Pressure 760 mmHg 
1 in. water 
1 mmHg (1 torr) 
1 lbf /in

2 

1013 mbar 
249-09 N/m

2 

133-32 N/m
2 

6-894 8 kN/m
2 

Heat transfer coefficient 1 Btu/h ft
2
 °F 5-678 3 W/m

2
 Κ 
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Specific heat 1 Btu/lb °F 
1 Btu/ft

3
 °F 

4-186 8 k J / k g K 
67-066 kJ/m

3
 Κ 

Thermal conductivity 1 Btu/h ft °F 1-730 7 W/m Κ 

Power 1 hp (British) 
1 ft lbf/s 
1 Btu/h 
1 erg/s 

745-7 W 
1-355 8 W 
0-293 07 W 
10"

7
 W 

Density 1 lb/ft
3 

16-019 kg/m
3 

Viscosity, dynamic 1 poise 
1 lb/ft h 
1 lb/ft s 

0-1 Ns /m
2 

0-413 38 mNs/m
2 

1-488 2 Ns/m
2 

Viscosity, kinematic 1 stoke 
1 ft

2
/h 

10"
4
 m

2
/s 

0-258 06 cm
2
/s 

1 . 4 . CALORIFIC VALUES (CV) 

The calorific value of any substance is defined as the heat 
available when unit weight is burned completely under speci-
fied conditions and the products of combustion cooled down to 
the standard temperature of 60°F or 15°C. 

In theory the whole of the heating value of a fuel can be prof-
itably used. If the fuel contains moisture and/or hydrogen it 
can be argued that this does not condense in industrial plant 
and the latent heat should not be included in the calorific value 
of the fuel. 

F o r solid or liquid fuels the gross or higher calorific value 
includes the heat given up by the condensation and cooling of 
any water present in the products of combust ion. Fo r a gas, it 
is defined as the number of heat units liberated by the combus-
tion in air of unit volume of gas saturated with water vapour, 
after the products of combustion have cooled down to 15°C. 

The net or lower calorific value can be obtained by deducting 
from the gross calorific value the latent heat given up by the 
condensation and cooling of any water present in the products 
of combustion, including water originally present in the fuel. 
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For this purpose the latent heat of condensation of steam a t 
60°F is taken as 1055 Btu/lb. A t 15°C this is equivalent to 2454 
kJ/kg. 

(Note. Confusion often arises as to the value of 1055 for the 
latent heat of cooling and condensation of steam at 60°F. If the 
latent heat of condensation of steam at 212°F is determined it is 
found to be 970-1 Btu/lb. The sensible heat in cooling from 
212°F to 60°F can readily be calculated and = 1 lbX 1 (speci-
fic heat w a t e r ) X ( 2 1 2 - 6 0 ) = 152 Btu. The total heat of con-
densation and cooling = 970-1 + 152 = 1152-1 Btu/lb. This 
value is not obtained in practice, and a figure of 1055 is more 
realistic, as it takes into account the losses occurring in plant 
operation.) 

Fo r solid and liquid fuels (per lb) : 

net CV = gross CV - 1 0 5 5 X M , 

where M = weight of moisture (lb) in products of combustion 
per pound of fuel. 

net CV = gross C V - 2 4 5 4 X M ' , 

where M' — weight of moisture (kg) in the products of combus-
tion per kg of fuel. 

Fo r a gas : 
net CV = gross CV - 5 0 K , 

where V = volume of hydrogen in 1 ft
3
 of saturated gas at 

30 in.Hg pressure and at 60°F (as a fraction of a cubic foot). 

1 . 5 . DETERMINATION OF CALORIFIC VALUES 

It is possible to arrive at calorific values for coals by using 
formulae based upon proximate analysis (ash, moisture, vola-
tile matter, fixed carbon) and ultimate analysis (carbon, hydro-
gen, sulphur, oxygen, nitrogen). The Goutha l formula based 
upon proximate analysis gives 

CV gross, Btu/lb = 147-6 C + aV, 



INTRODUCTORY 13 

where C is the percentage of fixed carbon, V the volatiles, 
and a a factor depending on the yield of volatiles calculated on 
the pure coal. 

V 1-4 10 15 20 25 30 35 40 

a 270 261 210-6 196-2 185-4 176-4 171 144 

Unfortunately, the results are not in very close agreement to 
those experimentally determined, but are useful where no other 
data are available. 

The Dulong formula based upon ultimate analysis gives : 

CV gross, Btu/ lb = 145-4 C +620-3 H ( H — Ο/8) + 40·5 S, 

where C, H, O, and S are the percentages of carbon, hydrogen, 
oxygen, and sulphur in the coal. Over a range of coals where the 
carbon contents lie between 78 and 86 %, this formula can be 
expected to give results within 150 Btu of those obtained by 
direct determination. With fuels containing over 9 0 % carbon 
the formula ceases to be accurate; also when the oxygen con-
tent exceeds 7%. 

For petroleum oils, the US Bureau of Mines gives the for-
mula 

CV gross, Btu/lb - 2 2 , 3 2 0 - 3 7 8 0 J
2
, 

where d = S G at 60°F/60°F. 
The only really satisfactory method for the direct determina-

tion of the calorific value of solid and liquid fuels is the use of 
the high-pressure bomb calorimeter, in which the fuel is burned 
in oxygen under pressure in a " b o m b " immersed in water, the 
temperature of which is measured. This measures the gross 
calorific value of the fuel at constant volume. 

When fuel is burned in a bomb, the heat equivalent of the 
work which would be done by the atmosphere on the products 
of combustion, if unit quantity of the fuel were burned at con-
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stantpressure, m a y b e calculated and added to the gross calori-
fic value at constant; volume. The deviation for fuels low in hy-
drogen (most British coals) is less than 0 - 1 % , which is well 
within the experimental error of the determination. 

Since fuel gases consist of mechanical mixtures of a compar-
atively limited number of constituents, their calorific values 
may be calculated with reasonable accuracy provided the com-
position of the mixture and the heats of combustion of the 
constituents are known. Typical heats of combustion of the 
more important gases are given in Table 6. 

The main source of error in calculating calorific values is the 
uncertainty of the nature of the unsaturated hydrocarbons and 
the complexity of the saturated hydrocarbons. Calculated val-
ues for coal gas, producer gas, and blue water gas agree to 
within 2 or 3 % of the experimentally determined values. 

T A B L E 6. C A L O R I F I C V A L U E S O F E L E M E N T S A N D S I M P L E 

G A S E O U S C O M P O N E N T S 

CV (Btu/ft
3
) 

MJ/m
3 

CV CV 

Ν TP STP STP (NTP (Btu/lb (kJ/kg 

gross gross net gross) gross) gross) 

Carbon monoxide 
(CO) 341 318 318 12-7 4,390 10,320 

Hydrogen (H2) 343 320 270 12-8 61,340 142,000 
Methane (CH4) 1067 995 895 39-7 
Ethane (C 2HG) 1855 1730 1580 6 9 0 
Propane (C 3H 8) 2660 2480 2280 84-8 
Ethylene (C 2H 4) 1673 1580 1460 62-2 
Propylene (C 3H 6) 2467 2300 2150 9 1 0 
Hydrogen sulphide 

(H2S) 703 7,330 17,080 
Carbon (to CO) 4,350 10,135 
Carbon (to C 0 2) 14,590 33,995 
Sulphur (to S 0 2) 3,930 9,156 
Sulphur (to S 0 3) 5,780 13,465 
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The usual method of direct determination is to burn the gas 
at a constant rate, in a vessel, under such conditions that the 
heat produced is absorbed in water which flows at a known 
constant rate. Knowing the volume of gas burned in a given 
time, the volume and therefore the weight of water passed, and 
the average rise in temperature of the water, the calorific value 
of the gas may be obtained. 

The specification for testing the calorific value of town gas is 
laid down in detail in General Notification of the Gas Referees 
(HMSO). A detailed account of the apparatus and method is 
given in this publication. It is possible to determine directly 
the net calorific value of the gas when using the Boy's calori-
meter. 

1 . 6 . S T A T I S T I C A L A N A L Y S I S 

Fuel technologists are concerned with the sampling and 
analysis of materials and hence a knowledge of elementary sta-
tistical techniques is essential for the correct interpretation of 
collected data. It is also of considerable importance in analys-
ing the results of plant trials. 

Populations and samples 

A population is the total number of discrete units in a bulk, 
and samples are a limited number of such units. It is convenient 
mathematically to take Ν samples from a populat ion K. Nume-
rical characteristics of a populat ion are called parameters; 
those of selected samples, statistics, which may be practically 
measured and examined and which give an estimate of the 
parameters of the whole. 

Random selection 

When every unit in a populat ion Κ has the same probability 
of selection, viz. l/K, the selection is referred to as random. In 
selecting randomly all prejudice or bias must be avoided ; this 
is often difficult. A representative sample is often best obtained 
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by means of combining small increments obtained by means 
of a systematic technique. This is because " r a n d o m " or "spot" 
selection is open to the effect of prejudice on the par t of the 
sampler and of segregation in the population. 

Average or arithmetic mean 

It can be proved mathematically that the average or mean 
result of observations is the most probable value of a popula-
tion. 

Χ1Λ-Χ2 · · · Χκ ΣΧΚ 
μ = 

Κ Κ 

For a limited number of observations, randomly selected 
(samples), an unbiased estimate of μ is the mean of the samples 

ΣΚΝ 
X
 Ν • 

The median is the middle of a series of results placed in 
ascending order. 

The difference between any results and the mean of a series is 
the deviation of the result, x--x — d. The standard deviation is 
defined 

• • / ( f ) 
and d = xN — μ, 

where Κ is the number of measurements. 

variance V. 
Κ 

The variance V is linearly additive provided that the sources of 
variants are independent. 

The equivalent parameters for samples are 

Σ{χΝ-χγΛ 

Ν 
S" 

16 
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However, this is a biased estimate of σ unless χ is identical with 
μ. This need not be true because χ is only an estimate of μ. The 
best estimate S

2
 tha t can be made is 

thus 

The term AT—1 is the number of degrees of freedom of the 
system. In most examples there is only one constraint. This is 
arrived at when, in a series of results, the mean is known, 
Ν— 1 of the results could have any value, but the Nth term 
would have its value defined by the actual values of the TV—1 
and that of the mean. 

Frequency distribution 

If a whole population is examined for a particular property a 
plot of values of the measurements of this property against the 
number of times a value occurs (frequency) will take at least 
approximately one of the following shapes: the Gaussian, the 
binominal , or Poisson distribution. 

The Gaussian or normal distribution is the most common 
and takes the shape illustrated in Fig. 1.1. The curve obeys the 
equation 

J
1
 =^ν[-η\χ-μΤΙ 

where h
2
 = \σ

2
, σ is the s tandard deviation, and h is the pre-

cision index. 
In the Gaussian expression, the probability that an observa-

tion falls between x\ and x2 is given by 

* 2 

{βχρ[-Η
2
(χ~μ)

2
]}αχ. 

D : C I F T 3 
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Value of Measurement κ 

FIG. 1.1. Normal or Gaussian distribution curve 

. Χ — μ d 
The term y(2)h(x — μ), viz. — — — — is generally referred to 

a G as C the normal deviate. 
Thus 

p- vè^\iexp(-iC2)]dc-
C I 

This equation can be expressed as the difference of two inte-
grals, and the results, called error function, is given: 

C V 2 

•ierf(CV2) = - i - | e x p ( - C
2
) r f C . 

This function has been solved, and from the resulting tabulated 
data any value of C can be found for a given probability and 
vice versa. 

When C = 1,2, and 3 the probability of results falling within 
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x±S,x±2S,SLud x±3S, are 68-3, 95-4, and 99-7% respec-

tively. Thus 95-4% of the populat ion has values which lie 
between x±2S. 

Significance of results 

I t is often required to determine whether a particular analy-
tical result from one laboratory, or by a new technique, is 
being reproduced correctly. To estimate this significance 
tests are applied. The method is to adopt a null hypothesis, 
tha t is, assume there is no real difference, and then calculate 
the probability of the differences actually obtained having 
arisen by pure chance variation. If this probability is high then 
it can be concluded that no significant difference between the 
observed and true result at tains. 

In order to apply significance tests it will be necessary to 
obtain the s tandard error of the mean. 

s tandard deviation 
Standard error of mean SX = —• τ—τ . Λ/Ν 

The analogous term for variance = S2/N. 
The corresponding estimate then becomes 

_ χ—μ _ (χ — μ)\/Ν 

Tables are available in which the probabili ty of / exceeding 
certain limits is given. Another useful test is based upon the 
F (Fisher) distribution. Provided tha t two series of samples are 
taken from the same populat ion their variances are determined 
independently. 

Here the probability of F exceeding a certain value depends 
only upon the number of degrees of freedom for the two series. 
I t can be decided whether the variances of the two series of 
results are likely to be equal. Tables of F values are available 
in s tandard statistical works. The application of such tests is 
best illustrated by reference to an example. 

3* 
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EXAMPLE 1.1 

It is required to assess the efficiency of the staff of two coke-
oven laboratories for the determination of volatile matter in 
coal. Samples of coal containing 2 4 · 1 % volatile matter were 
sent to laboratories 1 and 2 and the results obtained are given 
below. 

Sample no. 1 2 3 4 5 6 7 8 9 10 

Lab. 1 25-0 24-7 23-5 25-2 2 6 0 24-8 26-1 25-3 25-7 2 2 0 
Lab. 2 24-7 24-2 24-9 25-1 23-8 25-0 24-4 24-7 24-0 24-8 

T A B L E 6A 

No. Lab. 1 (x-x) (x-x)
2 

Lab. 2 (x-x) (x-x)
2 

1 2 5 0 + 017 0-0289 24-7 + 0 1 4 00196 
2 24-7 - 0 1 3 00169 24-2 -0 -36 01296 
3 23-5 -1 -33 1-769 24-9 + 0-34 0-1156 
4 25-2 + 0-37 01369 25-1 + 0-64 0-4096 
5 2 6 0 + 1-17 1-3689 23-8 - 0 - 7 6 0-5776 
6 24-8 + 0 0 3 00009 2 5 0 + 0-44 01936 
7 26-1 + 1-27 1-6139 24-4 - 0 - 1 6 00256 
8 25-3 + 0-53 0-2809 24-7 + 0-14 00196 
9 25-7 + 0-87 0-7569 2 4 0 + 0-56 0-3136 

10 22-0 - 2 - 8 3 8-0089 24-8 - 0 - 2 4 00576 

Χ = 24-83 

Σα
2
 = 13-982 

standard deviation 

V 2 * 

S = 1-247 

χ = 24-56 

Σα
2
 = 1-862 

standard deviation 

ν
Σά

2 
S = 0-4528 

2
0 
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The first stage is the preparat ion of tables of (x — x) and 
(x—x)

2
 for every result. This has been done and is set out in 

Table 6A. 
In evaluating Ed

2
 the mechanical operation becomes tedious 

when Ν is large, bu t the formula 

Ed
2
 = Σ(χ-L)

2
- [Σ(χ~Σ)Σ 

may be used. L is any convenient round number near the mean. 
The use of this formula is illustrated in Table 6B, taking 
L = 2 5 0 . 

T A B L E 6B 

No. Result ix-L) 

1 25-0 0 0 
2 24-7 - 0 - 3 0 0 9 
3 23-5 - 1 - 5 2-25 
4 25-2 + 0-2 0 0 4 
5 2 6 0 + 1 0 100 
6 24-8 - 0 - 2 0 0 4 
7 261 + 11 1-21 

8 25-3 + 0-3 0 0 9 
9 25-7 + 0-7 0-49 

10 2 2 0 - 3 0 9 0 0 

- 1 - 7 14-21 

2-89 
Σά2 = 14-21 = 13-9 

The significance of these results can be determined by applica-
tion of the t and F tests referred to previously. 
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Lab. 1 Lab. 2 

1-247 0-4528 

Vio Vio 

0-3942 0-1472 

χ-μ 24-83-24-10 24-56-24-10 

0-3942 01472 

1-799 3-125 

From tables of t versus degrees of freedom, Ρ for Lab. 
1 — 0*1 and for Lab. 2 = 0-01 (degrees of freedom = N—l). 
This means that the probability of such a difference occurring 
by pure chance variation for Lab. 1 is approximately 1 0 % ; 
for Lab. 2 the probability of there being a difference of 0-46 
between the mean and the true result is only 1 %. This suggests 
that in Lab. 1 the results are no t significant, and the null hypo-
thesis assumed is correct. With Lab. 2 the null hypothesis is not 
correct and therefore a real bias does exist in the results. 

Ρ = 0Ό5 corresponds to a significant result; 

Ρ = 0-01 corresponds to a highly significant result. 

The corresponding F value is 

F rom tables of F values, with 9 degrees of freedom for each, 
then the probability is less than 0-01. Thus the difference in the 
variability of the two sets of results is highly significant. This 
test does not require the actual known results to be given 
(24· 1 %) . The results of this test indicate that the probability of 
obtaining by pure chance variation equalities of the two vari-
ances is less than 1 %. If they are from the same populat ion 
they should be equal and this can only mean that the workers 
from the two laboratories have different characteristics. 
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EXAMPLE 1.2 

In case of dispute, joint sampling is carried out by the two 
parties and it is important to establish whether any difference in 
results is significant. If it is assumed that the results in Example 
1.1 were obtained by a joint sampling of the same consignment, 
then the two mean values may be compared by significance tests. 

2 7 ( x i - x i )
2 

5f = 

51 = 

Νχ-1 

Σ(χ2-χ2)
2 

N2-l ' 

The combined estimate of σ for both samples 

0 9 27(xi - χ ι )
2
 + Σ(χ2 — x2)

2 

S
2
 = — -———— — = variance. 

N±+N2-2 

To find if there is any difference between x i and x 2 the t 
value is calculated. 

X I — X 2 

s 

In this particular example 

S = 

|/ \N1 + N2 y 

13-98+1-862 •862 \ 
1 0 + 1 0 -

24-83-24-56 ,Γ/10Χ10\ 

0-938 \ \ i o+ io j ' 

0-27 V5 
' = Ü-938 - = ° '

6 4
-

F rom / tables Ρ > 0-5 [degrees of freedom (N1+N2—2) = 
= 18]. Thus it can be concluded that the probability of obtain-
ing such a difference between the means is high from pure 
chance considerations alone. The fact tha t such a difference 
has been obtained is not significant, and each laboratory has 
carried out the analysis with similar accuracy. 
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Combustion Calculations 

2 . 1 . INTRODUCTION 

As discussed in Chapter 1, it is the exothermic reactions 
which occur when carbon, hydrogen, and, to a lesser extent, 
sulphur, are burned that release the energy available in the fuel. 

A study of the reaction kinetics reveals that most combustion 
reactions occur via chain mechanisms. Whilst individual reac-
tions are fast, the whole sequence requires a finite time and in 
these cases combustion cannot occur instantaneously. Where 
the reaction approaches spontaneity, the result is an explosion. 
Every fuel has to be raised to a certain temperature, and main-
tained at or above that temperature for combustion to be com-
pleted. In the combustion of complex materials such as coals 
and heavy oils which proceed by chain mechanism, energy is 
absorbed in breaking the complex molecules down to simpler 
hydrocarbons and carbon monoxide. Unless the reaction 
chamber is maintained at a sufficiently high temperature, it is 
possible for the reacting materials to be chilled below the tem-
perature a t which combustion can proceed. This gives rise to 
loss of energy as unburned gases and soot. This is also a par-
ticular problem when burning highly radiating fuels such as 
pulverized coal, where the rate of heat loss is so high that extinc-
tion of the flame may result. 

In order to obtain rapid and complete combustion both fuel 
and oxygen supply (air) have to be intimately mixed. This is no t 
difficult to achieve with those gaseous fuels where premixing 
of nearly, or stoichiometric, amounts of fuel and air can be 
achieved before combustion begins. This cannot be achieved 

25 



26 CALCULATIONS IN FURNACE TECHNOLOGY 

with coal, oil, and with some gaseous fuels. Although the 
design of appliances to promote turbulence can improve the 
completeness of combustion in a given time, in industrial 
practice often the only effective means of ensuring complete 
combustion is to use excess air. The amount used plays an 
important role in the efficient use of fuels. Insufficient air 
results in incomplete combustion and loss of heating value, 
whereas too much air leads to excessive loss of sensible heat 
in the combustion products . In each combustion reaction 
appliance there is an opt imum percentage of excess air where 
the combined losses due to insufficient combustion and sensible 
heat will be a minimum. 

2 . 2 . CALCULATION OF MINIMUM 

(THEORETICAL) AIR FOR COMPLETE COMBUSTION 

Atmospheric air is a mechanical mixture of oxygen, nitrogen, 
and small amounts of carbon dioxide, water vapour, argon, 
and other noble gases. F o r engineering purposes the carbon 
dioxide and noble gases are included with the nitrogen, and the 
values used in industrial practice for the composition of dry air 
are as in Table 7. 

T A B L E 7. C O M P O S I T I O N O F D R Y A I R 

Volume Weight 

(%) (%) 

Oxygen 21 23-2 (23) 
Nitrogen 79 76-8 (77) 

Equal volumes of gases under the same conditions of tem-
perature and pressure contain the same number of molecules 
(Avogadro's hypothesis). It follows from this hypothesis that 
because 2 molecules of hydrogen and 1 molecule of oxygen 
combine for complete combustion, 2 volumes of hydrogen will 
combine with 1 volume of oxygen and the product will be 2 
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volumes of water : 
2 H 2 + 0 2 = 2 H 2 0 . 

At N T P the molecular weight in grams of an ideal gas occu-
pies 22-4 1. and the molecular weight in kilograms occupies 
22-414 m

3
. Similarly, the molecular weight in pounds occupies 

359 ft
3
. A t STP (saturated) the molecular weight in pounds 

occupies 385 ft
3
. A t STP (not saturated) the molecular weight in 

pounds occupies 379 ft
3
. 

Since the compositions of gaseous fuels are expressed as per-
centages by volume, combustion calculations are simplified as 
there is no need to convert percentages by weight into pound 
(kg) molecules. The percentage composition of a gas, if given 
on a volume basis, also holds on a kilogram-molecule basis. 

The following example of calculating the theoretical air 
requirement for a coke-oven gas illustrates the simplicity of the 
calculation. 

EXAMPLE 2.1 

A gas of the following volumetric composit ion: 0 2 , 0-4; 
C 0 2 , 2-0; C 3H 6, 2-6; C O , 7-4; H 2, 54-0; C H 4, 28-0; N 2, 
5-6%, is burned with air. 

The relevant combustion equations are : 

These equations represent the stoichiometric quantities for 
complete oxidation of the combustible constituents in the gas. 
Hence the oxygen requirement for combustion of 100 m

3
 of gas 

There is already 0-4 m
3
 of oxygen in the gas, hence the oxygen 

needed to be supplied by an external source (air) 

2 C 2 H 6 + 7 0 2 4 C 0 2 + 6 H 2 0 ; 

2 C 0 2 ; 

C 0 2 + 2 H 2 0 ; 

2 H 2 0 . 

2 C O + 0 2 

C H 4 + 2 0 2 

2 H 2 + 0 2 

- 9-1 + 3-7 + 56 + 27 = 95-8 m
3
. 

= 9 5 - 8 - 0 - 4 = 95-4 m
3
 a t N T P . 
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The air needed for combustion per cubic metre of gas 

95-4X100 , 
=
 21X100 -

4
'

5 4 m 3
- (

Α
™ " « ) 

(Ο2 = 21 % by volume of air.) 

Solid fuels must be converted to the as-fired basis. The me-
thod of calculation is best illustrated by reference to another 
example. 

EXAMPLE 2.2 

A coal of the following analysis on the dry, ash-free basis : C, 
89-3; H , 5-0; N , 1-5; S, 0-8; O, 3-4% by weight is used with 
8-0% ash and 7-0% moisture. Gross CV 15,650 Btu/lb (36,000 
kJ/kg) . 

It is necessary to have the analysis on a molecular basis 
because combustion formulae are best calculated on this basis. 
First, convert the analysis from percentage weight to a pound 
molecule basis by dividing the mass percentage by the molecular 
weight. Thus for 100 kg of d.a.f. coal : 

89*3 0*8 
C = = 7-4kg-atom; S = = 0-025 kg-atom; 

H 2 = = 2-5 kg-mol; 0 2 = ~ = 0-106 kg-mol; 

N 2 = ~ = 0-053 kg-mol. 

It must be remembered that in coal, these elements do not, 
in fact, exist as molecular nitrogen, oxygen, hydrogen, carbon, 
and sulphur. The relevant combustion equations are : 

C + 0 2 = C 0 2 ; 0 2 requirement = 7-4 kg-mol; 

S + 0 2 = S 0 2 ; 0 2 requirement = 0-025 kg-mol; 

2 H 2 + 0 2 = 2 H 2 0 ; 0 2 requirement = 1-25 kg-mol. 

Oxygen required for combustion 

= 7-4+1-25 + 0-025-0-106 = 8-569 kg-mol. 
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The oxygen in the fuel is considered to be liberated and avail-
able for combustion purposes when the coal molecule is 
broken down. 

A - · • 100X8-569 
Air requirement = — = 40-82 kg-mol 

= 40-82X22-4 = 914-7 m 3 a t N T P . 

Hence 1 kg of a d.a.f. coal would require 9-147 m
3
 of air for 

combustion (measured a t N T P ) . 
Alternatively, if the weight of air for combustion is required 

then it may be obtained as follows : 

O2 requirement = 8-569 kg-mol. 

By definition, 1 kg-mol = molecular weight in kilograms. 
Hence oxygen requirement = 8-569x32 kg-wt. 
Therefore if oxygen supplied as air, then weight of air 

= - ^23^^ ~ 1196-5 kg-wt. (composition air 23% 0 2 ) . 

Weight of air required to burn 1 kg of a d.a.f coal 

= 11-965 kg-wt. (Answer.) 

The volume of air required for "as-fired" coal will not be as 
large as for d.a.f fuel because the quantity of combustible mat-
erial contained in 1 kg of fuel will not be so high. 

9-147X(100-7-8) 
Volume of air = — 

= 7-77 m
3
 a t N T P . (Answer.) 

2.3. CALCULATION OF QUANTITY AND 

ANALYSIS OF FLUE GAS 

Most gases are analysed on a dry basis using analytical 
instruments similar in principle to the Orsat, any water in the 
gas being condensed out before analysis. Al though water from 
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EXAMPLE 2 . 3 

Calculate the analysis of the dry gas from combustion of the 
as-fired coal used in Example 2 . 2 . 

The flue or waste gas from the combustion of 1 kg of coal 
will be composed of : 

Ç T 0 - 0 5 3 X 8 5 X 2 2 - 4 

from coal = ^ÏÔÔÔ = °'
01 M

"' 

(It mus t be remembered tha t Ο Ό 5 3 kg-mol of nitrogen are 
present in 1 0 0 kg d.a.f. coal.) 

7 - 7 7 X 7 9 
N 2 from combustion air = = 6 - 1 m

3
. 

C _ 0 - 0 2 5 X 8 5 X 2 2 - 4 Λ Λ Λ. 
s
°

2
 = looxioo = ° - 0 0 5 m · 

7 - 4 X 8 5 X 2 2 - 4 
c

°
2
 = looxioo = M m · 

Hence volumetric analysis at N T P : 

C
°

2
 = i ^ O o V + W 6 ^ 8 X 1 0 0

 =
 1 8

'
7 %

-

S ° 2 = X l 0 ° = °·°7 %· 
( 0 - 0 1 + 6 - 0 8 ) Y ] 0 0_ ? H 2 O/ 

N A
 - 1 · 4 + 0 · 0 0 5 + 0 · 0 1 + 6 · 0 8

Χ 1 00
 ~

 81 3 / O
" 

Although analyses are normally reported on a dry basis it is 
often necessary to estimate the total volume of gases passing 
through the flue system, chimney, or fan. To do this the total 
volume a t N T P must be calculated and then the gas laws ap-

the combustion of hydrogen does not appear in the gas analy-
sis, nitrogen from the combustion air does remain in the dry 
gas. 
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plied to obtain the volume at the required conditions. The wet 
flue gas will be composed of : 

Water vapour from moisture present in coal — 7 kg-wt. 

7 7 Y 22-4 

- ^ k g - m o l = W i o ö = ° - 0 8 7 m 3 N T P -

Water vapour from combustion of hydrogen in coal 

2-5X85X22-4 

100X100 
0-5 m

3
. 

N 2 from combustion air = 6-08 m
3
. 

N 2 from coal - 0-01 m
3
. 

S 0 2 = 0 005 m
3
. 

C 0 2 = 1-4 m
3
. 

(Note. When burning heavy oil atomized by steam, the 
steam used must be included in this calculation.) 

Total volume of wet gas a t N T P = 8 0 8 2 m
3
. Volumetric 

analysis : 
(6-08+0-01) 

N 2 

c o 2 

s o 2 

H 2 0 

8-082 

1-4 

8-082 

0-005 

8-082 

(0-5+0-087) 

8-082 

X100 = 75-3%. 

X100 = 17-4%. 

X100 = 0-06%. 

X100 = 7-2%. 

2.4. CALCULATION OF NET CALORIFIC VALUE 
OF AS-FIRED COAL 

EXAMPLE 2.4 

Calculate the net calorific value of the as-fired coal used in 
Example 2.2. 

^ ™ « A 36,000X85 ™ ™ n l T /1 Gross CV as-fired = J^q
 =

 30,700 kJ /kg . 
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100X100 
= 0-38 kg-wt. 

Weight of water from coal as moisture = 0-07 kg-wt. 

Net CV = 30,700-(2454X0-45) 

- 30 ,700 -1104 - 29,596 kJ /kg. (Answer.) 

2 . 5 . CALCULATION OF EXCESS AIR USED FROM 

FLUE GAS ANALYSIS 

Whenever gas analysis is carried out, the full analysis should 
always be completed if possible. Many operators merely record 
the percentage carbon dioxide and this gives no indication of 
any loss of heat due to carbon monoxide. Carbon dioxide is 
often present together with oxygen because the gases may have 
been chilled below their ignition temperature before combustion 
was completed, or mixing was inadequate or the combustion 
time was too short. Also, oxygen may be present due to ingress 
of air by leakage after the combustion zone. 

The oxygen content is therefore a better indication of com-
bustion conditions. In many plants, carbon dioxide is evolved 
as par t of the process, as in cement and doloma manufacture, 
and hence estimation of this gas alone would be of little value 
in assessing combustion efficiency. Mos t industrial equipment 
has automatic carbon dioxide and oxygen recorders. 

The simplest approach to the calculation of excess air is to 
draw a graph of carbon dioxide and oxygen versus excess air 
and then it is possible to read off directly the required value. 
The graphs drawn in Figs. 2.1 and 2.2 illustrate how the in-
crease of excess air from 0 to 100% is related to the carbon 
dioxide and oxygen values in the dry flue gas. Similar graphs 
can be constructed on the wet gas analysis if required. The 
calculations upon which these are based are given below, using 

Net CV = gross CV —2454 X weight of water in products of 
combustion. 

Weight of water from combustion of hydrogen 

2 -5X18X85 
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a coal of the following specification: Coal , d.a.f.; C, 89-3; H , 
5-0; N , 1-5; S, 0-8; O, 3-4%. As used, the coal contains 8 % ash 
and 7 % moisture. 

11 i ι ι 1 —ι 

O 20 40 60 80 100 
% Excess air 

F I G . 2.1. Variation of carbon dioxide with excess air 

F I G . 2.2. Variation of oxygen with excess air 

D : C I F T 4 
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Theoretical air required to burn 1 kg of as-fired coal is 
7-77 m

3
. This represents 0 % excess air, and the oxygen value 

will also be zero. The percentage carbon dioxide is given by the 
expression : 

^ Λ volume of carbon dioxide 1 ΛΛ 

C 0 2

 = s X 10
0 total volume of flue gas 

= - ^ X l 0 0 = 18-7%. 

With 20 % excess air the denominator is increased by 20 % of 
the theoretical air. (Excess air is expressed as a percentage in 
excess of the theoretical requirement.) 
With 2 0 % excess air : 

C O 2 = - ^ X l 0 0 = 15-4%. 

0 = volume of oxygen χ 1 QQ 
2
 total volume 

Since oxygen is 21 % of air by volume, the volume of 0 2 

= — X l - 5 5 = 0-326 m
3
. 

0*326 

Hence 0 2 percentage = - T ^ F - X I O O = 3-5%. 

With 4 0 % excess air : 
40 

Volume of combustion products = 7-5 + — - - X 7 - 8 

= 10-62 m 3. 

C 0 2 = - j — X 100 = 13-2%. 
21 

0 2 volume = - — X 3 ' 1 = ° ' 6 5 m 3-

0 2 = ^ S x i o o = 6 o% -

Percentages of carbon dioxide and oxygen for excess air values 
of 60, 80, and 100% are calculated in a similar manner. 
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(Note. Some operators add the volume of sulphur dioxide 
produced to that of the carbon dioxide and call the total com-
bined value carbon dioxide. This is because in carbon dioxide 
detectors which rely upon absorption by alkali, the sulphur 
dioxide is absorbed and will be recorded as carbon dioxide. 
Hence the carbon dioxide figures will be slightly higher than 
those recorded above.) 

An approximate bu t sufficiently accurate determination can 
be made by the use of It diagrams (Spiers) which are graphical 
solutions to combustion problems. These depend on the facts 
that the enthalpies of equal volumes of industrial gases can be 
used as a measure of temperature and that there is a statistical 
relationship between the net CV's of industrial fuels, their air 
requirements, and the volume of gases produced. 

EXAMPLE 2.5 

Calculate the percentage of excess air in the flue gases from 
combustion of the same coal as in Example 2.2 given that the 
carbon dioxide content of the dry flue gas is 12%. 

The products of combustion of 1 kg of coal with air are : 

N 2 from theoretical air = 6-1 m
3
. 

N 2 from coal = 0-01 m
3
. 

S 0 2 = 0-005 m
3
. 

C 0 2 = 1-4 m
3
. 

Excess air = a m
3
. 

In this case it is assumed that the 12 % C 0 2 includes any sulphur 
dioxide. 

y C O . - l - 4 0 5 ( C O a+ S O a) / Λ
°

2
 - ΐ 4 + 6 . ΐ Τ 0 · 0 ί + 0·005 + «

Χ 1 ϋ υ
· 

a = 4-2 m
3
 excess air. 

o / t ? · excess air 
% Excess air = — -.—=—— X100 

theoretical air 

= ^ - X 100 - 54%. (Answer.) 

4
H 
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[Note. The nitrogen from the coal has been included in this 
calculation, but where the nitrogen in the fuel is small (less 
than 3 %) its contribution to the flue gas can be safely ignored.] 

Provided combustion is complete, all the carbon in the coal 
may be assumed to appear as carbon in the combustion or gasi-
fication products. Where combustion is incomplete this ap-
proach may still be used provided the amount of carbon which 
is gasified is known. 

100 kg coal contain 7-44X0-85 = 6-32 kg-atom carbon. 

100 kg-mol of gas may be equated to 100 volumes for analy-
sis (Avogadro's hypothesis), so 100 kg-mol of gas contain 12Ό 
kg-atom of carbon. 

Thus 12-0 - ———: Ρ^-Λ : X 100. 
total volume kg-mol 

Volume gas = 52-5 kg-mol 

= 52-5X22-4 = 1176 m
3
 at N T P . 

Volume from 1 kg coal = 11-76 m
3
 a t N T P . 

The combustion products from 1 kg of coal are : 

N 2 (theoretical a i r + c o a l ) = 6-11 m
3
. 
3 S 0 2 = 0-005 m
; 

C 0 2 = 1*4 m
3
. 

Excess air = a m
3
. 

Therefore excess air = 11-76—7-515 = a = 4 «245 m
3
. 

4-245 
% excess air = -^fjX 100 = 54%. (Answer.) 

EXAMPLE 2.6 

In this calculation it is assumed that the dry flue gas contains 
8% oxygen. 
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Products of combustion of 1 kg of as-fired coal : 

N 2 from theoretical air = 6-1 m
3
. 

N 2 from coal = 0-01 m
3
. 

S 0 2 - 0-005 m
3
. 

C 0 2 = 1 4 m
3
. 

Excess air = a m
3
. 

%
 °

2 = 8 =
 6 ·1+0 ·01 + 0 · 0 0 5 + 1 · 4 + α

Χ 1 0 0
· 

a = 4-64 m
3
. 

4-64 
% excess air = -=-^-X 100 = 6 0 % . (Answer.) 

EXAMPLE 2.7 

Where the complete flue gas analysis is known, it is possible 
to use the nitrogen and oxygen values to arrive a t the excess 
air percentage. This method relies upon the assumption that all 
the nitrogen in the gas has come from combustion air and ex-
cess air. The inaccuracy resulting from this assumption is elimi-
nated if the nitrogen in the fuel is known, and this method is 
then as accurate as any other. 

Assume that the coal previously referred to is burned with 
air and gives rise to flue gas of the following volumetric compo-
sition (dry basis): 0 2 , 4-2; C 0 2 , 15-0; and N 2 80-8%. (There is 
no need to know the analysis of the fuel provided that the 
nitrogen content is low, less than 3 %.) 

The oxygen represents excess air within the system, therefore 
for 100 m

3

 of flue gas the total excess air 

79 
. 4 · 2 + ^ - Χ 4 . 2 
= 4-2+15-8 m

3
. 

The nitrogen associated with the excess air = 15-8 m
3
. 

Therefore nitrogen from air burned = 80-8 — 15-8 = 65-0 m
3
. 
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Therefore excess air percentage 

volume excess air < ΛΛ 0-79 X excess air 
= — R Τ ^ - τ - , — Χ 100 =

 . Χ 1 0 0 
theoretical air 0-79 X theoretical air 

15-8 
65-0 

X 1 0 0 = 24-3 % . (;4flÄW/\ J 

The advantage of this method is that provided the nitrogen 
content of the fuel is low (most solid and liquid fuels), and pro-
vided no ingress of air has occurred at the sampling point, then 
a full analysis of combustion gases enables the percentage ex-
cess air to be calculated without a knowledge of the fuel ana-
lysis. 

2.6. INCOMPLETE COMBUSTION 

Assume that the coal described in Example 2.2 is burn t in 
air. If the oxygen content of the dry flue gas is plotted against 
the carbon dioxide percentage a straight-line graph results 
(Fig. 2.3). In practice, combustion of solid fuel is rarely com-
plete, since there will be loss of carbon in the ashes, as " smoke" 
and possibly as carbon monoxide in the flue gases. Format ion 
of carbon monoxide results in a loss of heating value equiva-

2 0 , — 

51 I L 1 I I I I I I I I I I 
O l 7 ? Δ * 6 ? R 9 ΙΟ II 1 2 

% 0 2 
F I G . 2.3. Graph of oxygen percentage versus carbon dioxide percentage 
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lent to about two-thirds of that resulting from combustion to 
carbon dioxide. The loss due to smoke is almost impossible 
to determine directly. 

Figure 2.3 can be used directly to determine if the combus-
tion has been complete. If the oxygen in the gas is 5-4% then 
the carbon dioxide content should be 13-2%. If the actual car-
bon dioxide content is less than this then incomplete combustion 
is indicated. If the gas analysis is reconstituted so that the car-
bon monoxide present is converted to carbon dioxide, the oxy-
gen diminished by the amount required to burn the carbon mon-
oxide, and the percentage of each constituent recalculated 
then it is possible to determine whether any loss of carbon as 
" smoke" or soot has taken place. 

EXAMPLE 2.8 

Coal, d.a.f. analysis: C, 89-3; H , 5 0 ; N , 1-5; S, 0-8; O, 
3-4% by weight, and as-fired containing 8-0% ash and 7-0% 
moisture. The coal on combustion gives rise to a gas of the fol-
lowing volumetric composition (dry basis) : 0 2 , 6-3 ; C 0 2 , 11-1; 
CO, 2 0 ; N 2 , 80-6%. 

It is desired to determine if any actual loss of carbon has 
occurred. 

The reconstituted analysis of 100 m
3
 flue gas will be : 

C 0 2 = 11-1+ 2-0 (from CO) = 13-1 m
3
. 

0 2 = 5-3 (less 1-0 to burn CO). 

N 2 = 80-6 m
3
. 

= 8 0 · 6 + 5 · 3 + 1 3 · ΐ
Χ ΐ 00 = 5

·
4
° ^ · 

°/°c°2 = W S t T m x 1 0 0 = 1 3- 2 % -

F r o m Fig. 2.3 it can be seen that there has been no actual loss 
of carbon from the system. 
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EXAMPLE 2.9 

The same coal on combustion gives rise to smoke and it is 
desired to estimate the amount of carbon lost in this manner. 

Assume that the volumetric dry flue gas analysis is: C 0 2 , 
120; CO, 10 ; N 2 , 80-5; 0 2 , 6-5%. 

Assuming that 100 kg of d.a.f coal is burned, 

89*3 0*8 
C = = 7-4 kg-atom; S = = 0-025 kg-atom; 

0 2 = ^ - 0-106 kg-mol; H 2 = ^ = 2-5 kg-mol; 

N 2 = - 0-05 kg-mol. 

The combustion equations are : 

C + 0 2 = C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 ; S + 0 2 - S 0 2 . 

The oxygen requirement = 7-4 + 0-025+1-25-0-106 
- 8-57 kg-mol. 

A- · * 8-57X100 
Air requirement =

 — =
 40-81 kg-mol. 

Therefore nitrogen = 40-81-8-57 = 32-24 kg-mol. 
Nitrogen associated with as-fired coal 

3 2 · 2 4 χ ( 1 0 0 - 7 - 8 ) 
= Ï0Q =

 2 7
'

4
 kg-mol. 

Carbon in as-fired coal = 7-4x0-85 = 6-3 kg-mol. 
Rewriting the flue gas analysis, from 100 m

3
 gas : 

C O , = 12-0 

C O = 10 

0 2 to burn C O = 0-5 

Excess air =
 28-56

 ^remaining 0 2 + ^ - X 0 2 j 

N 2 = 57-94 from air burned 

100-0 
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In this example reconstituting the analysis does not cause the 
carbon dioxide value to coincide with the oxygen value (Fig. 
2 .3) . Hence there must be some actual loss of carbon out of the 
system. This loss can be estimated in the following way. 

If X kg-mol of carbon remain unburned (either as soot or in 
ashes) then the oxygen required is less and becomes 63 — X 
kg-mol (6-3 kg-mol is the theoretical C value in the as-fired 
coal). This quantity of oxygen is associated with 2 7 - 4 — 3 - 7 6 
kg-mol of nitrogen and the carbon in the gases is 6-3— X kg-
atom (3-76 = 7 9 / 2 1 ) . F r o m the reconstituted analysis 13-0 kg-
atom of carbon are associated with 57-94 kg-mol of nitrogen 
from the air actually burned. 

^ U R 6-3 -Χ 2 7 - 4 - 3 - 7 6 X 
Therefore _ _ = _ ^ r _ , 

kg-atom carbon burned 

kg-atom carbon in gas 

nitrogen associated with carbon burned 

~~ nitrogen from air burned 

Therefore X = 1 Ό kg-a tom/100 kg as-fired coal. 

Loss per kg coal = * ̂ Q Q ^
 =

 0 Ί 2 kg. (Answer.) 

Now tha t the loss of carbon has been estimated a carbon bal-
ance can be applied with confidence. The total dry flue gas is 
given by : 

« / ^ . « actual carbon 
% C m flue gas = - _ _ _ χ 100 

1 3.o =<
6
·

3
7

1

1 · ° > χ ΐ ο ο . 
total 

Total flue gas = 4 1 - 8 kg-mol /100 kg coal as-fired. 

· FL 4 1 - 8 X 8 0 - 5 
Ng in flue gas = — ~ \ Q Ö

 =
 kg-mol, 
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i.e. total flue gas χ % N 2 in flue gas. 

N 2 from excess air = 33-65—27-40 = 6-15 kg-mol. 

% excess air = ^ . χ 100 
27-38 (less nitrogen in fuel) 

- 22-4%. (Answer.) 

2.7. LOSS OF HEAT IN FLUE GASES 

It is normally required to estimate the loss of sensible heat, 
al though sometimes the total loss of heat is required. 

Where combustion is complete the total wet gases must be 
calculated and from a knowledge of the mean specific heats 
and the temperature of the gases leaving the system the loss due 
to the sensible heat content may be calculated. 

EXAMPLE 2.10 

A coal tar has the following analysis by weight: C, 90Ό; 
H, 5-9; S, 0-4; N , 1-0; O, 2-7%. Assume that it is burned with 
2 0 % excess air and that 0-5 lb of steam are used per pound of 
fuel for atomization purposes. 

Calculate the heat loss per pound of fuel burned when the 
gases leave the combustion chamber a t 560°F. 

The first step involves the calculation of the total quantity of 
combustion products obtained from 1 lb of fuel. The steam for 
atomization purposes must be included in this calculation, be-
cause it is the total wet flue gas that is required. 

Two approaches will be adopted, the first involves calcula-
tion of the total volume of combustion products measured a t 
N T P . The second involves calculation of the total weight of 
combustion products . In the first case the specific heats will 
need to be in volume units, and in the second on a mass basis. 
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The total volume of products of combustion from 100 lb of 
tar is calculated. 

C = ~ = 7-5 lb-a tom; H 2 = 4 -̂ = 2-95 lb-mol; 

0 2 =^~= 0-084 lb-mol; S = ~ = 0-012 lb-mol; 

N 2 = 4^ = 0-035 lb-mol. 

The relevant combustion reactions a re : 

C + 0 2 = C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 ; S + 0 2 = S 0 2 . 

Oxygen for combust ion = 7-5+1-475+ 0-012-0-084 

= 8-903 lb-mol. 

τ , , . Λ . 8-903X100X359 ι ς 0~ η , , 3 , x r ro Theoretical air = — = 15,220 f t
3
 at ΝΤΡ . 

Volume/lb tar = 152-2 f t
3
 N T P . 

The products of combustion from 1 lb of tar are : 

N 2 from theoretical air = 152-2x0-79 - 120-34 ft
3
. 

Since excess air = 20%, 

152-2X20X21 , . M 

°
2 = looxioo = 6 ' 4 f t 3' 

N 2 from excess air = 24-0 ft
3
. 

^ Γ . ^ 0-035X359 _ f . M N 2 from tar = - — — = 0 13 ft
3
. 

100 

Water vapour from combustion of H 2 

=
 2

·
9 5 Χ 3 59

 = 10-59 ft» 
100 ' 

COMBUSTION CALCULATIONS 43 
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Since 0-5 lb steam is used per pound oil, then volume of 
steam from this source 

0-5X359 = 9. 9 9 f t8 

18 

C 0 2 - - = 26-93 ft
3
. 

The combustion products consist of: 

N 2 - 120-24+24-0+0-13 - 144-27 ft
3
. 

0 2 = 6-4 ft
3
. 

C O 2 + S O 2 = 26-93 + 0-04 - 26-97 ft
3
. 

H 2 0 vapour = 10-59 + 9-99 = 20-58 ft
3
. 

Sensible heat loss = vo lumeXMC PXAT. 
The mean specific heats between 32°F and 560°F are obtained 

from tables (Spiers) and are : 

N 2 = 0-02 Btu/f t
3
 °F at NTP . 

C 0 2 = 0-0288 Btu/f t
3
 °F at N T P . 

0 2 = 0-0104 Btu/f t
3
 °F at N T P . 

H 2 0 = 0-0231 Btu/f t
3
 °F at N T P . 

Thus sensible heat loss 

- 144-27 X 0-02 X (560 - 32) + 6-4 X 0-104 X (560 - 32) 

+ 26-97 X 0-028 X (560 - 32) + 20-58 X 0-0231 

X ( 5 6 0 - 3 2 ) 

= 1524 + 68-93 + 398-7 + 250 Btu 

= 2243 Btu/ lb tar burned. (Answer.) 

The calculation would be greatly simplified if the mean spe-
cific heat of the mixture was known from tables or by experi-
ment. 

The weight of products of combustion from 1 lb tar are found 
in the following way : 

0 2 required for combustion = 0-089 lb-mol 

= 0-089X32 lb-wt. 
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Α · · • 0-089Χ32Χ100 1 0. û lu Air requirement = — = 12-39 lb-wt. 

N 2 from theoretical air = 12-39x0-77 - 9-54 lb. 

_ 0 -035x28 
N 2 from fuel = — = 0-01 lb. 

Since excess air = 2 0 % , 

N 2 from excess air = 12-39X0-20x0-77 = 1-909 lb. 

0 2 content = 0-57 lb. 

Steam for atomizing = 0-5 lb. 

Steam from combustion H 2 = 0-295X18 = 0-531 lb. 

S 0 2 = 0-00012X64 = 0-0008 lb. 

C O , - 0-075X44 = 3-3 lb. 

The combustion products consist of : 

N 2 = 9-54 + 0-01 + 1-909 - 11-459 lb. 

0 2 = 0-57 lb. 

H 2 0 = 0-5 + 0-531 = 1-031 lb. 

C 0 2 + S 0 2 = 3-3 + 0-0008 = 3-3008 lb. 

Sensible heat loss = m a s s X M C ^ X z J r . 
The mean specific heats between 32°F and 560°F are obtained 

from tables (Spiers), and are : 

0 2 = 0-23 Btu/ lb °F. H 2 0 - 0-462 Btu/ lb °F. 

N 2 = 0-252 Btu/ lb °F. C 0 2 - 0-236 Btu/lb °F. 

Total sensible heat loss 

- 11 -46 X 0-251X (560 - 32) + 0- 57 X 0-23 X (560 - 32) 

+ 1 -03 X 0-462 X (560 - 32) + 3-3 X 0-236 X (560 - 32) 

- 1524+69-2 + 251 + 399 

= 2243 Btu/ lb fuel burned. (Answer.) 

The total heat loss will be composed of the loss in the dry 
products of combustion plus the loss due to water vapour. 
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Loss due to the dry products of combustion : 

N 2 

co 2 

o 2 

1524 Btu 
400 Btu 

69 Btu 

1993 Btu 

The loss due to water vapour is the total heat of the water 
vapour in the flue gas at its partial pressure and temperature 
minus its heat content as water at room temperature. 

The partial pressure of water vapour 

volume of moisture at N T P „ ,. n t - 14-7X ——= — — — lb/ in
2
 abs. 

total volume ol flue gases at N T P 

1 a tm pressure is 14-7 lb / in
2
 abs. 

20*58 
Hence partial pressure = 14-7Χ -γ^γ- — 1·52 lb / in

2
 abs. 

The total heat of superheated steam at 1-52 lb / in
2
 abs. pres-

sure and at 560°F may be obtained from Steam Tables, and for 
this example is 1228 Btu/ lb. 

The weight of steam in the combustion products has been 
shown to be 1-03 lb/ lb tar burned. 

Hence heat loss = 1-03x1228 = 1369 Btu. (Answer.) 

An alternative solution is as follows : 

If it is assumed that the mean specific heat of steam is 0-475 
Btu/lb °F in the range 212-560 °F, and the latent heat of con-
densing steam at 212°F to be 970-1 Btu/ lb , then heat loss is : 

- 1 -03 X 970-1 + 1 -03 X 0-475 X (560 - 32) + 1X (212 - 32) 

X 1-03 = 997-07+ 171-8+185-4 

— 1354 Btu. (Answer.) 

Another slightly different approach would be to use the 
latent heat of condensation and cooling of steam to be 1055 
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Btu/lb, and this cuts out the separate calculation of latent heat 
of condensation of steam and sensible heat of the water. This 
value will not be the same as the other, but is probably a more 
realistic figure. 

2 . 8 . A D D I T I O N A L W O R K E D C O M B U S T I O N 

C A L C U L A T I O N S 

EXAMPLE 2.11 

The percentage volumetric analysis of a producer gas is as 
follows: H 2 , 15; CO, 22; C 0 2 , 8; N 2 , 51 %. If 2 0 % excess air is 
supplied and complete combustion attained, find the percent-
age composition of the products of combustion. 

The appropriate combustion equations a re : 

2 H 2 + 0 2 = 2 H 2 0 ; 2 C O + 0 2 = 2 C 0 2 ; 

C H 4 + 2 0 2 - C 0 2 + 2 H 2 0 . 

(a) Calculation of theoretical air for combustion of 100 m
3
 gas 

a t N T P . 

Since oxygen =21% by volume of air, then theoretical air 
required 

0 2 to burn H 2 

0 2 to burn C O 

0 2 to burn CH4 8-0 m
3 

26-5 m
3 

11-0 m
3 

7-5 m
3 

26-5X100 

2 f 
= 126-2 m

3
. 

Actual air used = 126-2 X — - = 151-4 m
3
. 
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(b) Composit ion of products of combustion : 

N 2 from original fuel = 51-0 m
3 

N 2 from theoretical air = 126-2x0-79 = 99-7 m
3 

N 2 from excess air = 1 2 6 · 2 χ 0 · 2 0 χ 0 · 7 9 = 19-9 m
3 

Total N 2 = 170-6 m
3 

0 2 from excess air = 126-2x0-20x0-21 = 5-3 m
3 

C 0 2 in fuel - 8-0 m
3 

C 0 2 from combustion of CO = 22-0 m
3 

C 0 2 from combustion of C H 4 = 4-0 m
3 

Total C 0 2 = 34-0 m
3 

H 2 0 from combustion of H 2 = 15-0 m
3 

H 2 0 from combustion of C H 4 = 8-0 m
3 

Total H 2 0 = 23-0 m
3 

Total volume combustion products = 232-9 m
3 

Analysis of products of combustion : 

_ Γ70-9Χ100 
N a

 - " 232-9 -
 73 2 /

° -

_ 5-3X100 _ 

°
2
 --Ύΰ9~ ~

 2 2 /
° · 

C O , - * * ™ = 1 * 6 % . 

u o 23-0X100 
=
 ' 232-9

 = 1 ( Η )
% · (Answer.) 

EXAMPLE 2.12 

Blast furnace gas having the analysis by volume, dry, of C 0 2 , 
12-5 ; CO, 25-4; H 2, 3-5 ; N 2, 58-6 % is burned in a furnace. Cal-
culate (a) the percentage excess air when the dry products of 
combustion contain 3-2% 0 2 , (b) the percentage excess air 
when the dry flue gas contains 19-7% C 0 2 , 4-6% 0 2 , and 
75-7% N 2. 
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21 
= 69 m 3 at N T P . 

(a) When dry products of combustion contain 3-2% oxygen. 

The dry products of combustion contain : 

N 2 from fuel = 58-6 m 3 . 

N 2 from theoretical air = 69x0-79 = 54-45 m 3 . 

C 0 2 in fuel = 12-5 m 3 . 

C 0 2 from combustion of C O = 25-4 m 3 . 

Excess air = a m 3 . 

n / ^ „ ^ volume 0 2 ^™ 
Hence % 0 2 = 3-2 = - ^ ^ χ 100. 

3·2α+3-2x150-95 = 21α. 

3-2x150-95 » 
a = 1 7. 8 = 27-14 m». 

27-14 
Therefore excess air = χ 100 = 39%. (Answer.) 

69-0 

(b) When analysis of flue gas is 0 2 , 4-6; C 0 2 , 19-7; N 2 , 75-7%. 

This calculation can be carried out in an identical manner 
to that in par t (a) but a simpler calculation can be based on 
carbon dioxide content . 

D : C I F T 5 

Calculation of the theoretical air for combustion of 100 m 3 

of gas a t NTP . 
The relevant combustion equations are : 

2 H 2 + 0 2 = 2 H 2 0 ; 2 C O + 0 2 = 2 C 0 2 . 

0 2 to burn H 2 = 1-75 m 3 

0 2 to burn C O = 12-7 m 3 

1445^ m 3 

Stoichiometric air requirement 

14-45X100 
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(Note. The method illustrated in Example 2.7, using ratios 
of nitrogen contents cannot be used in this case since all the 
nitrogen in the combustion products does not arise wholly 
from combustion air.) 

% C 0 2 = 19-7 =™*Τ°?°'χ 100 
total volume 

37-9 
X100. a+150-95 

19·7α+ 19-7X150-95 = 3790. 

3790-(19-7X150-95) 
ü =

 WÎ 

= 41-41 m
3
 at N T P . 

Alternatively, 

%
θ 2 =

 α ί Γ ^ 5 -
χ 1 00

 =
 4

·
5
· 

4 · 5Λ + 4·5Χ 150-95 = 21α. 

4-6X150-95 
a = = 41-4 m

3
 at N T P . 

16-5 

41-4 
% excess air = ^ W A- X 1 0 0 = 6 0 % . (Answer.) 

69-U 

EXAMPLE 2.13 

Calculate (a) the volume of air a t N T P theoretically required 
to burn 1 kg of coal of the composition given below, and (b) 
the weight of air required to burn the same weight of coal. Coal 
C, 75 ; H, 5; O, 8; S, 2 ; ash and moisture 10% by weight. 

(a) Theoretical volume of air a t N T P . 

The appropriate combustion equations are : 

C + 0 2 = C 0 2 ; 2 H 2 + 0 2 - 2 H 2 0 ; S + 0 2 = S 0 2 . 
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When calculating the theoretical volume of air required, 
starting from molecular equations it is first necessary to con-
vert the analysis from a weight basis to a kilogram-molecule 
basis, using a basic weight of 100 kg of coal. 

C = = 6-25 kg-a tom; H 2 = ~ - = 2-5 kg-mol; 

0 2 = ~ = 0-25 kg-mol; S = = 0-06 kg-atom. 

Therefore oxygen requirement = 6-25+1-25+0-06 = 7-56 kg-
mol. 

There is some oxygen present in the fuel, hence oxygen 
needed to be supplied 

- 7 -56-0-25 = 7-31 kg-mol = 7-31x22-4 m
3
 a t N T P . 

. A 7-31X22-4X100 3 Air required = — = 773 m
3
. 

Air required to burn 1 kg of coal completely 
= 7-73 m

3
 at N T P . (Answer (a).) 

(b) Theoretical air requirement (mass). 

Oxygen requirement = 7-31 kg-mol — 7-31x32 kg-wt. 
_ t . , * · 7 -31X32X100 Λ ί^ Λη Ί Therefore weight of air = = 1017 kg. 

Weight of air per pound of coal burned 
= 10-17 kg. (Answer (b).) 

EXAMPLE 2.14 

A coal containing 79-9% C, 5-0% H, 4 - 3 % O, 1-1 % S, and 
1-9 % Ν is used as fuel in a brick kiln. 

(a) Calculate the theoretical volume of air a t N T P required 
for the complete combustion of 1 kg of this coal. 

(b) Determine the volume of excess air used when the dry 
flue gas analysis contains 11-0% C 0 2 , either by direct calcula-

5* 
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tion or by plotting a graph of excess air (0-100 %) versus carbon 
dioxide (Orsat value) of the flue gas. 

[ H N C Metallurgy, Swansea College of Technology.] 

The relevant combustion equations are : 

C + 0 2 - C 0 2 ; S + 0 2 = S 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 . 

100 kg of coal will contain: 

79-9 4-3 
C = = 6-658 kg-atom; 0 2 = = 0-134 kg-mol; 

S = = 0-034 kg-mol; N 2 = = 0-07 kg-mol; 

5-0 

H 2 = — = 2-5 kg-mol. 

Oxygen to be supplied = 6 -658+0-034+1-25-0 -134 = 
7-808 kg-mol. 

7-81X22-4X100 
Air requirement = 

H
 21X100 

- 8-35 m
3
 a t N T P / k g coal. (Answer (a).) 

The composition of the dry flue gas from combustion of 1 kg 
of coal will be : 

XT r 1 0 0 7 X 2 2 - 4 
N 2 from coal = —

 = 0Ό16 m
3
. 

N 2 from theoretical air = 8-35x0-79 = 6-6 m
3
. 

r - n AA A , ™ 6-682x22-4 
C 0 2 (S added to C) = — = 1-5 m

3
. 

1U0 
Excess air = a m 3. 

Method A 

% C 0 2 , zero excess air = χ 100 = 18-5 %. 

With 2 0 % excess air = Q . . j ' f . ΛΠΧ100 = 15-36%. 

Ö - 1 J O + 1 - 0 / 
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Method Β 

% C 0 2 = t t 1

V O l r e H Q 2 X l 0

° -
/ 0

 to tal volume dry gases 

Π
· ° = 8 ^

Χ 1 0
° · 

a = 5-51 m
3
. 

% excess air = | ~ i x 100 = 66 %. (Answer (b).) 

Method C 

Assuming that all of the carbon in the coal enters the gas a 
carbon balance may be carried out . If the sulphur is added to 
the carbon then from 1 kg of coal the total volume of dry flue 
gas is given by 

100X6-682X22-4 

ïoô^îFô = 1 3 ' 6 1 m 3 a t N T R 

Excess air = 13-61-8-116 = 5-494 m
3
. 

% excess air = 6 6 % . (Answer (b).) 

With 4 0 % excess air = ^-ττΆ^Χ 100 = 13-2 % 
Ö ' l 10 + 

With 6 0 % excess air - _ J ^ L _ x 100 = 11-45%. 

o ' l 10 + J*U1 

With 8 0 % excess air = 0 QX 100 = 10-15%. 
Ö - l l o + o - O Ö 

With 100% excess air = 8 . n g ^ 8 . 3 5 X
1 0 0

 = 9-11%. 

F r o m a graph constructed using these values, when carbon 
dioxide content = 1 1 0 % 

excess air =66%. (Answer (b).) 
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EXAMPLE 2.15 

A fuel oil containing 8 4 % C, 12% H, 1-5% O, and 2 -5% S 
and having a gross CV of 42,000 kJ /kg is burned to completion 
in a metallurgical furnace. Determine (i) the theoretical volume 
of air a t N T P required to burn 1 kg of fuel to completion, (ii) 
the percentage of the net CV of the fuel which escapes as sen-
sible heat in the total flue gas when 50 % excess air is used and 
the gases leave the furnace at 535°C. Mean specific heat flue 
gases = 1-476 k J / m

3
 °C at N T P . 

[ H N C Metallurgy, Swansea College of Technology.] 

Taking a unit weight of 100 kg of fuel the following is the 
composit ion in kg-mol: 

C = = 7-0 kg-atom; H 2 — ~γ~
 =

 6Ό kg-mol; 

S = ^ = 0-078 kg-atom; 0 2 = ~ | = 0-047 kg-mol. 

The combustion equations are : 

C - f - 0 2 = C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 ; S + 0 2 - S 0 2 . 

Oxygen requirement = 7-0 + 3-0 + 0 0 7 8 - 0 - 0 4 7 - 10-031 kg-

Air /kg fuel = 10-73 m
3
 a t N T P . (Answer (i).) 

The waste gas from combustion of 1 kg oil : 

N 2 from theoretical air = 10-73 χ 0-79 = 8-48 m
3 

mol. 

Air requirement = 
10-031X22-4X100 

21 
= 1073-3 m

3
 a t N T P . 

co2 so2 

H 2 0 
Excess air 

= 7-0 χ 0-224 
= 0-078X0-224 
= 6 0 χ 0-224 
= 10-73 X0-5 

l - 57m
3 

0-02 m
3 

l - 3 4 m
3 

5-36 m
3 

16-77m
3 
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Sensible heat loss - 16 ·77Χ1 ·476Χ(535-15 ) = 12,860 kJ. 
Net CV - 42 ,000- (2454 Xwt . water in kg), 
Weight of water = 0 0 6 X 1 8 = 1-08 kg (kg-molXmol . wt.). 
Net CV = 42 ,000- (2454X1-08) - 39,350 kJ/kg. 

% required - X 100 - 33 %. (Answer (ii).) 

EXAMPLE 2.16 

A coal containing C, 67-9; H, 4-4; S, 0-8; N , 1-6; O, 7-9; ash, 
4-5; water, 12-9% as-fired and having a gross CV of 28,000 
kJ /kg is burned in a combustion appliance. The products of 
combustion issue at a temperature of 545°C, and the dry gas 
analysis is C 0 2 , 14-5%; 0 2 , 4 - 7 % ; remainder N 2 . 

(i) Determine the volume of air used for combustion. 

(ii) Determine the sensible heat in the dry products of com-
bustion expressed as a percentage of the net CV of the 
coal. 

(iii) Determine the heat loss in the combustion of hydrogen, 
and in the moisture in the coal, as kJ /kg coal as-fired. 

Specific heat of dry gases = 1-341 k J / m
3
 °C at N T P . 

Specific heat of steam - 1-92 kJ /kg °C. 
Heat of condensation of moisture at 15°C = 2454 kJ/kg. 
Ambient temperature = 15°C. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Taking a unit weight of 100 kg coal the following is the com-
position in kg-mol: 

67-9 4-4 
C = —— = 5-66 kg-a tom; H 2 = — = 2-2 kg-mol; 

S = ^ = 0-025 kg-a tom; N 2 = ^ = 0-058 kg-mol; 

O a = J? = 0-25 kg-mol. 
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" 6·819 + α 

14-5X6-819+ 14-5X« - 1-27X100. 

127-(6-82X14-5) , Q , 3 a = — = 1-96 m 3 a t N T P . 
14-5 

Actual air used per kilogram coal = 7 0 + 1 - 9 6 = 8-96 m 3 a t 
N T P . (Answer (i).) 

The sensible heat loss per kilogram of coal 
= volume of dry products of combustion X MCpxAT 
= (l-96 + 6-819)X 1-341X (545-15) 
= 8-78X1-341X530 - 6240 kJ. 

Net CV = gross C V - ( 2 4 5 4 X w t . water). 
12-9 

Weight of water = = 0 1 2 9 kg as moisture in coal. 
B 100 & 

2*2x 18 
Water from combustion of H 2 = = 0-2958 kg. 

1 0 0 

Total water = 0-525 kg. 
Net CV = 28,000-(2454X0-525) = 26,712 kJ/kg. 

The combustion equations are : 

C + 0 2 - C 0 2 ; 2 H 2 + 0 2 - 2 H 2 0 ; S + 0 2 - S 0 2 . 

Oxygen requirement = 5-66+ 1-1 + 0 0 2 5 - 0 - 2 5 = 6-535 kg-
mol. 

6-535X100X22-41 ^ , X T r TO Air requirement — = 700 m 3 a t NTP . 

The composition of the dry flue gas from combustion of 1 kg 
of coal is : 

N 2 from theoretical air = 7 0 X0-79 = 5-53 m 3 . 
N 2 from coal = 0-058X0-224 - 0 0 1 3 m 3 . 
C 0 2 - 5-66 X0-224 = 1-27 m 3 . 
S 0 2 = 0-025X0-224 = 0 0 0 6 m 3 . 
Excess air = a m 3 . 

*°°-"*-rars£-><'«> 
1-27 

X100 
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Sensible heat loss as percentage of net calorific value of fuel 

= J^!t x 1 00 = 2 3 - 3 %· ( A n s w er <*>·) 
zo, /12 

The heat loss due to moisture and combustion of hydrogen 
will be the sum of that due to the cooling of steam to 100°C, 
and the latent heat of condensation and the cooling of water 
to 15°C. 

Heat lost per kg of coal 

= 0-525 X (545 - 1 0 0 ) X 1 -92 + 0-525 X 2454 

= 347-7+ 1288-3 = 1636 kJ. (Answer (iii).) 

EXAMPLE 2.17 

A petroleum oil containing C, 85-4; H , 11-2; S, 3-4%, hav-
ing a gross CV of 18,250 Btu/lb and SG of 0-95 at 15-5°C, is 
atomized using 3 lb of steam per gallon of oil. I t is burned 
completely with air in a furnace plant giving exhaust gases a t a 
temperature of 842°F with a carbon dioxide content of 10-5%. 
Determine (i) the volumetric composition of the wet products 
of combustion in respect of 0 2 , N 2 , H 2 0 , S 0 2 , and C 0 2 , (ii) the 
sensible heat above 60°F in the exhaust gases, expressed as a 
percentage of the gross calorific value of the fuel. 

Mean specific heat products of combustion = 0-02 Btu/°F ft 3 

at 60°F and 30 in.Hg. 
[City and Guilds Advanced, Metallurgy, Section J, Fuels.] 

The lb-mol composition of 100 lb of fuel oil is as follows : 

C = = 7-12 lb-a tom; H 2 - = 5-6 lb-mol; 

S = | ^ = 0 - 1 0 6 lb-atom. 

The combustion equations a re : 

C + 0 2 = C 0 2 ; S + 0 2 - S 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 . 



58 CALCULATIONS IN FURNACE TECHNOLOGY 

Oxygen requirement = 7-12 + 2-8 + 0-106 - 10-026 lb-mol. 

A- · f 10026X379X100 l ß n Q n f f3 Air requirement = — = 18,090 ft
3
. 

Air / lb oil = 180-9 f t
3
 at STP. 

The products of combustion from 1 lb oil are : 

N 2 from theoretical air - 180-9X0-79 = 143 ft
3
. 

C 0 2 = 7-12 X3-79 = 27-0 ft
3
. 

S 0 2 - 0-106X3-79 - 0-4 ft
3
. 

Moisture from H 2 - 5-6 X3-79 - 21-22 ft
3
. 

Moisture from atomizing steam = 3 lb/gal oil. 
1 gal = 10 lb (water) therefore 1 gal oil = 10X0-95 lb. 

3 
Steam/lb oil = — lb-wt. 

Moisture from atomizing steam 

1X379 
-
 - 6-648 ft

3
. 

18 
Excess air = a ft

3
. 

% C O , = 10-5 = 2 7 ^ 1 4 3. 0 + 0

2 7

4 t 2 1 - 2 + 6-65 + a
X 1 0

° -

10-5X 198-25+10-5X« = 2700. 

a = 27g0-(198-25Xj0j) = ^ _ 1 9 8. 2 5. 

a = 58-85 f t
3
 a t STP. 

Final composit ion, including excess a i r : 

N 2 = 143-0+58-85X0-79 = 189-5 f t
3 

C 0 2 = 27-0 ft
3 

S 0 2 = 0-4 ft
3 

H 2 0 = 27-9 ft
3 

0 2 = 12-4 ft
3 

257-2 ft
3 
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0 2 = ^ X 1 0 Ö = 4-8% 

189-5 
N 2 = ^ X 1 0 0 = 73-7% 

H 2 O = ^ ^ X l 0 0 = 10-8% 

S 0 2 = ^ ^ X 1 0 0 - 0-2% 

C Q 2 = 7 ^ X 1 0 0 = 10-5% 100-0%

 (Answer (i).) 

Sensible heat lost in products of combustion 

= 2 5 7 - 2 x 0 - 0 2 X ( 8 4 2 - 6 0 ) = 4022 Btu. 

4022 
As a percentage of gross CV = — - — χ 100. = 2 2 % . 

18,250 
(Answer (ii).) 

EXAMPLE 2.18 

Compare the efficiency of combustion of the following fuels 
under conditions in which combustion is complete with the 
necessary stoichiometric volume of air. The products leave the 
furnace system at a temperature of 1020°F, and the ambient 
temperature is 60°F. Discuss the relevance of the results of 
these calculations and given properties of the fuels to their 
suitability for combustion purposes. 

(a) A bituminous coal containing as-used: C, 75-9; H , 4-25; 
N , 1-27; S, 0-68; O, 2-89; ash, 10-0; H 2 0 , 5 0 % by weight. The 
gross CV is 13,000 Btu/ lb. The volatile mat ter is 3 0 % on the 
dry, ash-free fuel, and the BS swelling number is 8. 

(b) A fuel oil having a viscosity of 950 sec Redwood N o . 1 
with C, 85-3; H , 11-2; S, 3-5% by weight. The gross CV is 
18,230 Btu/lb. 
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The mean specific heats of the combustion products are re-
spectively for (a) 0-253 Btu/lb °F and for (b) 0-258 Btu/lb °F. 

The latent heat of condensing steam in the gases is 1055 
Btu/ lb. Composit ion of air may be taken as 0 2 / N 2 = 23/77 by 
weight. [Institution of Metallurgists, Old Regulations, Fuels.] 

(a) Taking 100 lb of coal and converting to lb-mol: 

C = = 6-32 lb-atom; H 2 - = 2-125 lb-mol; 

N 2 = = 0-045 lb-mol; S - ^ß- =0-021 lb-atom; 
2o 32 

0 2 = = 0-090 lb-mol. 

The combustion equations are : 

C + 0 2 = C 0 2 ; S + 0 2 = S 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 . 

Oxygen requirement 

= 6-32+0-021+ 1-0625-0-09 = 7-314 lb-mol 

= 7-314X32 lb-wt. 

. . ... . . 7-314X32X100 
A i r / l b f ud = 2 3 X 1 0 0 — = 1 0 - 17 l b" 

The products of combustion from 1 lb of fuel a r e : 

C 0 2 - 6-32X0-44 = 2-78 lb 

S 0 2 = 0-021X0-64 = 0-013 lb 

N 2 in fuel = 0-045X0-28 - 00127lb 

N 2 from theoretical air = 10-17x0-77 = 7-83 lb 

H 2 0 as moisture = 0-05 lb 

H 2 0 from combustion of H 2 = 2-125x0-18 = 0-38 lb 

Total products of combustion = 11-07 lb 
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Alternatively : 

The weight of products of combust ion 

= weight of c o a l - ash + weight of air used 

= 1-0-0-10+10-17 = 11-07 lb. 

Net CV = gross CV - (1055 X weight water) 

= 13 ,300-(1055X(0-05 + 0-38)) 

= 13,300-453-65 = 12,846 Btu/ lb. 

The heat carried away in combustion products from 1 lb of 
coal 

= l l - 0 7 X 0 - 2 5 3 X ( 1 0 2 0 - 6 0 ) - 2687 Btu. 

The percentage of the gross potential heat available in the 
combustion chamber 

_ (12 ,846-2687) 

13,300
 X 1W / t ) 4 / o

' 

(b) If 100 lb of oil is converted to lb-mol : 

85-3 11*2 
C = = 7-1 lb-atom; H 2 = - y - = 5-6 lb-mol; 

S = 4̂ -= 0-11 lb-atom. 
32 

Oxygen requirement = 7 1 + 2-8 + 0 1 1 = 10-01 lb-mol 

= 10-01X32 lb-wt. 

. . . 10-01X32X100 i a o |. 
Air required per pound oil = — = 13-9 lb. 

H F
 23X100 

Weight of combustion products = weight o i l+weigh t air 
used = 1-0+13-9 = 14-9 lb. 

Heat lost = 14-9 X 0-258 X ( 1 0 2 0 - 6 0 ) = 3691 Btu. 

N e t C V = gross C V - ( 1055 X (0-056 X 18)) 

= 18 ,230- (1055X 1-008) = 18,230-1063-4 

= 17,166 Btu/ lb . 
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EXAMPLE 2.19 

In a petroleum refinery the steam boiler plant has an overall 
thermal efficiency on gross calorific value of the fuel of 85 % 
and an output of 200,000 lb of steam per hour . The steam is 
generated a t a pressure of 250 lb / in

2
 g, and superheated to 

450°F from feed a t 120°F. 
Refinery gas of the following volumetric composit ion is used 

to fire the p lant : N 2, 9 ; H 2, 21 ; CO, 1 ; C 0 2 1 ; H 2S , 2 ; C H 4, 
15; C 2H 6, 1 5 % ; hydrocarbons as C 3H 6, 3 6 % . 

F r o m the information given below, (i) calculate the quanti ty 
of gas necessary to fire the plant, (ii) If the exit gas temperature 
from the plant is 400°F calculate the capacity of the induced 
draught fan in cubic feet per minute assuming the gas is burned 
with 20 % excess air. Calorific value a t N T P , gross Btu/f t

3
 : C O , 

340; C H 4, 1000; H 2, 340; C 2H 6, 1930; H 2S , 703; C 3H 6, 2300. 
[City and Guilds Advanced, Liquid Fuels.] 

The combust ion equations are : 

2 C O + 0 2 = 2 C 0 2 ; 2 H 2S + 2 0 2 = 2 H 2 0 + S 0 2 ; 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 ; 2 C 2 H 6 + 7 0 2 = 4 C 0 2 + 6 H 2 0 ; 

2 H 2 + 0 2 = 2 H 2 0 ; 2 C 3 H 6 + 9 0 2 = 6 C 0 2 + 6 H 2 0 . 

The calorific value of a cubic foot of gas at N T P : 

C O - i * * ° - 3 , 3 , » 
H 2 = 2 1 X 3 4 0 

C H 4 = 1 5 X 1 0 0 

= 71-4 Btu 

= 150-0 Btu 

The percentage of the gross potential heat available in the 

combust ion chamber =
 ( 1 7

'
1 6 6

~
3 6 9 1 )

X 100 = 7 3. 8 o / 

18,230 
Therefore it can be concluded that the coal fuel is more 

efficient. (Answer.) 
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C 2H 6 = 15X19-3 

C 3H 6 = 36X23-0 

H 2S = 2 X 7-03 

289-5 Btu 

828-0 Btu 

14-1 Btu 

CV 1356-4 Btu 

(i) The heat required to raise steam, from Steam Tables, is : 

1 lb steam at 260 lb / in
2
 g and superheated to 450°F = 1230 

Btu heat in steam per hour = 1230x200,000 Btu. 
Hea t in feedwater = 200,000X (120 - 3 2 ) Btu. 
Therefore heat to be supplied by fuel for steam raising 

= 2 0 0 , 0 0 0 x ( 1 2 3 0 - 8 8 ) = 200,000X1142 Btu. 

Heat gained by steam = heat evolved by burning gas. 

85 
Heat evolved by gas X = 200,000X1142. 

Heat evolved = 268,700,000 Btu. 

CV gas = 1356-4 Btu/f t
3
. 

Therefore volume gas required = ^68,700,000 _ 
B H

 1356-4 

at N T P . (Answer (i).) 

Volume per minute = 3302 ft
3
. 

(ii) The induced fan capacity is found by calculating the total 
volume of wet flue gases at the furnace exit temperature. 

The theoretical oxygen requirement for 100 f t
3
 gas at N T P 

= 2 - 0 + 0 - 5 + 1 0 - 5 + 30-0+52-5+163-0 = 258-5 ft
3
. 

rru . · ι · · . 258-5X100 _ M Theoretical air requirement = — = 1231 ft
3
. 

100 

Heat evolved by gas = 
200,000X1142X100 

85 
Btu. 

21 
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Products of combustion with 2 0 % excess air from 100 ft
3 

gas : 

N 2 from gas 9 0 ft
3 

N 2 from theoretical air = 1231x0-79 972-5 ft
3 

Excess air = 1231x0-20 247-8 ft
3 

C 0 2 from gas 1-0 ft
3 

C 0 2 from combustion of C O 1 0 ft
3 

C 0 2 from combustion of C H 4 = 15-0 ft
3 

C 0 2 from combustion of C 2H 6 = 30-0 ft
3 

C 0 2 from combustion of C 3H 6 = 108-0 ft
3 

S 0 2 from combustion of H 2S 2-0 ft
3 

H 2 0 from combustion of H 2 = 21-0 ft
3 

H 2 0 from combustion of C H 4 30-0 ft
3 

H 2 0 from combustion of H 2S = 2 0 ft
3 

H 2 0 from combustion of C 2H 6 = 45-0 ft
3 

H 2 0 from combustion of C 3H 6 = 1080 ft
3 

Total gas volume = 1592-3 ft
3 

The volume of gas burned per hour = 198,100 ft
3
 at N T P . 

Therefore the capacity of the induced draught fan at N T P 

198,100x1592-3 „ „ n m/ . 
= 52,550 f t

3
/min. 60X100 

It is assumed that the gas enters at 32°F. Since the combus-
tion gases leave at 400°F, the capacity of the induced draught 
fan is obtained by application of the gas laws : 

52,550 V 

4 6 0 + 3 2 4 6 0 + 4 0 0 ' 

V =
 5 2 , 5

^
8 6Q

 = 87,000 f t
3
/min. (Answer (ii).) 
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EXAMPLE 2.20 

A coal-tar fuel containing 89-9% C, 6 0 % H, 0-4% S , M % 
N , and 2-6% O, of gross CV 37,750 kJ /kg, and SG 1 1 5 is 
burned with air as the atomizing agent. 

Sketch and describe a burner suitable for burning the oil a t 
a rate of 50 kg/hr . Indicate briefly the essential provisions for 
supplying the oil to the burner in a condition suitable for a tom-
ization. Assuming that 1 5 % excess air is used, and the com-
bustion is complete, calculate : 

(a) the volume of air a t N T P supplied per h o u r ; 

(b) the volume of the resulting products of combustion at a 
temperature of 500°C. 

[Institution of Metallurgists, Pa r t IV, A I M , New Regula-
tions, specimen question.] 

If 100 kg of tar is converted to kg-mol, the composition is : 

C = — 7*5 kg-atom; H 2 = ~ ~ = 3-0 kg-mol; 

S = ^ = 0-012 kg-atom; 0 2 - ^ = 0-08 kg-mol. 

The combustion equations a re : 

C + 0 2 - C 0 2 ; S + 0 2 - S 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 . 

Oxygen r equ i r emen t=7 -5+ 1-5 + 0-012-0-08 = 8-93 kg-mol. 

_ u . - . 8-93X22-4X100 +xrrr>/i • Theoretical air = = 9-56 m 3 a t N T P / k g tar . 
21X100 

A i r = ( 9 ' 5 6 + loo ) x 5 Q 

= 550 m
3
 N T P . (Answer (a).) 

D : CIFT 6 
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The products of combustion from 1 kg tar 

- ( 7 - 5 4 - 3 - 0 + 0 - 0 1 2 ) X 0-224+9-56 X 0-79 

+ 9-56X0-15 = 11-34 m
3
. 

Volume in 1 hr = 11-34X50 = 567 m
3
 a t N T P . 

At 500°C: 

567 _ _V_ 

273 " 773 * 

Volume required — 1605 m
3
. (Answer (b).) 
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Gasification Calculations 

3 . 1 . PRODUCER GAS CALCULATIONS 

When coals or oils are gasified to produce towns gas or gas 
for any other purpose it is often necessary to calculate the vol-
ume of gas generated per unit weight of fuel, the air and steam 
requirements, and often the total heat contained in the gas. 

EXAMPLE 3.1 

A coal is used to manufacture producer gas. Its analysis on 
the dry basis is : C, 78-0; Η , 5-4; N , 1-4; S, 1 0 ; O, 10-0; ash, 
4-2 % by weight. The coal as charged to the producer plant has 
a moisture content of 5 % . The blast saturat ion temperature is 
50°C. Analysis of the dry gas: C 0 2, 4 - 4 0 ; C O , 28-10; H 2, 1 5 - 4 5 ; 
C H 4, 3-00; N 2, 49-05 % by volume. The temperature of the hot 
gases leaving the producer plant is 205°C, and have a mean spe-
cific heat of 1-341 k J / m

3
 °C N T P . 

Calculate (a) the volume of gas generated per kilogram coal 
charged, (b) the volume of air supplied to gasify a kg coal, (c) 
the steam used in the blast, per kilogram coal gasified, and (d) 
the heat content of the producer gas per kg coal gasified. 

It is necessary to know the amount of carbon discharged 
with the ashes, the composition and quanti ty of any tar p ro -
duced, so that a carbon balance may be applied. It is also neces-
sary to know the amoun t of ammonia l iquor produced so that 
a hydrogen balance can be carried out in order to arrive at the 
percentage of steam decomposed. F o r the sake of this part icu-
lar calculation it is assumed tha t 10% of the carbon charged 

6< 67 
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12X100 
6-18 kg-atom (moisture 5%). 

Thus the carbon appearing in the gas 

6-18X90 

100 
5-56 kg-atom (10% lost). 

If 100 kg-mol of producer gas is analysed: 

Carbon content = 4-4 + 28-10+3-0 = 35-5 kg-atom. 

^ t n/ ^ amount carbon 
For the producer gas, % C = X 100. 

total gas 

35-5 = ——
 5

'
5 6

 f X100. 
total gas volume kg-mol 

Gas volume = 15-6 kg-mol. 

Gas made per kilogram of coal charged to the producer 

15-6X22-4 

100 
= 3-49 m

3
 at N T P . (Answer (a).) 

(b) The air supplied for gasification purposes is conveniently 
arrived at by means of a nitrogen balance. If a nitrogen balance 
is based upon unit weight of 100 kg-mol gas : 

xi · · 15-6X49-05 
N 2 appearing m gas = = 7-66 kg-mol. 

TVT r r ι 1-4X95X60 _ M t 1 

N 2 from fuel = 2 8 χ 100X100
 =

 ° * °
3 k g

"
m

°
L 

(40% nitrogen is lost in ammonia liquor.) 

to the producer appears as tar fog and carbonaceous matter 
in ashes and that 4 0 % of the nitrogen charged appears as 
ammonia . 

(a) Taking 100 kg of coal the kg-mol composition is : 

78-0X95 
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Hence N 2 supplied as air = 7-66—0Ό3 = 7-63 kg-mol. 

7-63X100X22-4 
Air required — = 216-2 m

3
 a t N T P . H

 79 

Air /kg coal charged = 2-16 m
3
 at N T P . (Answer (b).) 

(c) The steam used in the blast is obtained by construction of a 
hydrogen balance. 

F r o m the gas laws, PV = RT, where R is the universal gas 
constant for 1 mol, and PV = nRT applies to η mol of an ideal 
gas. For mixtures, PV = (wi + « 2 + « 3 + · · .)RT. 

The partial pressure of each gas is given by 

PXV = niRT and P2V = n2RT, 

hence 

Pi = « 1 

^ 2 « 2 ' 

If air is saturated with steam at 50°C then the vapour pres-
sure of water at 50°C - 92-55 m m H g (Spiers). If the total 
pressure — 760 mmHg, then the part ial pressure of the dry 
air = 760 — 92-55 = 667-45 mmHg. Thus the water vapour per 

92-55 
mol of dry air = = 0-133 kg-mol. 

J
 667-45 

The nitrogen required for gasification purposes was shown to 
be 7-63 kg-mol, therefore the air required 

7-63X100 Q, _ 1 , 
= 79 = 9-65 kg-mol. 

Thus the total steam consumption per kilogram of coal 

0-133X9-65X18 , 
— -— (mol. wt. water = 1 8 ) 

= 0-22 kg (Answer (c).) 

It should be noted that when steam is mixed with air under 
adiabatic conditions to produce a saturated mixture, some con-
densation occurs because the increase in enthalpy of the air is 
usually greater than the drop in the enthalpy of the steam. 
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Thus if a dry saturated mixture of air and steam is required, 
either the air has to be preheated or the steam superheated. 
If this is not the case then a mixture of saturated air and 
droplets of liquid water is obtained. 

In practice the blast is usually preheated before introduc-
tion into the producer. There will also be an indeterminate 
amount of moisture introduced via any water seal. 

It is often necessary to calculate the percentage of the steam 
decomposed in the blast. This is arrived at by construction of a 
hydrogen balance (per 100 kg coal). 

H 2 supplied to producer in coal = — x ^ -F F
 * 2 100 

= 2-57 kg-mol. 

H 2 supplied as moisture = = 0-28 kg-mol. 
18 

H 2 in steam in blast = 0-133x9-65 = 1-28 kg-mol. 

Total = 2-57 + 0-28+ 1-28 = 4-13 kg-mol. 

H 2 appearing in the gas as combustibles 

= 15-45% as H 2 and 6-0% as C H 4 (2 H 2) 

= 21-45 kg-mol/100 kg-mol gas. 

Actual H 2 in gas as combustibles = total X percentage 

15-6X21-45 

100 
3-34 kg-mol. 

υ , Λ , i v T i T 1-4X95X40X3-0 n_ , t 1 H 2 converted to N H 3 = = 0Ό6 kg-mol. 
28X100X100 

(1 N 2 goes to 2 N H 3 , i.e. 1 N 2 combines with 3 H 2. ) 

H 2 leaving as steam = 4-13- (0-06 + 3-34) = 0-73 kg-mol. 

95X10-0X2 
Steam equivalent of oxygen in coal = 

100X32 

= 0-62 kg-mol. 
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(For the sake of such calculations it is assumed that the oxy-
gen in the coal combines with its quota of hydrogen to form 
steam, al though the validity of this argument is questionable.) 

Steam as moisture in coal = 0-28 kg-mol. 
Steam remaining undecomposed = 0-73 — (0-28 + 0-62) 

= — ve value or zero. 

In this particular example, all the steam in the blast has been 
decomposed. 

(d) The total heat content of the gas is made up of sensible heat 
in the ho t gases and potential heat which is realized when the 
gas is burned. 

Taking the heat content per kilogram of coal gasified : 

Potential heat as C O = 3-49X12-7X0-281 = 12-46 kJ 
Potential heat as H 2 = 3-49X12-8X0-1545 = 7-0 kJ 
Potential heat as C H 4 = 3-49X39-7X0-03 = 4-16 kJ 
Sensible heat in the dry gases above 15°C 

= 3-49X1-341X190 = 889 kJ (mst). 

(CVs taken as typical values from Table 6.) 

The heat in the steam may be calculated by first determining 
the partial pressure of the steam. 

0-73 
Partial pressure = 14-7X = 0-7 lb / in 2 abs. 

F 0-73+15-6 / 

The total heat in the steam a t this pressure and at 205°C may 
be obtained from Steam Tables. 

Alternatively, an estimate can be obtained in the following 
way. If the specific heat of steam in the range required is taken 
to be 1-93 kJ /kg °C, and the latent heat of condensation and 
cooling of steam from 100° to 15°C taken as 2454 kJ /kg, then 
the heat in steam (0-73 kg-mol/100 kg coal) 

_ 2454X0-73X18 0-73X18x1-93(205-100) 
100 + 100 

= 322-5 + 27-26 = 349-76 kJ. 
Thus the total heat in producer gas obtained from gasifica-

tion 1 kg of coal = 350+889 = 1239 kJ. (Answer (à).) 
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3 . 2 . ADDITIONAL EXAMPLES 

EXAMPLE 3 . 2 

Light petroleum distillate is gasified at 2 0 a tm pressure in the 
U K Gas Councils Two-stage Autothermic Process. The table 
given below indicates the analysis of the gas a t various stages of 
the operation. If the naphtha is assumed to be C 7H 1 5, calcu-
late (a) the steam used for reaction, (b) the air requirement for 
the second stage, and (c) the final volume of dry gas (per kg of 
naphtha used). 

(1) 
Volume 

(%) 

(2) 
After reaction 
with steam at 

500°C 

(3) 
After air ad-
dition and 
reaction at 

675°C 

(4) 
After con-
version of 

carbon 
monoxide 

(5) 
After remo-
val of carbon 
dioxide and 

drying 

CO 2 13-9 11-8 160 1-0 
CO 1-3 6 0 1-8 2-9 
H 9 12-9 23-7 27-9 44-6 
CH 4 36-2 22-0 2 2 0 3 5 0 
N 2 — 10-3 10-3 10-5 
FL,0 35-7 26-2 2 2 0 — 

From the weight of carbon in kg-mol of C 7H l 5 = 84 kg 
and a calculation of the carbon and hydrogen contents of 
1 0 0 kg-mol of gas, utilizing the analysis given in column 2 
above. 

mol. wt. kg kg carbon kg hydrogen 

C 0 2 = 12 + 32 = 44X13-9 12X13-9 
CO - 12+16 = 28X 1-3 12X 1-3 
CH 4 = 12 + 4 = 16X36-2 12x36-3 4X36-2 
H 2 - 2 = 2X12-9 2X12-9 
H 20 = 2 + 1 6 = 18x25-7 2x35-7 
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_ (166-8+15-6 + 434-4) 
/ oC

 * Ú90Ö6
 X l 0

° 

- 3 2 % . 

/o H 2 X100 

= 13-3%. 

(a) % C = 32 =
 84

 X100. 
to ta l mass gas 

Mass of gas = 264-3 kg. 
Mass of H 2 in 99 kg naphtha = 15 kg. 

% H 2 in gas = 13-3. 

264-3X13-3 
Mass of H 2 m gas — — = 34-97 kg. 

H 2 from steam = 34-97-15 = 19-97 kg. 

19-97 
H 2 from 1 kg naphtha =

 ^
 kg. 

19-97x9 Steam used = — — — =1-8 kg/kg naphtha . (Answer.) 

(b) The air required for the second stage is calculated using 
the data from column 3. This must be arrived at by means of 
a nitrogen balance. 

0 /. T . 10-3X28X100 
% N 2 in gas = — = 15-6%. 

323X15-6 
Weight of N 2 from 1 kg naphtha =

 9 9 χ| 0 0

 k
B 

(323 = mass gas from a carbon balance of column 3). 

323X15-6X100 
Mass of air required = 9 9 χ 1 0 0 χ Ί7 =

 0 6 6 k
S -

( Answer.) 
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(c) The volume of gas generated is obtained by utilizing the 
data from column 5. 

99 kg naphtha = f£ = 7 kg-mol C. 

C in gas = l - 0 ( C O 2) + 2-9 (CO) + 35-0(CH 4) = 38-9. 

^ ^ total volume kg-mol * 

7 y lOOv22·4 
Volume = - ^ T ^ W - =

 4
'

0 8 m 3 a t N
T P / k g naphtha . 

«3o*9 99 

f Answer.) 

EXAMPLE 3.3 

A coke containing on the dry, ash-free basis 9 4 % C, and 
when used 10% moisture and 4 % ash, is gasified in a producer 
gas plant giving a gas as analysed of the following volumetric 
composi t ion: C 0 2 , 5-2; C O , 25-1; H 2 , 12-3; C H 4 , 0 -4%; 
remainder N 2 . 

Calculate (a) the volume of gas generated per kilogram of 
coke charged to the producer ; (b) the volume of air required 
for gasification of each kilogram of coke (assume nitrogen 
content negligible); and (c) the theoretical volume of air at 
N T P required to burn the producer gas obtained from gasifi-
cation of 1 kg of coke. 

[ H N C Metallurgy, Swansea College of Technology.] 

The C content of 100 kg of coke and 100 kg-mol of gas is 
determined. 

- u A 94X86 Λ Λ 
C c h a r g ed =

 l 2 > O Ö Ö
k g

"
m 0L 

% C in gas (in kg-mol) = 5-2 ( C 0 2 ) + 25 1 (CO) 

+ 0-4 ( C H 4 ) - 3 0 - 7 % . 

3 0 · 7 = — τ ^ Ί X100. 
total gas volume 
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6-736X100 
Gas volume = ^yj

 =
 21-95 kg-mol. 

Total gas = 21-95x22-4 m
3
 per 100 kg coke. 

21-95X22-4 
(a) Gas made per kg of coke = — = 4-92 m

3
 at N T P . 

( Answer.) 

(b) 100 kg-mol of gas contain 

100-(5 ·2+25·1 + 12·3 + 0·4) = 57-0 kg-mol N 2 . 

The number of kg-mol N 2 in the gas made from gasification 
21-95X 57 

of 1 kg of coke = 1 0 Q x l QQ =
 1 2 51

 kg-mol. 

This nitrogen must have come from the air supplied, hence : 

12-51X100X22-4 
Volume of air used = = 3-55 m

3
 at N T P . 

/ y X 1UU 
(Answer.) 

(c) Since 1 kg of coke gives 4-92 m
3
 gas, the gas composition 

obtained by gasification of 1 kg of coke is : 

„ 5-2X4-92 3 
C

°
2
 = — L Ö Ö —

 m
-

„ 25-1X4-92 3 C O
 - 100 = 1-235 m». 

H 2 = = 0-605 m
3
. 

C H ^ ^ ^ =0-02 m
3
. 

57X4-92 , 

= 100
 m

-
The combustion reactions a r e : 

2 C O + 0 2 = 2 C 0 2 ; 2 H 2 4 - 0 2 = 2 H 2 0 ; 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 . 
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2 - + - 2 + (2X0-02) 0-96 m
3
. 

0-96X100 
Air required = —~ — 4-6 m

3
 a t N T P . (Answer.) 

EXAMPLE 3.4 

F r o m the data given below, calculate the cubic feet of dry 
gas at 15°C and 1013 mbar per kg of dry coal charged to a 
gas producer. 

Coal analysis, dry basis 

(%) 

Producer gas analysis, dry 
(%) 

C 7 6 0 co2 7-0 
Ο 6 0 o2 

0-7 
Η 5 0 CO 20-3 
Ν 1-5 H 2 12-5 
S 1-5 C 2H 4 0-5 
Ash 100 CH 4 3 0 

N 2 560 

Clinker analysis, dry basis, C, 1 5 0 % ; ash 85-0%. 
[City and Guilds Advanced, Solid Fuels.] 

F r o m the analysis, the carbon content of 100 kg of dry coal 
76-0 

is 76 kg which converted to kg-atom = — 6-33 kg-atom. 

100 kg of coal when gasified gives rise to 1 0 0 kg ash; but 
the clinker produced contains 15% C. 

10X100 
10 kg ash 

85 
11-76 kg clinker. 

C lost per 100 kg coal charged: 

1-76 
15% 

11-176 
X100. 

Volume of 0 2 required per kilogram 

1-235 0-605 
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w o 
Actual amount = 1-76 kg = - — = 0 1 4 6 kg-atom. 

Actual C gasified = 6-33—0-15 = 6-18 kg-atom. 

The C content of 100 kg-mol gas can be calculated as 
follows : 

C in kg-atom - 7-0(CO 2) + 20-3 (CO) + 3-0(CH 4) 

+ 1-0(C 2H 4) = 31-3 kg-atom. 

% C = 31-3 = f χ 100. 
gas volume kg-mol 

6-18X100 
Gas volume = = 19-74 kg-mol. 

19-74X22-4 
Vol/kg dry coal — - 4-42 m

3
 at N T P . 

( Answer.) 

EXAMPLE 3.5 

A coal containing C, 76-0; H , 5-0; N , 1-6; S, 1-4; ash, 
6 0 ; H 2 0 , 5 0 % is gasified in an air-steam blast. The rate of 
gasification is 25 cwt/hr and the composition of the gas as 
analysed is C 0 2 , 4-8; CO, 27-5; C H 4, 2-2; H 2, 12-5%; remain-
der N 2. Ten per cent of the coal substance may be regarded 
as lost in tar and partially carbonized dust. 

(a) Calculate the volume of air and the weight of steam 
required to be supplied per hour for gasification purposes. 

(b) Indicate the operative factors which govern the relation-
ship between the a i r -s team rat io in the blast and the most 
efficient composition of the resulting gas. 

[Institution of Metallurgists, Old Regulations, Fuels.] 

The C content of 100 lb coal is calculated from the analysis. 

76-0 
C = = 6-33 lb-atom. 

C lost = 0-633 lb-atom; therefore C gasified = 5-7 lb-atom. 
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The C content of 100 lb-mol gas calculated from the analy-
sis is : 

C in gas in lb-mol = 4-8 ( C 0 2) + 2 7 - 5 (CO)+2-2 (CH 4) 

= 34-5 lb-mol = % C. 

34-5 = . ΓΧ 1 0 0 . 
vol in lb-mol 

Volume of gas = 16-53 lb-mol. 

16-53X379X112X25 
V o l / h r = iöö 

= 175,300 f t
3
 at STP. 

% N 2 in gas = 100 - (27 ·5 + 4 · 8 + 3 · 2 + 1 2 - 5 ) = 52-0. 

52-0 Y 175 300 Volume o f N 2 in gas =
 — =

 91,160ft 3 at STP. 

N 2 from coal = - Î^- lb-mol/100 lb coal. 
28 

XT ç - , , 1 -6X112X25X379 
from 25 cwt = 

- 606-1 f t
3
 at STP. 

N 2 supplied by air = 9 1 , 1 6 0 - 6 0 6 = 90,554 ft
3
 at STP. 

Air supplied = - ^
J

^ -
1 UU

 = 114,625 f t
3
 at STP. 

( Answer.) 

H 2 supplied in 100 lb coal = -f = 2-5 lb-mol. 

Amoun t gasified = 2 -5 -0 -25 (10% loss) = 2-25 lb-mol. 

In 1 hr H 2 from coal substance entering gas 

2-25X112X25 
~ 100 = 62-99 lb-mol. 
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EXAMPLE 3 . 6 

Coke gasified in a producer by means of an air-steam blast 
provides a gas of analysis: C 0 2 , 4 - 8 ; C O , 2 7 - 3 ; H 2 , 1 4 - 0 ; 
C H 4, 0 - 4 % ; remainder N 2 . The gas is burn t with 1 5 % excess 
air in a furnace which is equipped with a metallic recuperator, 
the waste gases entering at 9 5 0 ° C . 

Determine (i) the volume of the products of combustion 
per ton of carbon gasified ; (ii) the composition of the products 
if 8 0 % of the steam used is decomposed in the producer ; and 
(iii) the temperature of the preheated air leaving the recupera-
tor, assuming a recuperator efficiency of 4 0 % . 

Mean volumetric specific heats, taken as 0 Ό 2 1 5 Btu/°F f t
3 

a t N T P for waste gas, 0 0 2 for air. 
[City and Guilds Advanced, Fuel Plant Technology.] 

F rom 1 0 0 lb coal there will be ^ lb-mol water. 

„ + . , 4 0 - 2 7 7 X 1 1 2 X 2 5 
H 2 entering gas from water = —— 

1U(J 

= 7 - 7 5 6 lb-mol. 

H 2 entering gas from fuel = 6 2 - 9 9 + 7 - 7 5 6 

= 7 0 - 7 4 6 lb-mol. 

H 2 to be supplied via steam will be the H 2 in the gas 
less this amount . 

The H 2 content of 1 0 0 lb-mol gas is calculated from the 
analysis. 

H 2 in lb-mol = 12-5 ( H 2) + 4 - 4 (CH 4) = 1 6 - 9 . 

% H 2 - 1 6 - 9 . 

τ + ι ττ · 1 6 - 9 X 1 6 - 5 3 X 1 1 2 X 2 5 
Total H 2 in gas = 

= 7 8 - 1 6 lb-mol. 

H 2 to be supplied by steam = 7 8 - 1 6 - 7 0 - 7 5 = 7 - 4 1 lb-mol. 

H 2 0 required = 7 - 4 1 X 1 8 = 1 3 3 lb/hr . (Answer.) 
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The C content of 100 lb-mol of gas from the analysis is: 

C in lb-mol = 4-8 ( C 0 2) + 2 7 - 3 (CO)+0-4 (CH 4) = 32-5. 

The volume of gas generated per ton of C gasified is obtained 
by a carbon balance : 

32-5 = -^^—-X100 volume gas in lb-mol. 

Gas volume = 575-4x359 = 206,200 ft
3
 a t N T P . 

The combustion equations are : 

2 C O + 0 2 = 2 C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 ; 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 . 

Oxygen required to burn 100 f t
3
 of gas at N T P 

= 13-65 + 7-0+0-8 = 21-45 ft
3
. 

Theoretical air =
 2 1

'
4

^
1 QQ

 = 1 02 · 1 4 f t
3
 at N T P . 

The products of combustion when 100 ft
3
 of gas is burned 

with 1 5 % excess air a re : 

Excess air = 15-32 ft
3 

N 2 from theoretical air - 80-69 ft
3 

N 2 in gas - 53-5 ft
3 

C 0 2 in gas = 4-8 ft
3 

C 0 2 from C O combustion = 27-3 ft
3 

C 0 2 from C H 4 combustion - 0-4 ft
3 

H 2 0 from H 2 combustion = 1 4 0 ft
3 

H 2 0 from C H 4 combustion - 0-8 ft
3 

Total = 196-81 ft
3 

Therefore the volume produced when 206,200 ft
3
 of gas burnt 

206,200X196-81 

100 
= 405,800 f t

3
 at N T P . (Answer (i).) 

If 8 0 % of the steam is decomposed then it is combined 
either as methane or hydrogen in the gas. It is first necessary 
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to determine the hydrogen content of the gas so as to arrive 
at the 2 0 % not recorded in the analysis. 

H 2 in lb-mol = 14-0+0-8 = 14-81b-mol per 1001b-mol of 
gas. 

, 0 0 % = -
4

-
8

8 ¥ °
0

= 18-5 lb-mol 

(1 mol H 2 = 1 mol H 20 ) . 

Water undecomposed = 18-5 —14-8 = 3-7 lb-mol. 

100 lb-mol gas give rise t o : 

H 2 0 = 14-8 + 3-7 = 18-5 lb-mol. 

C 0 2 = 4 -8+27-3+0-4 = 32-5 lb-mol. 

0 2 = 3-22 lb-mol (from excess air) . 

N 2 = 80-69+ 12-10 (excess air N 2) + 5 3 - 5 

= 146-29 lb-mol. 

Total = 200-51 lb-mol. 

_ 3-22X100 _ 

°
2
 - 200-51 -

 1 3 8 /
° -

_ 146-29X100 
2
 ~ 200-51

 / o
-

_ 32-5X100 _ ] 6. 0 5 O/ C
°

2
 - 200-51 -

 1 6 0 5
/ ο · 

H 2 0 =
 1 8

2Q Q

X

5

1

1

0 0
 = 10-05%. (Answer (ii).) 

For every 100 ft
3
 of dry producer gas there will be produced 

196-8 ft
3
 of products of combustion. Associated with this 

there will be 3-7 ft
3
 undecomposed steam. 

Total - 196-81 + 3-7 = 200-51 ft
3
. 

100 ft
3
 producer gas requires 102-14+15-32 ft

3
 air 

- 117-46 f t
3
 air at N T P . 

950°C = 1742°F. (It is necessary to convert because MCP 

units are in Btu/f t
3
 °F units.) 

D : CIFT 7 
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Heat gained by the air = heat lost by waste gases. 

Assuming a da tum level of 32°F : 

200-5 X (1742-32)X0-0215X0-4 (heat lost by flue gases) 

= 117-46 X (T- 32) X 0-02 

Γ - 3 2 - 1254°F. 

Temperature preheated air leaving recuperator — T — 

1286°F. (Answer (iii).) 
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C H A P T E R 4 

Flame Tenwerature 

4 . 1 . THEORETICAL FLAME TEMPERATURE 

Knowledge of this is useful in that it enables comparison 
to be made between different fuels. An accurate calculation 
is very difficult because it is necessary to know the specific 
heats of the products of combustions, and these vary with 
temperature. 

Theoretical flame temperature is calculated on the assump-
tion that no heat is radiated from the flame, that the heat is 
liberated instantaneously, heating up the products of combus-
tion, and that no dissociation of any gas occurs. (Theoretical 
flame temperature — room temperature) X mean specific heat 
waste gases X volume products of combustion = net CV 
gas + any sensible heat in fuel + any sensible heat in combus-
tion air. 

Such calculations are best explained by means of an ex-
ample. 

EXAMPLE 4.1 

A gas has the following volumetric composi t ion: 0 2 , 0-4; 
C 0 2 , 2-0; C 2H 6, 2-6; C O , 7-4; H 2, 5 4 0 ; C H 4, 2 8 0 ; N 2 , 5-6%. 
Net CV = 17-163 M J / m

3
 a t N T P . I t is burned (dry) with 

stoichiometric air and it is assumed that no dissociation 
occurs and that the air and gas are initially at 0°C. 

Calculate the theoretical flame temperature. 

MCp products of combust ion: 

2200°C, 1-678; 1800°C, 1-543; 2000°C, 1-610 k J / m
3
 °C at N T P . 

7 83 
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The combustion equations a re : 

2 C 2 H 6 + 7 0 2 = 4 C 0 2 + 6 H 2 0 ; 2 C O + 0 2 = 2 C 0 2 ; 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 ; 2 H 2 + 0 2 = 2 H 2 0 . 

Oxygen required for combustion of 100 m
3
 of gas 

= 9-1+3-7 + 56-0 + 27-0 -0-4 = 95-4 m
3
. 

Λ· - Λ 95-4Χ100 λ. Α . 
Air required = - — ^ j

 =
 454 m

3
. 

The products of combustion with stoichiometric air : 

N 2 = 454X0-79 = 358-7 + 5-6 = 364-3 m
3 

C O , = 7-4+2-0 + 5-2 + 28-0 = 42-6 m
3 

Water vapour = 54-0+56-0 + 7-8 = 117-8 m
3 

Total 524-7 m
3 

CO, - 4 2 g f - *,2% 

Η , Ο » - 1 ™ ! 1 0 0 - » 2 2 · 4 5 %. 

N i _ 3 6 ^ 0 0 0 = 6 9. 4 3% 

The percentage analysis is used to find the MCP values from 
tables. 

, c l + « m 17,163X100 
(Flame temperature—0) = „ , M „ . v F }

 524-7 X MC'ρ 

The mean specific heat varies with temperature so that it is 
first necessary to assume a temperature and use the value of 
MCp dit this temperature. If the temperature calculated is 
very different from the assumed value, then another value is 
assumed and the calculation repeated until the calculated and 
assumed values agree sufficiently closely. 
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Assuming Τ = 2200°C 

Γ _ 0 = -
1 7 J 6 3 X 1 QQ

 = 2015°C 1
 524-7X1-678 

Assuming Τ - 1800°C 

17,163X100 

524-7X1-543 
2190°C. 

Assuming Τ = 2000°C 

Γ = . ^ 6 3 ^ 0 = 2 1 0 0 ^ . 
524-7X1-610 

It is clear that the theoretical flame temperature lies between 
2100° and 2000°C. This will be considered of sufficient accu-
racy in this particular calculation. 

4 . 2 . DISSOCIATION OF GASES AND FLAME 

TEMPERATURE 

During combustion, an equilibrium is set up between the 
fuel gases, oxygen, and the products of combustion, carbon 
dioxide and water vapour. At high temperature, dissociation of 
carbon dioxide into carbon monoxide and oxygen, and water 
vapour into hydrogen and oxygen occurs. These reactions are 
important above 1600°C. At very high temperatures other 
dissociation reactions occur. 

It is necessary when making calculations of flame tempera-
ture to assume that equilibrium is attained at the temperature 
concerned. This being fully justified because equilibrium con-
ditions are very rapidly attained at high temperatures. 

In the general case of waste gas of the following composi-
tion, C 0 2 , t f % ; H 2 0 , 6 % ; 0 2 , c % ; a n d N 2 , 1 0 0 - ( a + 6 + c )%, 
if χ and y are the fractions of carbon dioxide and water vapour 
that remain undissociated per molecule, then from 100 ft

3 

waste gas the new products of combustions will become: 



86 CALCULATIONS IN FURNACE TECHNOLOGY 

Gas Molecules 

co2 ax 

CO a(l-x) 

H 2 0 by 

H 2 b(l-y) 

o2 

a 
y ( l - * ) + 

b 
y O - ^ + c = m - 1 0 0 + c 

N 2 = 100-Λ- b-c 

Total - m 

If it is assumed that combustion takes place at constant 
pressure (P a tm), the partial pressure of the gases partaking 
in equilibria will be : 

C 0 2 P Co 2 = — ·Ρ-
m 

CO Pce = 4±=$ -P. 
m 

0 2 Ρ θ 2 ^ -
1 0 0 + C

. P . 
m 

H 2 0 PHzo = ·/>. 
m 

m 

For the reaction : 

c o 2 ^ c o + | o 2 
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F o r the reaction : 

H 2 O ^ H 2 + i 0 2 

K p h
> °

 = =
 / ( m - l O O + c ) 

In a mixture of steam and carbon dioxide both reactions 
coexist and the partial pressures of the various constituents 
will be adjusted so that equilibrium constants in the mixtures 
are the same as in the separate systems. Simultaneously with 
the above two processes the water-gas reaction 

C 0 2 + H 2 ^ H 2 0 + CO 

must also attain equilibrium, and for the water-gas reaction 

= ^ H 2o X ^ C Q _ P̂H2O 

Since all the equations contain two unknowns (x and j ) , 
even though the equilibrium constants at a particular tempera-
ture can be obtained from consideration of the individual 
systems the determination of χ and y has to be carried out by 
trial and error. A graphical method has been developed by 
Underwood (Spiers). 

EXAMPLE 4.2 

To illustrate the effect of dissociation on flame temperature, 
consider the combustion of hydrogen with stoichiometric air, 
both gas and air assumed dry and supplied at 0°C. Net CV 
H 2, 10· 16 M J / m

3
. 

Mean specific heats products of combust ion: 2200°C, 1-657; 
2100°C, 1-651; 2000°C, 1-643; k J / m

3
 °C at N T P . 

The theoretical flame temperature is calculated assuming 
no dissociation. 

2 H 2 + 0 2 = 2 H 2 0 . 

F r o m this equation it is evident that 2 m
3
 of hydrogen 

requires 1 m
3
 of oxygen for combustion. Therefore the air 
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required 

1X100 3 
= —~ j — = 4-76 m

3
. 

A i r / m
3
 hydrogen = 2-38 m

3
. 

The final gas composition after combustion is 1-88 m
3
 ni tro-

gen, 1-0 m
3
 water vapour. The composition of the flue gas 

= 65-3% Ν 2, 34-7% H 2 0 . 

Theoretical flame temperature : 

_ 10-16X1000 

" "2-88XMC P ' 

Assuming Τ = 2200°C, 

2-88X1-657 

Assuming Τ = 2100°C, 

10-16X1000 
= Ί^χΤβδΓ = 2 1 3 6 C 

This is sufficiently close to the assumed value. 
At this temperature steam is dissociated to the extent of 

approximately 4 % (Spiers). Thus the actual heat developed 
will be less, and the products of combustion greater. 

H a O ^ H a + i O a -

Under these conditions the flame temperature will be : 

_ 10,160x0-96 

2 - 9 X M C , " 

Assuming Τ = 2000°C, 

_ 10,160X0-96 = 
1
 - 2-9X1-643 ^

υ
^ · 

This is sufficiently close to the assumed value. 
The effect of dissociation has been to reduce the flame tem-

perature from 2100° to 2000°C. 
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In practice the temperature is still further reduced by radia-
tion from the flame. In making flame temperature calculations 
it is generally assumed that 10% of the heat is lost in this way. 
The maximum flame temperature is achieved when using 
slightly less than stoichiometric air. 

4 . 3 . A D D I T I O N A L F L A M E T E M P E R A T U R E E X A M P L E S 

EXAMPLE 4.3 

Discuss the effects of dissociation on flame temperature. 
A producer gas of composi t ion: C 0 2 , 5 ; CO, 29; H 2 , 12; N 2 , 
5 4 % is burned with theoretical amoun t of air. Assuming 
hypothetically that 18% of the carbon dioxide and 5 % of the 
steam is dissociated, what would be the final waste gas com-
posit ion? Calculate the equilibrium constant for the water-gas 
reaction. [City and Guilds Advanced, Gaseous Fuels.] 

The combustion reactions a re : 

2 C O + 0 2 - 2 C 0 2 ; 2 H 2 + 0 2 - 2 H 2 0 . 

Oxygen required per 100 m
3
 gas = 14-5 + 6Ό = 20-5 m

3
. 

20-5X100 3 
Air required = ^ ] = 97-5 n r . 

The composition of the waste gas from burning 100 m
3
 gas 

with no dissociation is: 

N 2 from stoichiometric air = 77-5 m
3 

N 2 present in gas = 54-0 m
3 

Total N 2 131-5 m
3 

C 0 2 = 5-0 + 29-0 = 34-0 m
3
. 

H 2 0 = 12-0 m
3
. 

The dissociation reactions are : 

2 C 0 2 = ^ 2 C O + 0 2 , 

2 H 2 0 ^ 2 H 2 + 0 2 . 
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The composition of the gas after dissociation is: 

Ν a - 131-5 m
3
. 

C 0 2 = 34-0X0-82 = 27-88 m
3
. 

C O from C 0 2 dissociation = 6 12 m
3
. 

0 2 from dissociation — 3-06 m
3
. 

H 2 0 - 1 2 X 0 0 5 - 31-40 m
3
. 

0 2 from H 2 0 dissociation = 0-30 m
3
. 

H 2 from H 2 0 dissociation = 0-60 m
3
. 

The Total Gas Composit ion. (Answer.) 

Volume (m
3
) (%) 

N 2 131-5 72-69 
CO 2 27-88 15-41 
CO 6-12 3-38 
Η,Ο 11-4 6-30 
H 2 0-6 0-33 
o 2 3-36 1-89 

180-86 

The water-gas reaction : 

C O + H 2 O ^ C 0 2 + H 2 . 

„ PCO2XPH2 1 5 - 4 1 X 0 - 3 3 
K F=

 PCOXP^O
 =

 3 - 3 8 X 6 - 3 0 = ^ 

It would have been equally correct if the reciprocal of this 
had been calculated, viz. 1 /0-24 = 4-2. 

EXAMPLE 4.4 

Discuss the factors you would consider in the selection of a 
suitable fuel for an open-hearth steel furnace. Calculate the 
theoretical flame temperature attained, assuming no dissocia-
tion of combustion products when burning the following: 
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(i) a fuel oil of composition 87-5% C, 12-5% H, with 2 5 % 
excess air ; 

(ii) blast furnace gas containing 2 8 % CO, 2 % H 2, 7 0 % N 2 , 
with 2 0 % excess a i r ; 

(iii) coke oven gas containing 8% CO, 5 2 % H 2, 3 0 % C H 4, 
10% N 2, with 2 0 % excess air. 

Comment on the results and suggest ways by which the 
flame temperature might be increased. 

Mean specific heats between 0°C and flame temperature of 
products of combust ion: 0-022 Btu/f t

3
 °F at N T P . 

Net CVs: C, 14,500 Btu / lb ; H , 52,000 Btu/ lb . 
CO, 340 Btu/f t

3
 a t N T P ; H 2, 290 Btu/f t

3
 a t N T P ; C H 4, 

1000 Btu/f t
3
 at N T P . 

[Institution of Metallurgists, Par t IV, Furnace Technology, 
specimen question.] 

The carbon content of 100 lb of fuel is calculated in lb-mol. 

C = ^ = 7-3 lb-a tom; H 2 - - y - 6-25 lb-mol. 

The combustion equations are : 

C + 0 2 = C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 . 

Oxygen requirement = 7-3 + 3-13 = 10-43 lb-mol. 

. . . 10-43X100X359 1 7 f i, n M Theoretical air = ^ = 17,840 ft
3
. 

Air / lb fuel - 178-4 ft
3
 at N T P . 

The volume of the products of combustion from 1 lb oil : 

N 2f r o m theoretical air = 178-4x0-79 = 140-9ft
3 

Excess air = 178-4 XO-25 = 44-6 ft
3 

C 0 2 = 7-3 X3-59 = 27-3 ft
3 

H 2 0 - 6-25X3-59 = 22-4 ft
3 

235-2 ft
3 

The calorific value of the fuel is found from the analysis 

Net CV = 0·875Χ14,500 + 0·0125Χ52,000 

- 12,690+6500 = 19,190 Btu/ lb . 
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This is equal to the heat in the flame gases. 

19,190 = 235·2χ0·022Χ(Γ -32) 

19 190 
Γ

~
3 2 =

 235-2X0-022 =
 4 0 7 8

°
F

-

Τ = 4100°F. {Answer (i).) 

F o r the blast furnace gas the combustion equations a re : 

2 C O + 0 2 = 2 C 0 2 ; 2 H 2 + 0 2 = 2 H 2 0 ; 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 

The oxygen required for combustion of 100 ft
3
 blast furnace 

gas 
= 14+ 1 = 15-0 ft

3
. 

™ • · ι · 15X100 Theoretical air = — — = 71*4 ft
3
. 

The volume of the products of combustion with 2 0 % excess 
air : 

N 2 from theoretical air = 71-4x0-79 = 56-3 ft
3 

Excess air = 71-4x0-20 - 14-3 ft
3 

N 2 in fuel = 70-0 ft
3 

C 0 2 = 28-0 ft
3 

H 2 0 = 2-0 ft
3 

170-6 ft
3 

The CV of blast furnace gas = 340X28 + 2 9 0 X 2 = 10,100 
Btu. 

CV/ft
3
 gas at N T P = 101 Btu. 

This is equal to the heat in the flame gases. 

101 = 170-6 X 0-022 X(T-32). 

T
-

3 2
 = 170-6X0-022 =

 2 6 9 2
°

F
-

Τ = 2724 °F. (Answer (ii).) 
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For combustion of 100 ft
3
 of coke oven gas : 

Oxygen requirement = 4 + 2 6 + 6 0 = 90 ft
3
. 

Theoretical air = " = 428 ft
3
. 

The products of combustion are : 

N 2 in theoretical air = 428x0-79 
C 0 2 = 8 + 30 
H 2 0 = 5 2 + 6 0 

N 2 present in gas 

Excess air = 428-0x0-20 

= 10 ft
3 

= 339-2 ft
3 

= 38-0 ft
3 

= 112-0 ft
3 

= 85-6 ft
3 

584-8 ft
3 

The CV of coke oven gas = 8 x 3 4 0 + 52 x 290 + 3 0 x 1 0 0 0 

= 48,800 Btu. 

CV/f t
3
 at N T P = 488-0 Btu. 

488,000 = 584-8 X 0-022 Χ ( Γ - 3 2 ) 

Τ = 3833°F. (Answer Çw).) 

F R A N C I S , W., Fuel Technology, a Summarised Manual, Pergamon Press, 
1965. 

H I M U S , G. W., Fuel Testing, 3rd edn., L. Hill, 1953. 
L U P T O N , H. P., Industrial Gas Engineering, North Western Gas Board, 

(Walter King Ltd., London), 1960. 
S P I E R S , H. M. (Ed.), Technical Data on Fuel, 6th edn., London, British 

World Power Conference Committee, 1962. 
The Efficient Use of Fuel, 2nd edn., HMSO, 1958. 
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C H A P T E R 5 

Heat Transfer 

5 . 1 . INTRODUCTION 

If a temperature gradient exists between two points in a 
system, heat will flow between them by one of three possible 
ways. 

(1) By electromagnetic waves—radiation. 

(2) By either natural convection (arising from density 
changes caused by temperature gradients) or by forced convec-
tion which arises from eddy current formation accompanying 
turbulent flow. 

(3) By conduction which transfers energy from one molecule 
to another without any actual mixing occurring. 

There is an important analogy between the flow of electrical 
and heat energy, the analogy is : 

Rate of flow of electrical energy : Rate of heat flow. 
Potential gradient: Temperature gradient. 
Electrical resistance: Thermal resistance. 

Just as in an electrical circuit the current flows by virtue of 
the potential difference between two points, so heat flows by 
virtue of the temperature difference between two points. 

F o r resistances in series R — ri + r 2 + / 3 + . . . . 
F o r resistances in parallel l/R = l / r i + l / r 2 + l / r 3 

F o r all three modes of heat transfer a simple equation of the 
following type is useful: 

Q (rate of heat transfer) = hA AT, 

9 4 
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where A — a rea ; AT the temperature difference; h the heat 
transfer coefficient. 

Thus Ο — ^ — driving force 
^ 1 jhA ~ thermal resistance 

(/ = EjR in electrical circuits). 

5 . 2 . HEAT TRANSFER BY RADIATION 

When radiation falls upon a body then it can be (i) absorbed, 
(ii) reflected, or (iii) t ransmitted. 
Hence a+r+t = 1 (a •-- fraction absorbed, r — fraction 

reflected, and t = fraction transmitted). 
Fo r most solid bodies, the amount transmitted can be regarded 

as negligible, so / = 0. 
Hence, for opaque bodies, a + r = 1. 

Black body radiation 

A black body is a material which absorbs all of the radiant 
energy falling upon it (a ~ 1). The total energy which is 
emitted per unit time per unit surface area of such a body is 
proport ional to the fourth power of its absolute temperature 
and this relationship is known as the Stefan-Boltzmann law. 

Q proport ional Γ
4
. 

Q = oTK 

a — Stefan-Boltzmann constant 

= 1·713Χ10-» Btu/f t
2
 hr R

4 

- 1-01X 10
 8

 lb cal/ft
2
 hr K

4 

- 5-6697X 10
 8

 W / m
2
 K

4
. 

However, the energy radiated is non-uniform. It is not radi-
ated with equal intensity in all directions and the energy is not 
distributed uniformly over the whole range of wavelengths. 
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Lambert's radiation law (Fig. 5.1) 

Radiat ion from a surface in a direction α to the surface 
varies as the cosine of the angle θ between the direction of 
radiation and the normal to the surface. If qn is the radiation 
normal to the surface the radiation in a given direction = 
qn cos Ö. 

Inverse square law 

The intensity of radiation from a point source of radiant 
energy decreases with the square of the distance from the 
point source. 

Spatial distribution of energy (Fig. 5.2) 

Consider a small element area dA9 radiating in a hemisphere 
of radius r. The radiation will be supposed to fall on areas 
dA1 and dA2 on the surface of the hemisphere. Let In be the 
intensity of radiation per unit area per unit solid angle normal 
to dA. 

FIG. 5.1. Lambert's radiation law 



FIG. 5.2. Spatial distribution of radiation 

Solid angle subtended by whole hemisphere at 

2nr
2 

a A = — 0 = 2π steradians. 
r

l 

dA\ 
Solid angle subtended by dA± = dœn = — —-. 

dA2 Solid angle subtended by dA2 = άωθ = — s - . 
r

1 

Rate of heat flow through dAx = dQ„, 

dQn = h dcon dA (per unit time). 

Similarly, 

rate of heat flow through dA2 = dQ0, 

dQe = h dcog dA (per unit time) 

(Ιθ — intensity radiation at an angle 0 to normal) . 

dQe = h dcoo dA 

= In cos θ dcûQ dA, 

Ί 2nr sin d(r dd) 
UCÙQ = r — . 

HEAT TRANSFER 97 
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FIG. 5.3. Distribution of radiant energy with wavelength 

Total radiation passing through the hemisphere in unit 
time, 

π /2 

\dQ = ln 2n dA j* sin θ cos θ dd 
ο 
π /2 

= 2π dA J I sin 2Θ d0, 
ο 

Ο = Ιηπ dA. 

From the Stefan-Boltzmann radiation law 

Ô = oT\ 

dAö Γ
4
 = Ιηπ dA 

and Ιη — . 
71 

Distribution of energy with wavelength (Fig. 5.3) 

Let / = frequency of the radiat ion; λ = wavelength; c = 
velocity of light. 

For radiation in vacuo fX = c. This can be regarded for 
practical purposes to hold in air and furnace atmospheres. 
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λ
 ëxp te/AT7) - 1 ' 

where d = constant = 3-741 5 x l 0 ~
1 6

 W / m
2
; c2 = con-

stant = 1-438 7 9 X l O -
2
m K . 

The total radiant energy per unit time per unit area for a 
black body will be the total area under the curve in Fig. 5.3. 

Je?l dl = aTK 
ο 

Wien's law 

Wien found that the wavelength Xm at which the maximum 
energy is radiated was inversely proport ional to the absolute 
temperature, and with wavelength in metres and temperature 
degrees Kelvin. 

Klm = 2-897 8 X 1 0 -
3
. 

Kirchhoff's radiation law and grey body radiation 

The capacity of a body to absorb radiation varies with 
the wavelength of the incident radiation and angle of incidence. 
It is found that Ο = function (λ, 0 , Τ). 

The total hemispherical emissivity e is defined as the ratio 
of the energy Q emitted by a surface to the total energy Qb 

emitted by a black surface at the same temperature. 

e = (QIQb)T. 

Emissivity, e =/(λ9 θ, Τ). 

8 

The total energy radiated per unit time per unit area from 
a black surface within waveband άλ is given by : 

dQ - Ελ άλ. 

The spectral distribution is given by Planck's law 
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Selective emitter 

This is defined as a material whose emissivity varies with 
either Α, 0, or T. 

Kirchhoff 's law states : 

The monochromat ic emissivity of a surface 1 at T\ is 
equal to its monochromat ic absorptivity received from 
surface 2 a t the same temperature. 

e = a and e/a = 1. 

Grey body 

A body whose monochromatic emissivity does not depend 
upon λ, 0, or Τ is defined as a grey body. At any particular 
temperature it always radiates the same proport ion of energy 
as a black body. 

Interchange of radiation between two plane non-parallel 
surfaces (Fig. 5.4) 

Let dA2 subtend solid angle άωλ such that 

dA2 cos 0 2 j Λ αωγ — ——— at dAi. 
Λ. 

The intensity of radiation from dA\ in the X direction = 
h = hx cos # 1 · 

Therefore the incident radiation upon and absorbed by dA2, 

, _ Ini cos θι cos 0 2 dAi dA2 dQi-+2 = -χ2 . 

dAi subtends solid angle dœ2 such that 

dAx cos 0i 
« ω 2 = - 9 at dA2. 
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Therefore radiation incident upon dA\ from dA2, 

dQ2-* ι — h dü)2 dA2 

_ I„2 cos θι cos 0 2 dA\ dA2 

_______ 

The interchange of energy dQ(Ai—A2) 

= dQ1-+2-dQ2-+i 

_ a cos 0! cos
y
0 2 dAx dA2{TJ-T\) 

Such problems have to be solved by evaluating the double 
integral in this equation. 

Where the surfaces are small compared with the distance 
apart , reasonably flat, and uniform in temperature, an approxi-
mate solution can be obtained without integration by substi-
tuting areas A\ and A2 in the above equation, together with 
the appropriate values of 0i and 0 2. 

For two small areas, parallel and coaxial with each other, 
cos 0i and cos 0 2 can be approximated to 1, and if both areas 
are small the areas can be substituted directly into the general 
equation. 

If one of the areas is small and the other much larger 
(radiation from a small aperture in a furnace falling on an 
object) then an approximation can be made by subdividing 
the receiving disc into elemental areas. The energy falling 
upon each is then calculated and the sum total found by a 
single integration. 

Instead of calculating the energy falling on the disc it is 
easier to calculate the energy falling on the cap of a sphere seen 
within the angle 2φ (Fig. 5.5). 

Consider a strip on the sphere at an angle 0i, subtended 
by an angle dd1?itdA1. 

The area of the strip 

dA2 — 2nr sin 0i(r ddi) = 2nr
2
 sin 0ι άθχ. 

since 
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FL • 2 
_ Γ cos 0i ι 

- J ; 
If A2 occupies the whole field of A1 then — 1· It *

s a 

measure of how much the field of view of dA\ is occupied 
by A2. 

Radiation exchange between a black body and a black 
enclosure (Fig. 5.6) 

Consider an element dA2 on A2; the geometric factor A\ 
with respect to A2 is less than unity because A± does not occupy 
the whole field of view of dA2. 

The energy falling on this strip 

Ί̂  a cos θι cos OAxlnr
2
 sin 0ι άθ{Γ\ 

dQ1̂ 2 — 

= αΑ{Γ\ 2 sin 0i cos θι dOx 

= σΑχΤι sin 2Θ± d6r . 

The total radiant energy falling on the cap of the sphere 
and therefore the disc 

Qi + 2= J cr^iTi sin 201 i/0i 
0 

= -oA1Tf(icos θ ^ . 

Where this approximation is not possible, then the equation 
may be written in the form : 

σΤ\ dAi cos θ χ cos 02dA2 
d Q

' ^ = --nX> 

= aT\dA1dF1̂ 2. 

F x_ ^ 2 is called the geometric or configuration factor of the 
surface A2 with respect to dAi, and is found by a single integra-
tion of dF1_^2 over the area A2. 

cos 0 2 dA2 
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A? 

FIG. 5.6. Radiation exchange between black body and black 
enclosure 

Also consider an element dAi on A\, the geometric factor 
of A2 with respect to A1 = 1 because the whole field of view 
of dA\ is occupied by A2. 

Q = a{Ti-T*)A1. 

If the enclosure is not black but grey, provided it is large 
compared with A± the above equation still holds. The radiation 
emitted by A\ = ae{T\Ax and all of this is absorbed by the 
enclosure even though it is not black. This is because any 
reflected radiation is eventually absorbed by A2 after multiple 
reflections, and only a negligible amount falls on Ay. 

Radiation exchange between two grey bodies 

Two parallel plates (Fig. 5.7) (geometric factor = 1) 

FIG. 5.7. Radiation exchange between parallel surfaces 
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The sum of the series in [ ] = 
1 — Γ Ι Γ Ο 

Thus ρ 2-0! = o(Tl-n)A. 

However, r — 1 —a — 1 —β, 

^ {n-Ti)A. 
e2 + e1—e1e2 

Similarly, it can be shown that for twin concentric cylinders, 
of radii i?i and R2 (R± on the outside at temperature Γι), 

Radiat ion emitted from surface 

1 = ey&TiA. 

The amount absorbed by surface 

2 = a2(e1aTfA) = exe2aT\A(ß\ = e±; a* = e2). 

The amount reflected by surface 

2 = r^aTU). 

Surface 1 absorbs amount 

= a^e^TtA). 

It reflects amount 
= rfàfaaTiA), etc. 

The net amount of energy leaving surface 1 

Ö! = W r i M [ l + ( r 1r 2) + ( r 1 r 2 )
2
+ . . . ] . 

Similarly the amount of energy radiated from surface 2 

Q2 = e1e2aT*A[l + (r1r2) + (r1r2f+ ...]. 

Thus the interchange of energy 

Ô2-Ô1 = W ( 7
T
| - r f ) ^ [ l + (r 1r 2) + (r1ra)2+ .. .] . 

1 
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Heat transfer coefficient by radiation 

Earlier it was shown that Q = hAAT. 

Therefore hrA{Jx-T^ = ea{J{-T§A 

_ eajTj-Tj) 
r
 ( 7 _ - Γ 2) 

h, = ea^ + TJin+Ti). 

5 . 3 . GAS RADIATION 

Most of the simple monatomic and diatomic gases are trans-
parent to thermal radiat ion, but some gases, such as water 
vapour, carbon dioxide, and hydrocarbons, absorb radiation 
at certain frequencies. 

If / is the intensity of radiation falling upon a gas of layer 
thickness t, then the intensity 7 0, after having passed through 
the gas, is given by the expression 

/ = V — 
where m is proport ional to the partial pressure of the gas at one 
wavelength. 

Absorption = function PGXL, where Pg is the partial pres-
sure of the gas and L the equivalent thickness of the gas layer. 

£ _ 3-4X gas volume 

area of the retaining walls 

Heat exchange in a combustion chamber containing non-
luminous gases proceeds as follows : 

(1) gas radiation to the walls which depends upon the quan-
tity of radiating gases (the concentration of carbon dioxide and 
water, gas layer thickness, and pressure and temperature of 
gases); 

(2) a small fraction of this heat is absorbed by the walls; 
most is reflected back into the furnace body ; 

(3) if there are temperature gradients within the furnace there 
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will be heat exchange between w a l l s ; only a small proport ion o f 

this heat is absorbed by the gases . 

A m e t h o d o f es t imat ing the effect o f gas radiat ion, after 

Hot te l , involves eva luat ion o f the gas emiss ivi ty coefficients and 

then apply ing t h e m to a modif ied fourth-power law correct ing 

for the influence o f gas c o m p o s i t i o n and for gas layer thickness . 

O/hr = 0·01713Χέ?ί "K )̂4"flKioi))4 B t u / f t
2 

The steps in such a ca lculat ion (see Efficient Use of Fuel) are: 

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
Temperature R 

FIG. 5.8. Emissivity values of carbon dioxide for various values of PCL. 
(Reproduced by permission from Heat Transmission, 3rd edn., by W. H . 

McAdams et ah, McGraw-Hill.) 
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(1) Estimation of partial pressures of carbon dioxide and 
water from the gas analysis. 

(2) Calculation of "equivalent thickness" of gas layer. 
(3) Evaluation of partial pressure X "equivalent thickness" 

for carbon dioxide (PCL) and water vapour (PWL) respectively. 
(4) The values of the emissivity of carbon dioxide and water 

vapour are then obtained from the accompanying graphs (Figs. 
5.8 and Fig. 5.9). 

500 1000 1500 2000 2500 3000 3500 4000 4500 500C 
T e m p e r a t u r e R 

FIG. 5.9A. Emissivity values of water vapour for various values PWL. 
(Reproduced by permission from Heat Transmission, 3rd edn., by W. H. 

McAdams et al., McGraw-Hill.) 
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(5) The value of eHo0 obtained from Fig. 5.9A cannot be used 
directly because the emissivity of water is also dependent upon 
concentration. Thus e'Hz0 = % 2 0X C W (Fig. 5.9B). 

(6) The values of eCOz and e^0 have to be further corrected 
for radiation absorbed by the gas. This is obtained from Fig. 
5.10. 

e'G = ^ c o 2+ < ? H 2o - ^ t f (Δε = Ad). 

F I G . 5 .9B. Correction factor for converting emissivity of water vapour to 
values of Pw and PT other than 0 and 1 atm respectively. 

(Reproduced by permission from Heat Transmission, 3rd edn., by W. H. 
McAdams et al., McGraw-Hill.) 

(7) Using the temperature of the walls of the furnace the ab-
sorptivity of the carbon dioxide and water vapour can be ob-
tained from Figs. 5.8 and 5.9. 

ThuS „gas = tfco2 + 0 H 2o 

aG = tfco2+0H2o--ltf ( ^ H 2 O = aHzoXCw). 

(·8 J 

Ο 0-2 0-4 0-6 0 3 1-0 Ι·2 

Ρ + Ρτ 

* 2 Atmospheres 
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This gives values of sufficient accuracy for most applications 

where the gas temperature (TG) is considerably higher than the 
walls of the furnace (Ts). However, if this is not the case, then 

the absorptivities so found have to be corrected by multiplica-

tion of PCL and PWL by ^rj »
 a n c

* ^hon by
 a n

 empirical factor 

( Τ \ 0-65 

ύ • 

F I G . 5 . 1 0 . Chart for evaluating the absorption of gas radiation by the 
gas itself. 

(Reproduced by permission from Heat Transmission, 3rd edn. by W. H. 
McAdams et al., McGraw-Hill.) 

Thus PCL' 

PWL' 

1 G 

PWLX 
TG m 

These values are then used to find the emissivities of carbon 
dioxide and water vapour from Figs. 5.8 and 5.9. 

(8) If the walls of the furnace have an emissivity less than 1 
(non-black body) then es must be introduced into the equation. 
The effective emissivity of the surface will lie between that of a 
black body and the surface, because most of the radiation from 
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the walls passes through the gas layer and has further opportu-
nity for absorption at another surface. 

Thus es = 2 fc+1), where es = emissivity walls. 

5 . 4 . HEAT TRANSFER BY CONVECTION 

In this case heat transfer is attr ibutable to macroscopic 
motion of the fluid and is thus confined to liquids and gases. 
In natural convection it is caused by differences in density 
resulting from temperature gradients in the fluid. Forced con-
vection is caused by eddy currents in fluids under turbulent 
flow conditions. 

It was shown in the case of heat transfer by radiation that the 
rate of heat transfer per hour Q could be represented by the ex-
pression : Q = UAAT. 

To calculate Q, or the area necessary to achieve a given 
quantity of heat transfer in a heat exhanger [/, the overall heat 
transfer coefficient must be evaluated. To determine this, the 
individual film coefficients have to be calculated or determined 
experimentally. So many factors govern the value of hCJ the 
convective heat transfer coefficient, that it is almost impossible 
to determine their individual effects by direct experimental 
methods. 

Dimensionless groups have been used with considerable suc-
cess in arriving at equations which allow hc to be determined. 
Dimensional analysis has also been used with considerable suc-
cess in the problem of convective heat transfer. 

Application of dimensional analysis to convective heat transfer 

The heat transfer (q) per unit area per unit time depends 
upon a number of variables. Over the range considered it is 
assumed that the relation between the heat flow q and the 
variables can be expressed by a simple power series : 

q oc \y
x
*-L

x
*-AT

x
*^

x
*-k

X
**Q

x
*-C*>-(ßg)

x
*~\. 
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The dimensions used are length (L), mass (M), time (T), 
temperature (0), and heat Q. 

If indices on both sides of the equat ion are equated : 

in length - 2 = xi + xi-• * 4 - x$—3*6+x8 ; 

in time - 1 = — X\ — X\ — 2 x 8 ; 

in mass 0 = X^+Xq — 

in heat 1 -

in temperature 0 = * 3 — * 5 --ΧΊ- -Xs-

These equations can all be solved in terms of x19 x 7, and xi 

to include only one of the variables, F , Cp9 and ßg. 

x& — -* i+2x 8, 
χ
5 — 1 —*ί, 

Χι = — Χ\-\-Χη — 2xg, 

xz = 1+*8, 
Χ2 = — l + x i + 3 x 8 . 

Thus 

q ζ= c V
X l

L ~
1 + x

i
+ Z x

* Α Τ
1 + χ

* μ ~
Χ ι + χ

7 ~
2 χ

» Ι ί
1

~
χ

7 q
x
i+2x

*Cp(ßg)
x
* 

or 
=

 c k AT
 (

LV
e\

Xl
(Cpμ\

X7
/ßgATLψ\

x
* 

q ~ L [μ ) \ T~) [ μ* ) ' 

D : C 1 F T 9 

Dimensions 

q heat transferred per unit area per unit time Q L ^ T "
1 

V velocity L T
- 1 

L linear dimension L 
ρ density M L

- 3 

μ viscosity M L
_ 1

T
- 1 

k thermal conductivity Q T "
1

^ ^ "
1 

Cp specific heat at constant pressure Q M ~
1
0 ~

1 

AT temperature difference θ 
(ßg) coefficient of thermal expansion 
χ gravitational constant (buoyancy factor) L T ~

2
0

_ 1 
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Since q — h AT (A = 1), 

ATk 
—̂j = c ^

V q € ρμ ßg A T L 3 q2
 y 

These four groups are dimensionless and are known as 

= Nusselt group (Nu), 

AC 
LVp 
-—— =

 Reynolds group (Re), 

μ 

—j^ = Prandt l group (JRr), 

ßgATIß^_ = G r a s h of gr 

μ
1 

For natural convection : 

Nu = function (PrGr). 

For forced convection : 

Nu = function (RePr). 

For gases the Prandt l group is constant over a wide range of 
temperatures and pressures. 

Convective heat transfer by forced convection 

Nu =f(RePr). 

In tubes 

For values of Reynolds numbers greater than 4000, and for 
liquids of not more than twice the viscosity of water 

Nu = 0-023 Re°'
8
Pr

0
*. 

With diatomic gases, Pr = 0-74, and Nu = 0 0 2 Re**'
8
. 
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Where the flow in tubes is stream-linet heat transfer can be 
considered to take place solely by conduction. In the case of a 
fluid flowing in a tube the velocity distribution is parabolic. If 
heat is supplied from the outside the velocity distribution is 
altered and the heat transfer becomes more complex. For gases 
the empirical relationship 

has been found t o b e valid (d = tube diameter; L = length of 
tube). 

Forced convection outside tubes 

For flow across single cylinders : 
Nu = 0-26 Re™xPr

0S
 for Reynolds numbers between 1000 

and 100,000. 
Fo r gases this reduces to Nu = 0-24 Re^tx-
^ m a x is

 u s e
d because the velocity distribution around a 

cylinder is non-uniform. 
Fo r flow at right angles to bundles of tubes such as occur in 

many heat exchangers Nu = 0-33 C Re^xPr
0
'
3
. The values of 

C depend upon the geometric arrangement of the tubes, i.e. 
in-line or staggered. 

Flow in an annulus between concentric tubes 

Such heat exchangers are widely used because of their simpli-
city of construction and operation. They can operate with tur-
bulent conditions (desirable for high rates of heat transfer) 
where the flow rates are low. 

A difficulty in obtaining values of h is in selecting the best 
diameter. One such relationship gives the outside film coefficient 

where μ = viscosity at mean bulk tempera ture ; μ3 = viscosity 
a t surface of wall ; de = d2—d\. 

f See Chapter 6. 

Nu = l-36[RePr(d/L)]
{ 

10-4 

9 » 
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Simplified equation for convective heat transfer to air 

For stream-line flow and turbulent flow from walls and pipes 
to air q = constant (AT)

1
'
25
. The constant varies with dimen-

sional configuration and depends on whether flow is stream-
line or turbulent. 

Heat transfer in the condensation of vapours 

Film condensation occurs when the condensate wets the 
solid surface; it forms a continuous film and all the heat is then 
transferred by conduction through the film. 

D r o p condensation occurs when the condensed liquid does 
not wet the surface ; the drops of condensate roll off once they 
have reached a certain size. Much higher rates of heat transfer 
are thus obtained. 

In most industrial plant condensation is usually mixed. 
Droplet condensation can be promoted if the condensing liquid 
is coated with a monomolecular layer of certain materials. 

Film condensation 

(a) Horizontal tubes : when condensation occurs in a vertical 
line of Ν tubes the heat transfer coefficient between va-
pour and tube surface is given by 

where θ = temperature difference between the vapour 
and condensing surface; λ = latent heat of condensation 
fluid. 

(b) Vertical tubes : 

(i) Stream-line flow h 

0-333 
(ii) Turbulent flow h 

(Re greater than 2000). 
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For steam condensing as a film at atmospheric pressure, 

h = 3 1 0 0 . ί / - ° ·
2 5

θ - ° ·
3 33

 (FPH units). 

For a single horizontal tube, and for vertical tubes, 

h = 4OOOL-°-
2 5

0-° '
3 33

 ( F P H units). 

Various at tempts have been made to evaluate the heat trans-
fer coefficient from the physical properties of the system. When 
a fluid flows under turbulent conditions over a surface three 
regions (Fig. 5.11) may be observed. 

FIG. 5.11. Development of boundary layer. 
(Reproduced from Chemical Engineering, vol. 1, J. M. Coulson and 

J. F . Richardson, Pergamon Press, 2nd revised edn., 1964) 

(1) At the surface, the laminar sub-layer, in which the only 
motion at right angles to the surface is due to molecular 
diffusion. 

(2) Next to the surface, a buffer layer, in which both molecu-
lar diffusion and eddy motion are of equal importance. 

(3) In the major port ion of the fluid, there is a turbulent 
region in which eddy motion is the most important . 

The simple Reynolds analogy 

For forced convection Nu = C i t e
a
i V \ 

Since heat transfer and momentum transfer are both related 
to the Reynolds group a number of expressions have been devel-
oped to show a direct relationship between heat transfer and 
the distribution of momentum in a moving stream. 

v77777777777777777777777777777777777777777777f} 

Buffer layer 
r̂ rLaminar sub-layer 
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CPQUS 

0-032 Re-
0
'
25
. 

In this analysis the turbulent nature of the fluid is assumed 
to exist all the way to the surface and no allowance is made for 
any variation of the physical properties of the fluid. 

Taylor and Prandtl modification (in pipes) 

In this case, with turbulent flow it was assumed that heat 
passed directly from the turbulent region to the laminar sub-
layer and the buffer layer was ignored. Fo r turbulent flow, 

J\R- = 0-032 Re-
025

[1 + 2-0 Re~
0125

(Pr- l ) ] -
1
. 

CpL/ρ 

The universal velocity profile 

Where the effect of the buffer layer is taken into considera-
tion, then for turbulent flow, 

h _ 0-032 Re~
0
'
25 

CpÜQ T+Ö^2Re-
ol25

[(Pr~ 1 )+ïri(5/6PrTY/6)] * 

For more detailed results, see Coulson and Richardson. 

5 . 5 . HEAT EXCHANGER PROBLEMS 

In most heat exchangers the temperature of at least one of the 
fluids is continually changing as it passes through the exchanger 
so that the temperature varies over its length (Fig. 5.12). It 

The first relationship is known as the Reynolds analogy and 
shows 

r

h

T f o c a - - *
2 5

, 
CPQUS 

where US — velocity at surface. 
Fo r turbulent flow in pipes 

h 
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is therefore necessary to find an expression for the average tem-
perature difference ö m to be used in the general equation 

0 = UAdm. 

Γ' 

Θ 

0 

τ2 
θ2 

Length —* 
Parallel flow 

Length — 
Counter current flow 

FIG. 5.12. Temperature gradients in heat exchangers 

Parallel flow heat exchanger 

Suppose that the outside stream of fluid which has a specific 
heat of CPl flows at a rate Gx with temperature changes as indi-
cated. 



120 CALCULATIONS IN FURNACE TECHNOLOGY 

Suppose also that the inside stream of fluid which has a spe-
cific heat of CPi flows at a mass of rate G 2, also with tempera-
ture changes as indicated. 

Over a small element of area dA where the temperatures are 
T0 and Ô respectively 

è = Ô'-Ôè9 and dd = dT'-dT0. 

The heat given out by the hot stream 

= dQ=-G1CPldT'. 

The heat taken up by the cold stream 

= dQ = G2CP2 dT0. 

Th G1CPl G2CPi ^ ( c i C p j " * " GgCpJ ^ 

However, g # = 0 i - 0 2 . . . (1) 

and UdA6 = dQ = ——, 

0 È, 

= - l og e ^ . 

Thus / / =
 l 0 g

^ . . ! (2) 

F rom eqn. (1) 

6i-e2 = QH and Q = . 

By definition, β = UA6m. 

TT ί 01 — 02 
H e n c e ^ l o M W 

Ï è÷ 

HUA = - log , 1?_ . 

Thus Ç =^ , è 2 ) [ ( 2) 

From eqn. (1) 

0 1 - 0 2 - QH and Q =
 È é

- ^ - . 

By definition, β = UABm. 

e = i Œ 5 f r o m e " n ' ( 2 ) ' 
TT Ë 0 1 — 0 2 

Hence 0m = . 
log, ( 0 1 / 0 2 ) 
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Om is known as the logarithmic mean temperature difference. 
The logarithmic mean temperature difference is applicable to 
both simple parallel-flow and counter-current flow heat ex-
changers. 

For a given set of terminal temperatures the logarithmic 
mean temperature difference for parallel flow is always less 
than for counter-current flow unless the temperature of one 
fluid remains constant. 

Fo r multipass and cross-flow heat exhangers, the true mean 
temperature difference is less than for counter-current flow and 
greater than parallel flow. F o r such heat exchangers the loga-
rithmic mean temperature difference applicable to a counter-
current exchanger working between the same terminal tempera-
tures must be multiplied by a factor F which depends upon two 
functions A and Β which have values of: 

^ temp, of tube fluid leaving —temp, of tube fluid entering 

temp, of shell fluid entering— temp, of tube fluid entering 

temp, of shell fluid entering —temp, of shell fluid leaving 
β — — ——•—— . 

temp, of tube fluid leaving —temp, of tube fluid entering 

A more detailed treatment is given in Spiers (Technical Data 

on Fuel). 

5 . 6 . STEADY-STATE HEAT TRANSFER BY CONDUCTION 

In a solid the flow of heat by conduction is brought about by 
the transfer of vibrational energy from one molecule to another 
while in liquids it is the result of the transfer of kinetic energy 

Steady-state heat flow in slabs, where the area is large com-

pared to its thickness 

The quanti ty of heat conducted through a body in a given 
time is related by Fourier ' s law to the temperature difference 
and the dimensions in the following ways : 

(1) it is directly proport ional to the difference in temperature 
between hot and cold faces ; 
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(2) it is inversely proport ional to the thickness of the mate-
rial through which heat is passing; 

(3) it is directly proport ional to the total area of the surfaces 
normal to the direction of heat flow through which heat is 
passing. 

AT AT 
Rate of heat flow OC — A —r— — kA——— 

AX AX 

(X — thickness of slab). 
The value of k is called the coefficient of thermal conductivity 

of the material . 
Where the thickness and temperature differences are small, 

dt dX ' 

The negative sign indicates that the temperature gradient is in 
the opposite direction to the flow of heat. 

The above equation can also be written in the form 

O/hr - driving force = AT 
~ thermal resistance X/(kA) 

Units of k in common use a re : 

k = lb-cal/hr f t
2
 °C/ft (in.) = W / m Κ = J / m s °C 

= Btu/hr f t
2
 °F/ft (in.). 

(Note. Units of X must correspond to the last unit in k.) 
Thermal conductivity depends upon the material , and the 

value varies with temperature (Fig. 5.13). 

Composite walls 

Cross-sectional area of wall = A9 rate of heat flow = <2, 

Γ ι - 7 a 

τ2-τ3 

Tz-Τι 
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Adding these three terms, 

_ Τι-Τ2 _ driving force _ Γ ι - Γ 4 

x/(kA) thermal resistance Ex\(kA) * 

It is also worth noting that 

temperature d rop over x± _ thermal resistance x± 

total temperature d rop total thermal resistance 

T, T2 T3 T4 

K, 

X. 

FIG. 5 . 1 3 . Conduction in multiple walls 

Calculation of heat flow through wall of a cylindrical tube 

(Fig. 5.14) 

FIG. 5 . 1 4 . Conduction of heat in cylinders 
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Let the internal and external radii be ri and r2 and let the 
steady-state temperature of the inside and outside of the tube 
be Τ ι and T2\ let 7 \ be the greater. Let L be the length of the 
tube. 

Consider a thin cylindrical element of radii r and r+dr. 
Since this is very thin the heat flow across the surfaces can be 

regarded as normal and so it can be treated as a thin, parallel-
sided slab. Thus 

f — ̂ dl-
dt dr Since A

 = 2nrL, 
= - klnrL ~ = - InkLr ~ . (1 ) 

dt dr dr
 v 7 

Since there are steady-state conditions, dQ/dt must be the same 
for all values of r, and both k and L are constants, hence 
r(dTjdr) must also be a constant. 

dT dr 
r - - — a\ dT — a — : 

dr r 

dr 

( r 2 - 7 i ) = e ( l o g « ^ . 

Substituting in eqn. (1) 

dQ 2nkL{T\-T2) 

dt " ~ ~ 72 
log,, -

ri 

driving force T1 — T2 

thermal resistance (r2 — r±) 

A = 2nrmL, 

k * "2.7trmL 
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where rm = logarithmic mean radius = . 

2-303 logio — 

For thick-walled tubes rm must be evaluated to calculate the 
heat transfer rate. It is not always convenient to use rm and for 
thin-walled tubes ra the arithmetic mean radius may be used: 

ri + r2 

ra will give an accuracy within 10% if — < 3-2. 
ri 

ra will give an accuracy within 1 % if — < 1-5. 

Economic thickness of lagging 

Lagging thickness = r2 — r1 = rx — 1^ 

= ri(r— 1), where r = — mm. 
ri 

Log mean radius lagging 

r2-rx r i ( r - l ) 

l o g e( r 2/ n ) 1000 log e r m. 

Area over which heat is being lost for 1 m length pipe 

_ 2nr{r—\) 2 
=
 1000 1 o g , r

X l m
* 

Heat loss per unit time 

driving force 

thermal resistance 

AT/[ri(r-l)] ATkn 

[klnrx(r- 1)]/1000 log, r 1000 l og e r 
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Then annual heat lost 

Volume of lagging 

Annual charges 

Hence total cost 

1000 loge r ' 

n(r\-rl)\ nr\(r
2
-\) 

10
6 

j r r ? ( r
2
- l)AP 

10
6 

10
6 

nATkB 

10
3
 l og e r 

The cost is a minimum when dCjdr = 0. 

APr\X2r 

, nAPr\(r*-\) 
ι — C^. 10

6 

dC 

~dr 

nATkB 

10V(loge rf 

Equat ing to zero and transposing, 

nATkB _ 2nr\rAP 

lOMlog, rf ~ W~
 9 

1000 ATkB 

10
6 

r
2
(\oge rf 

fQoge r) 
10 

r\AP
 9 

10 ATkB 

AP 

1 / 2 

Economic thickness of lagging = r±(r — l) m m 

_ 10 VIO ATkB 1 / 2 

AT is the temperature drop over the lagging surface. 

Let Β = annual cost in new pence of a heat loss of 1 W 
through the lagging when the pipe is in service, 

A = initial cost of lagging per cubic metre also in new pence, 

and 

Ρ = the annual maintenance and capital charges as a fraction 
of the initial cost. 

jcATkB 
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For a lagged furnace wall, per square metre of wall the vol-

ume for thickness t mm = — m
3
. 

10
3 

APt 
Annual charges = — - new pence. 

Heat lost per second by conduction = — - — 

ATkB 
Annual cost = — - — new pence. 

^ t APt ATkB ^ 
Total cost = ι 7 λΤ Η — = C. 

l ( r t 

dC _ AP ATkB 

~dt~ 10
3
 t

2
 ' 

Equat ing to zero, and solving for t, 

10
3
 ATkB 

t
2
 = 

/ - 10 

AP ' 

10 ATkB 1 / 2 

AP 

t — economic thickness, 

where AT is temperature d rop over lagging and k — thermal 
conductivity W\m °C. 

Calculation of heat flow through the walls of a sphere 

Λ , , , . dT 
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For a sphere o f radius / * i and thickness di\ 

dt dr 

= -AnkdT^~, 
dr 

τ2 

dr Ank dr, 
r

2
 dO 

ri = inner radius, r 2 = outer radius, To = outer temperature, 
Τ ι = inner temperature. 

1 _ 1 _ 4nk(T2-T,) 

ri r 2 ~ Q 

Ank{T2 — T1)rir2 e = 
r2-ri 

Calculation of the rate of solidification of a metal in casting 

(analogous to thickening of ice on a pond) 

f = - * ^ -

dt χ 
If it is assumed that A T is constant (i.e. there is a large body 

of metal, in proport ion to the amount solidifying): 

dQ = L A )d x 

dt
 ρ

 dt 
(L —- latent heat metal per unit mass ; a = density metal), 

-f- = rate of thickening. 
dt

 & 

Thus — kA : LQA -f- , Λ* L
 dt 

. Lax-
xdx; t = ———. 

2k AT 

ο ο 

Thus χ oc \/t, i.e. the rate of solidification is proport ional to y/t. 
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5 . 7 . S O M E S P E C I A L A P P L I C A T I O N S O F H E A T 

T R A N S F E R A P P L I C A B L E T O F U R N A C E T E C H N O L O G Y 

Heat flow through a cooling fin 

When heat has to be transferred from a metal surface to a 
fluid, the effective area for heat transfer can be increased by 
fins projecting from the surface. Mos t of the effective resistance 

is in the fluid boundary adjacent to the wall, and this is greatly 
reduced by increasing the surface area ; the increase in resist-
ance due to the extra metal can be neglected. 

In the case of a simple rectangular fin projecting from a flat 
surface (Fig. 5.15), if the fin is very thin then it can be assumed 
that the lines of heat flow are parallel to the flanks of the fin, 
and heat transfer can be reduced to a one-dimensional prob-
lem. 

The heat flow per unit time into an element at distance X 
from the base of the fin and of thickness dX is given by the 

Τ-ΓΪΤΠ—Γ 
X 'dx 

F I G . 5.15. Heat conduction in simple fin 

ρ : CIFT 10 
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relationship 

Thus the heat leaving the elemental section through X+dX 
from the base of the fin 

= Qx+äx = Qx+^dX (2) 

= -k(WB)§-k(WB)
d
^äX (3) 

The net outflow to the surrounding air at temperature Ta 

from the element 

dX = dO = Qx-Qix+dx) 

d
2
T 

= k(WB)^dX. (4) 

If it is assumed that the combined heat transfer coefficients 
by convection and radiation remain reasonably constant over 
the whole area of the fin, then h = (hr + hc) = constant. 

dQ = hA AT 

= h2(W+B)dX(T-Ta)9 

where Τ = surface fin temperature. 
If the fin is very thin, i.e. Β is small compared with L, 

dQ = 2Wh(T-Ta)dX. (5) 

Hence eqn. (4) equals eqn. (5), and thus 

d
2
(T-Ta) (PAT 2h 

dX
2
 dX

2
 kB 

AT. (6) 

The general solution to this differential equation is 

AT = M e
mX

+N e~
mX

9 (7) 

2h \
1 /2 

m 
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The values of the constants of integration M and Ν have to 
be evaluated by consideration of the boundary conditions. 

At the base of the fin (X ~ 0) the fin temperature = T0. 
Therefore 

ATo = (T0-Ta) = M+N. (8) 

The heat lost from the tip of the fin can be regarded as 
very small and regarded as zero. Thus at the tip of the fin, 
where X = L, 

Therefore \dX~)
 =

 °'
 ( 1 0) 

If eqn. (7) is differentiated with respect to X, when X = L, 

d AT λ , ^ a t »™ r (11) 

Thus 

and 

= 0 
dX(X=L) 

M = ATo 

Ν = ATo 

Mm e
mL
—Nm e ~

m L
. 

Q-mL 

a.mL + e 
fktnL 

— mL 

p>mL + e — mL 

Substituting these values into eqn. (7) 

AT = ATo 

AT0 

Qm{L- X) ç.-m{L- X) 

cosh m(L—X) 

cosh mL 

and this is the temperature profile along the fin. 
Fo r steady-state conduction, the heat flow from the surface 

of the fin is equal to the heat flow through the base of the fin. 

sinh m(L— X) 
= mkWBATo 

cosh mL 

Q = mkWB ATo t anh mL. 
l(*=o) 

i p * 
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The determination of the temperature distribution in a 
hollow rod fixed at one end to a plate and projecting into a 
hot fluid is a similar problem. 

An example is provided by a thermometer pocket in a pipe. 
The thermometer indicates a temperature T

7
, somewhere be-

tween TF and T0. (TF = fluid temperature and T0 is pipe tem-
perature.) 

cosh m(L~L) 
Τ—TF = (To-TF) cosh mL 

The temperature at the end of the pocket is obtained when 
X = L. 

(T0-TF)\ T-TF cosh mL 

Thus 
(To —Tp) _ 
cosh mL 

In this particular case it may be shown that 

hXcircumference rod 
m — kXsolid cross-sectional area 

1/2 

From the above expression it is clear that the minimum error 
in reading the fluid temperature is when Τ --• TF, thus 

TQ-TF 

cosh mL 
0. 

This can be achieved by : 

( 1 ) lagging the thermometer pocket so that T 0 more closely 
approaches 7>; 

(2) making either m or L greater : (i) m can be increased by 
using a thinner tube or material of lower thermal conduc-
tivity (within limits), (ii) L can be increased by inclining 
the thermometer pocket, and letting it project more than 
half-way into the fluid stream. 
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Thermocouple in a gas stream 

If a thermocouple is inserted into a gas stream the tempera-
ture recorded is intermediate between the fluid temperature TF 

and the temperature of the walls of the conveying pipe Tw. 
The exact value of the thermocouple temperature Τ is ob-

tained by a balance of heat transfers such that 

hcA(TF-T) = hrA{T-Tw\ 

where hc and hr are the respective heat transfer coefficients by 
convection and radiation. 

Thus Τ ρ = T + (T—Tw) γ- . 

From this expression it is evident that the most accurate value 
of TF will be obtained when Τ - TF. 

Thus (T-Tw)
 k

.
r
 --- 0. 

hc 

These conditions can be satisfied by : 

( 1 ) lagging the pipe so that Τ more nearly approaches Tw\ 

(2) increasing the convective heat transfer coefficient by (i) 
using thinner wires, (ii) increasing the velocity of flow 
(suction pyrometer) ; 

(3) by decreasing hr by having a radiation shield around the 
thermocouple (suction pyrometer). 

5 . 8 . UNSTEADY-STATE HEAT TRANSFER 

This is important in calculating the time taken for furnace 
walls to heat up or cool down, and in evaluating the time taken 
for ingots to reach soaking temperature when admitted to a 
furnace. 

The problem is best approached by taking a volume element 
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dX, dY, dZ with edges parallel to the coordinates shown in 
Fig. 5.16. 

Let the temperature at the point X, 7 , Ζ be Γ and at the point 
X+dX, Y + dY, Z+dZ be T+dT. 

F I G . 5.16. 

Then the rate of conduction of heat through the element 

/ dT\ 
= —k dY dZ -τ— I in the ^-direct ion, 

\
d x

) r z 

( ^ ~ \ in the F-direction, 
\
 d Y

 )zx 
-k dZ dX I 

- i f c dX dY in the Z-direction. 

The rate of change of heat content of the element is the loss 
of heat flow from XYZ to (X+ dX) (Y + dY) (Z+dZ). 

This is given by 

/ d
2
Τ \ / d

2
T 

kdYdZ[-^\ dX+kdZdX[~\ dY 

(8
2
T\ 

\dZ*f 

d
2
T\ 

+ kdXdY[ ~Λ dZ 

kdXdYdZ 
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However, the rate of heat gain is also equal to the heat capa-
city multiplied by the rate of temperature increase 

dT 
CpQdXdYdZ-^ 

Thus 

CPQ dX dY dZ 
dT 
et 

= kdXdY dZ 

k 

/d
2
T\ /d

2
T\ /d

2
T\ 

[δχϊ)γζ

+[θγηζχ

+{δζηχγ 

er 
dt 

ι e*T\ ι e
2
T\ / θ2τ\ 

[Έχϊ)ΥΖ + \-m)„+ [ dZ-J XY 

thermal diffusivity of the material . 

The above final equation cannot be solved directly since 
temperature is a function of bo th distance and time. 

Use of the Laplace transform 

The Laplace transform involves transforming the equation 
so that only the transform of Τ with respect to time is used in 
place of T. The equation then involves only the Laplace trans-
form θ and distance X. The Laplace transform is defined as 

oo 

0 = J Te-* dt, (1) 
ο 

where ρ is a parameter ; θ is now a function of Τ and t, but no 
longer of X. 

The basic differential equation to be solved is 

dT d
2
T 

~
 D

 ~ÂV2 (
D =

 thermal diffusivity), 
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then this becomes 

d
2
T θ

2
0 

dX
2
 dX

2 

Since 

ΒΘ 

W 

e t 

δθ 

J 
dT 
d t

 e
"

Pt
 ^ ^

r o m e c
l

n
- 0 ) L 

D 

Τ Q~
pt 

d 2 T 

CO 

+ρ^ε-?'Τώ = -Τ,=ο+ρθ. 

d t 

p6~Tl̂  = D 

Thus 

dX
2
 ' 

d
2

e 

dX
2
 " 

8W _ρθ_ΤΙ=ο 
dX

2
 D D 

= 0. (2) 

If the temperature is initially constant, Tt=0 = constant. The 
above equation is of s tandard form, viz. 

d
2
X 

dY
2 -ÂX+K = 0, 

and a solution can be obtained by the following method. 

Θ
2
Θ ρθ 

Let 

Initially, try 

thus 

so 

dX
2
 D 

β 

dX 

6
2
θ 

e x
2 

(2a) 

= e
m A

, 
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This satisfies eqn. (2a) if and only if 

*mX 
M2 emX_P^_ = 0 

Therefore m = 

The two solutions are thus 

AQ+V(P/D)X a n ci ßQ-v(p/D)x. 

Since the third term in eqn. (2) is a constant, then it will be 
assumed that θ = α (constant). 

This satisfies eqn. (2) if 

_ 4 « = * =
 T ,

= ° 

Therefore 

D~ D 

T t =0 

α = 
Ρ 

Hence the general solution to eqn. (2) is 

θ = A qV(P/D)X+b e-VipWX+T^op-
1
. (3) 

Thus 

— = A — eV(p/D)X-B JL t-y/(piD)x ($\ 
ex D D

 y} 

The temperature Τ which corresponds to this transform Θ 
may be found by reference to the Laplace transform, tables of 
which may be found in Carslaw and Jaegar. Equat ion (4) con-
tains two constants, A and B , and these have to be found using 
the boundary conditions applicable to the particular problem 
under investigation because they will in general involve the 
parameter p. This can only be carried out for a comparatively 
simple mathematical model, such as the unidirectional flow of 
heat through a body with plane parallel surfaces. If the dis-
tance apar t is L , the heat flow at right angles to the surfaces, 
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and the temperature initially constant at zero throughout the 
material, then the boundary conditions applicable will be : 

/ = 0; Τ = 0. 

t > 0; Τ = T' when X = 0. 

dT 
t > 0; = 0 when X = L. 

The exact mathematical solution of problems of unsteady 
heat transfer are difficult and often impossible. Because of this, 
other methods have been evolved. 

In the above case it can be shown (Coulson and Richardson) 
that 

N = 

N = 0 
erfc 2™±ϊ_ + erfc

 2
(

N
+ ^

L
~

X 

2<s/(D-T) 2<s/(D-t) 

Values of erfc A'are found in mathematical tables such as are 
included in Carslaw and Jaegar. 

The finite difference method (Schmidt's method) 

The variation of temperature Τ in any particular direction 
can be expressed by means of a power series : 

Τ = (ao + diX+azX^ + azX*. . . ) in the X-direction. 

By using Maclaurin 's theorem, Τ can be expressed at any 
distance from point Ο in terms of the differential coefficients 
of T = f(X) 2XX - 0. 

Tn = an 

(5)0
=ιχβι' therefore βι = @0' 

/d
2
T\ / d

2
T \ 

(äp) = i x 2 x e »'
 therefore ö 2 = M 1 X 2 -

/ δ
3
Γ \ /d

3
T 

\dX*)
 = 1 χ 2 χ 3 Χ Λ

3 ' therefore « 3 = U — 
•). X2X3 
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Hence the variation of Τ in the X-direction is given by the ex-
pression 

J — I O + I — + I I + 1 =
 1 

\dXj 1 \dX
2
J 1 X 2 \dX

3
J 1 X 2 X 3 " " 

The values of temperature at distance X = z l Z a n d X = — AX 
from the point of origin (equal distances in either direction) 
are given by (Fig. 5.17): 

τ = T 4 - ( ^ \ 4^^(^I\ (ΔΧ)2
 ι (83T\ W 1 0+\dx)0 1 \dX*)0 1 X 2 ^ X

3
/ 0 1 X 2 X 3 " " ' 

T = r - / Ώ W , (&Τ\ (AXf (ZlZ)
3 

3 0
 \ex)0 Ι

 +
 \ S J R V 0 i x 2 \ S J R V 0 1 x 2 x 3 ·*· · 

Neglecting fourth-power and higher terms, 

/Θ
2
Τ\ 

T,+T3 = 2Τ0+(ΛΧ)
2
^-ή , 

\dX
2
)0~ (ΔΧψ ~· 

Similarly, the value of (dT/dt)0can be represented by a differ-
ence equation 

(dT\ _ Tj-Tq 

[dt)0 At • 

It was shown earlier that 

dT d
2
T 

= D- ,T in the X-direction. 
tit tiX

1 

Thus 
Γ 4 - Τ 0 D(T,+T3-2To) 

At (AXf 

2D At 

(AXf 

T! + T3 -T0 (Fig. 5.18), 

' V— 1 
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F I G . 5 . 1 8 . 

If 
2D-At 

(AXf 
1 or At = 

(AXf 

2D 
(5) 

then AT = Τ / = 4- Γ ί = 0. 

This is the increment of temperature at section X0 during the 
time interval At = (TA-T0). 

Equation (5) can alway be satisfied by suitable selection of 
AX sind At using the thermal diffusivity of the material. 

Values of Τ at time t+At a t other sections of X can then be 
found. 

In the case of a furnace wall, initially at ambient temperature, 
one face being suddenly raised and maintained at high temper-
ature, this method will allow the temperature distribution at 
successive time intervals to be given by 

(AXf 
At = 

2D 
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To obtain the temperature at the junction of two planes 
within the wall at the end of any time interval a straight line 
is drawn connecting the temperatures of the two adjacent 
planes at the beginning of the interval. 

Solution of unsteady heat transfer by the use of dimensionless 
groups 

F o r a body of characteristic dimension L, initially at uniform 
temperature T0 exposed suddenly to surroundings at T', the 
temperature Τ a t any given time / a t distance X from the central 
plane can be combined with the other variables to give the 
dimensionless groups : 

Fo r slabs For cylinders or spheres 

T'-T T'-T 
Γ-T0 Γ-T0 

X r 

L ~R 

Dt Dt 
U W 

k k 
hL hR 

h = heat transfer coefficient from surface. 
L — semi-thickness of slab. 
X — distance from centre of slab. 
r = distance from axis of cylinder or centre of sphere. 
D = thermal diffusivity material. 
/ — time. 
R = radius of cylinder or sphere. 

Curves connecting these groups have been drawn by a num-
ber of workers. They are reproduced as Figs. 5.19, 5.20, and 

Y : 

Ν •-

Χ-

Μ •• 
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5.21. The numerical values of three of these groups must be 
found, and the fourth will then involve only one unknown 
which can be determined from the appropriate graph. Where 
there is no barrier to heat transfer at the surface, h becomes 
infinitely large and the fourth group becomes numerically 
equal to zero. 

F I G . 5 . 1 9 . Unsteady heat flow in slabs. 
(Reproduced by permission from Technical Data on Fuel, 6th edn., 1 9 6 1 , 
edited by H. M. Spiers; British National Committee, World Power 
Conference; from an original of Special Report 1 4 ( 1 9 3 6 ) , Iron and Steel 

Institute.) 
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F I G . 5.20. Unsteady heat flow in cylinders. 

(Reproduced by permission from Technical Data on Fuel, 6th edn., 1961, 
edited by H. M. Spiers; British National Committee, World Power 
Conference; from an original of Special Report 14 (1936), Iron and Steel 

Institute.) 
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F I G . 5.21. Unsteady heat flow in spheres. 

(Reproduced by permission from Technical Data on Fuel, 6th edn., 1961, 
edited by H. M . Spiers; British National Committee, World Power 
Conference; from an original of Special Report 14 (1936), Iron and Steel 

Institute.) 

D : C iFT 11 
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5 . 9 . HEAT LOST DURING A TEMPORARY 

SHUTDOWN OF A FURNACE 

The thermal storage in the refractory walls can be found 
from the mean temperature of the brickwork. 

Tx = ho t face temperature. 

Τ2 = cold face temperature. 

d = thickness of refractory brickwork. 

M = mass per m
2
 = volume X density. 

ÇTi + r 2 ) 
A -L ambient 

stored = MXCPXAT. 

Qs = (dXl)XqXCpX 

Q = density kg m~~
3 

= specific heat J kg 

When a furnace is shut off the heat loss per unit time will ini-
tially be the same as under steady-state conditions. This is given 
by 

_ driving force j s _ i 
thermal resistance 

After an infinite period the heat loss will be that which was 
originally stored in the brickwork. 

If the rate of heat dissipation is assumed to continue at the 
initial rate then the time in which all the heat stored is lost, 
t = QslQ-

The total heat lost in the shutdown period 

Go = ß , [ l - e - ' o / f ] j m -
2
, 

where t0 is the shutdown period. 

Heat stored 
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5 . 1 0 . HEAT TRANSFER CALCULATIONS 

E X A M P L E 5.1 

Calculate the time taken for a mild steel slab 0-6 m thick to 
attain a temperature of 1000°C when placed in a furnace at a 
temperature of 1200°C. It can be assumed that there is no bar-
rier to heat transfer a t the surface of the metal (h Ini-
tial ambient temperature = 20°C ; mean specific heat over the 
temperature range considered = 0-65 kJ /kg °C; thermal con-
ductivity = 27-634 W / m °C, density = 7-7X10

3
 kg /m

3
. 

Method 1. BY direct calculation (Fig. 5.22) 

2 L 

FIG. 5.22. Heat transfer in semi-infinite slabs 

The appropriate equation to use is 

\)
N
V erfc 

2LN+X 
2V(Dt) + erfc 

2(N+1)L-X 
2<s/(Dt) 

\)
N
T2 e r fc -

v (27V+1)L 
(when X = L). 

11* 
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Thus -4^- = 0-415 
f 0 - 3 ( 2 # + l ) 

2X0-002352/
1
/

2 

Error-function X-values may be obtained from mathematical 
tables, such are included in Carslaw and Jaegar, and for the 
value of X given above — 0-591. 

Thus 0-591 = 63-73 t~
1/2

 (when Ν = 0) as a first approxima-
tion. 

Therefore /1/2 = jj-3 -̂
r — 11,600 sec. f Answer.) 

Method 2. By the use of dimensionless groups 

T'-T 1 2 0 0 - 1 0 0 0 200 

Τ-To 1 2 0 0 - 2 0 1180 

k - »· 
Dt _ 0-0000055 Xt 

0-17, 

The first step is to make the initial temperature throughout 
equivalent to zero. 

Τ = 1 0 0 0 - 2 0 = 980°C. 

Τ = 1 2 0 0 - 2 0 = 1180°C. 

Τ 980 
Therefore — - ^ - 0-83. 

The thermal diffusivity 

k 27-634 c c ^ , 0 Λ 
D

= ^ = 0-65Xiœx7-7XÎœ =
 5

-
5 X l

° - °
 m 2 s

" -

Therefore Λ/D - 0-002352. 
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Using the appropriate curves, 

0-0000055 X / 
° '

7
^ " ~~ 0-3

2
 ' 

12,200 sec. (Answer.) 

Method 3. By Schmidt's graphical method 

The temperature at the end of each time interval is indicated 
by the number on Fig. 5.23. 

At 0-3 m distance, the temperature gradient must be zero 
(at the central plane). Therefore the line connecting the temper-
ature at the 0-24 and 0-36 m mark must be horizontal . 

Therefore At time intervals = between 38 and 39 = 38-5. 

_ (AXf _ 0-0036 _ 0-0018 
Δ ΐ

~ 2D * 2XD " 0-0000055 "
 ό όΌ 

Diffusivity D - 5-5 χ ΙΟ"
6
. 

Therefore time = 330Χ38-5 = 11,550 sec. (Answer.) 

E X A M P L E 5.2 

An ingot of temperature 1000°C is placed inside a furnace, 
the walls of which are maintained at 1500°C. The emissivity of 
the ingot = 0-75, and it behaves as a grey body while the walls 
of the furnace behave as a black body. 

Calculate the temperature indicated by a total radiation 
pyrometer when sighted upon the ingot. 

The observed temperature as indicated by the instrument will 
be higher than the actual temperature due to reflection from the 
walls of the furnace. 

Hence heat transferred from ingot to instrument 

= ^(r4got-r a

4

i r) + ( T / - ( n a l l - r a

4

i r) . 

Heat transferred = aeTfn̂ ot-\-arT^. 
(T*ir is small compared with the wall and ingot temperatures 
and can be neglected.) 

This must be equal to = ö T * b s e r v e d. 
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ëTfagot + ^^wall · 

0 · 7 5 Χ 1 2 7 3
4
+ 0 · 2 5 Χ 1 7 7 3

4
. 

1450 Κ. 

Temperature indicated = 1177°C. (Answer.) 

E X A M P L E 5.3 

State the Stefan-Boltzmann law of radiation, and define 
"black-body" and "grey-body" conditions. Calculate the radi-
ant heat transfer per metre run of pipe from a 150 m m diameter 
horizontal steam pipe carrying steam at 220°C across a room 
of average temperature 20°C. The surface temperature of the 
pipe may be taken to be the same as the steam, the emissivity of 
the pipe surface 0-8, and grey-body conditions applicable. 

What other mode of heat transfer would apply in this case? 
Stefan-Boltzmann constant = 5-67X 10~

8
 W / m

2
 K

4
. 

[HNC Metallurgy, Swansea College of Technology.] 

Q/s = 5 - 6 7 X l 0 -
8
X ( 4 7 3

4
- 2 9 3

4
) J / m

2
 = 1-936 k J / m

2
. 

1 m run of pipe = πΧ0 ·150Χ 1 m
2
 in area = 0-471 m

2
. 

Loss per metre run pipe = 0-471X1*936 = 911-85 J /s . 

( Answer.) 

E X A M P L E 5.4 

Calculate the heat loss per m
2
 per unit time through a wall 

consisting of 225 mm of firebrick of thermal conductivity 1 -442 
W/m s °C with a backing of 100 mm of insulating material of 
thermal conductivity 0-144 W / m s °C when the hot tempera-
ture is 1500°C and the ambient temperature is 20°C. 

The external surface coefficient of heat transfer can be taken 
as 14-195 W / m

2
 °C. 

[HNC, par t II, Institution of Metallurgists, specimen ques-
tion but with units changed.] 

Thus Tf observed 

'4 _ 
observed — 

^"observed
 = 

Τ4 
ο 
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Q/s per m
2 driving force 

thermal resistance 

1480 1480 

0"·] 776 + 0*693 + 0
:
07042 0

:
9410 

1573 J/s . (Answer.) 

E X A M P L E 5.5 

A furnace is constructed of 9 in. of magnesite brick of mean 
thermal conductivity 15 lb-cal/ft

2
 hr °C/in. It is desired to 

reduce the outside temperature to 400°C by using calcined dia-
tomite insulating material of mean thermal conductivity 1-3 lb-
cal/ft

2
 hr °C/in. as an additional outer layer. 

(a) What thickness of material will be necessary? 

(b) F r o m your knowledge of refractory materials and the 
temperature of the interface would this material be suitable? 

The heat transfer coefficient from the outer surface to air at 
20°C may be taken as 2-0 lb-cal/ft

2
 hr °C, and the inner wall 

temperature 1500°C (Fig. 5.24). 
[ H N D II, Metallurgy, Swansea College of Technology.] 

i500
e
C 400

e
c 

I _ I 

ïï"7 

F I G . 5 . 2 4 . 
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Λ ,t driving force 

< ?
/ hr

 - thern^d resistance 

( 1 5 0 0 - 2 0 ) / 7 ϊ1 7 Τ+ - Γ £ τ + -
 1 

1 5 X 1 ' 1-3X1 ' 2-0X1 

(400 — 2 0 ) / - ~ - J — r (steady-state conditions) 

760 

2-0X1 

= 3 8 0 x 2 = 760 Btu/f t
2 

- 1480 
~ 0^6 +{X/1-3)+ 0-5 

760-X 
1480 = 760X1-1 + 

1-3 

X = 1-09 in. {Answer (a).) 

^ i n t e r f a c e — 400 

^ f t 2 h r - 7 6 0 - i w W 

AT =
 7 6 0

*
 lW 

1-3 

AT = 637-2°C, 

înterface = 637'2 + 400 = 1037'2°C. 

This temperature would normally be outside the range for 
using diatomite insulation. (Answer (b).) 

EXAMPLE 5.6 

Indicate what is meant by the terms (a) counter-current, and 
(b) parallel-flow heat exchange in recuperators. 

A counter-current heat exchanger is required to heat 2500 lb 
of air per hour from 68°F to 1020°F. The heating gases enter 
the heat exchanger at 1660°F and at the rate of 3000 lb/hr. 
Calculate : 

(a) the temperature at which the heated gases leave the heat 
exchanger; 



154 CALCULATIONS IN FURNACE TECHNOLOGY 

68\ 

) 0 ib/h = 0 - 2 4 9 \ÖZ0°F 

MT°? I 660°F 

6000 i b / h C p = 0 - 5 b 

FIG. 5 . 2 5 . 

(a) Heat gained = heat lost. 

2500X0-249 X ( 1 0 2 0 - 6 8 ) = ( 1 6 6 0 - T ) X 3000x0-36. 

Τ = 1111-3°F. (Answer (a).) 

(b) Ο = υΑΘ„. 

θ,η = logarithmic mean temperature difference. 

ο - hzh 
"' 2-303 logio(0i /0 a) 

0! = 1111-3-68 = 1043-3°F. 

fl2 = 1660 -1020 = 640°F. 

_ 1043-3-640 
'"

 -
 T 3 0 3 logic (1043-3/640)" 

ρ / h r = 2500X0-249X953 

= 3000X0-36X648-7 

= 592,600 Btu. 

592,600 = 5 Χ Λ Χ 825-6. 

825-6 °F. 

(b) the approximate area of the surface of the heat exchanger 
given the overall heat transfer coefficient C/is 5 Btu/ft

2
 hr °F. 

Mean specific heats : of air, 0-249, of heating gases, 0-36 
Btu/lb °F (Fig. 5.25). 

[ H N C Metallurgy, Swansea College of Technology.] 
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Area of heat exchanger surface =
 5 9 2

'
6
° ° 

5X825-6 

143-5 ft
2
. (Answer (b).) 

E X A M P L E 5.7 

A horizontal pipe, of thermal conductivity 44-64 W / m °C is 
lagged with a 50 mm thickness of 85 % magnesia insulation of 
thermal conductivity 0-0576 W/m °C. If the pipe is 150 mm inter-
nal diameter, 180 mm outside diameter, calculate the heat loss 
per hour per metre run of pipe when the mean temperature of 
the gases flowing in the pipe is 260°C. The ambient temperature 
of the air may be taken as 20°C, and the combined radiation 
and convective external heat transfer coefficient from the out-
side surface to air at 20°C may be taken as 19-8 W / m

2
 °C. The 

inside film coefficient may be taken as 22-7 W / m
2
 °C. 

Estimate the external surface temperature of the lagging. 
[Fuel and Combust ion Engineering, Swansea College of 
Technology.] 

For the metal surface, since r2/ri is less than 1-5, it will be of 
sufficient accuracy to use the arithmetic mean radius 

7 5 + 90
 « Ο Σ ra = - — 82-5 mm. 

2 

For the insulating layer rm the logarithmic mean radius must 
be used. 

r2-n 1 4 0 - 9 0 
1 m

 2-303 log ( R 2/ R I ) 2-303 log (140/90)
 m m

* 

, T . . . driving force 
Heat lost per unit time — 

thermal resistance 

= 2 6 0 - 2 0 / ° '
1 5 

22 ·7ΧπΧ0·15 ' 4 4 · 6 4 χ π Χ θ · 1 6 5 

0-050 1 

0-0576 ΧττΧ 0-226 19·8ΧπΧ0·28 
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2-373 0-0935 + 0-0006 + 1 -2225 + 0-057 

= 101 W/s m run pipe. 

temperature drop over surface to air 

total temperature drop 

thermal resistance surface to air 

total thermal resistance 

240X0-057 
Thus AT 

2-373 

AT = 5-806°C. 

Surface temperature = 20+5-8 = 25-8°C. 

Alternatively, 

(Answer.) 

Qls = 
Τ surface to air 

resistance air film 

Τ 

0-057 
101 

Τ = 5-8°C. 

E X A M P L E 5.8 

(i) Explain carefully the advantages of counter-current flow 
operation over parallel-flow operation in heat exchangers. Indi-
cate in either case the data required to establish the relationship 
between the temperature of the heat exchanging fluids. 

(ii) Calculate the overall coefficient of heat transfer across a 
metallic parti t ion 60 mm thick when the film heat transfer 
coefficients are respectively 22-68 and 56-7 W / m

2
 °C. The ther-

mal conductivity of the partit ion is 20-9 W/m °C. 
[Institution of Metallurgists, Old Regulations, Fuels.] 

240 240 



HEAT TRANSFER 157 

U hi k h2 

_ 1 0-06 J_ 
"~ 2 ^ 6 8

 +
2&9

 +
5&7 

I = 0-0441 + 0-002865 + 0-01764 = 0-06457. 

U = 15-48 W / m °C. g n a w e r J 

EXAMPLE 5.9 

An electrically heated furnace of internal diameter 6 ft 6 in. is 
lined with a composite lining of 9 in. firebrick backed by 3 in. 
diatomaceous insulation, the heating elements being suspended 
vertically and not recessed into the firebrick. The coefficient of 
heat transfer from the external surface to the surroundings is 
2-3 Btu/f t

2
 hr °F and the properties of the firebrick and dia-

tomaceous insulation are as follows : 
Firebrick: thermal conductivity 7-5 Btu/f t

2
 h r °F / in ; density 

120 lb/ft
3
. 

Dia tomaceous insulat ion: thermal conductivity 1-5 Btu/ft
2 

hr °F/in. ; density 30 lb/ft
3
. 

Fo r a furnace temperature of 1000°C calculate: 

(i) the temperature of the firebrick-diatomaceous insulation 
interface ; 

(ii) the steady-state heat loss per uni t height of furnace from 
the external surface to the surroundings, ignoring end effects. 
The temperature of the surroundings is 20°C. 

l og e = 2-303 logio · 

[Institution of Metallurgists, Par t IV, A I M , Furnace Tech-

nology.] 
Λ „ driving force 
Q hr = - Ú-Î—; 

thermal resistance 

_ ( 1 0 0 0 - 2 0 ) X 1 - 8 
—
 thermal resistance ' 
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The question is slightly ambiguous, but for this calculation 
lining is taken to mean on the inside of the furnace. The 
arrangement of bricks and insulation must therefore be as in 
Fig. 5.26. 

F I G . 5 . 2 6 . 

For firebrick 

For diatomite 

r, 27 

Γ 2
 1-1. 

ri 

Therefore to calculate the area over which heat is being lost it 
will be sufficiently accurate to use the arithmetic mean radii in 
each case. 

For firebrick, 

thermal resistance = 
X 

2nrak\ 

9 

2*-32-1 
- 0-0726. 

For diatomaceous lining, thermal resistance 

3 
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Therefore 

(ii) g /h r—uni t height = 
( 1 0 0 0 - 2 0 ) X1-8 

0-073 + 0-103 + 0-021 

980X1-8 

0-197 
= 8954 Btu/hr— unit height. (Answer.) 

9854 = 
( 1 0 0 0 - Γ ) Χ ΐ - 8 

0-073 

T= 1000-363-1 

= 636-9°F the temperature of the interface required. 

E X A M P L E 5.10 

(i) Determine the surface heat loss per foot run of an insulat-
ed pipe, external diameter 6 in. The thickness of the insulation 
is 2\ in. The thermal conductivity of the insulation has a mean 
value of 0-44 Btu/ft

2
 hr °F/in. The pipe surface is maintained at 

a temperature of 480°F, and the ambient temperature is 68°F. 
The coefficient of the external surface conductance of the insu-
lation is 2-5 Btu/ft

2
 hr °F (Fig. 5.27). 

(ii) Write down but do not evaluate a numerical expression 
to determine the combined surface conductance due to convec-
tion and radiation to the atmosphere of a horizontal metal sur-
face facing upwards , given the following da ta : area, 100 f t

2
; 

temperature, 300°F; convection constant , 0-39; emissivity of 
surface, 0-82; ambient temperature, 70°F. 

h 2-5 

68°F 

R G . J 5 . 2 7 . 

http://Rg.J5.27
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Stefan-Boltzmann constant = 1-72Χ 1 0 "
9
 Btu/f t

2
 hr RA 

[City and Guilds Advanced, Fuel Plant Technology.] 

Λ „ driving force 
O / h r - f t run - - r — — ^ - r - . 
~" thermal resistance 

- 5 - 5 - 3 
r m

 ~ 5-5 
2-303 logio -y-

= 4-135 in. 

g / br = 412
/L /

 5
 4-135

 +
° '

1 3
Þ 

- 412 
" 2-624+0-139 ' 

ί / h r = 150 Btu/ft run. (Answer.) 

(ii) Q/hr radiat ion = 1-72X 1 0 "
9
X 1 0 0 χ 0 · 8 2 χ ( 7 6 0

4
 - 530

4
) . 

Τ/hr convection = 0-39X 1 0 0 χ ( 3 0 0 - 7 0 )
1 2 5

. 

EXAMPLE 5.11 

A parallel-flow heat exchanger constructed of metallic tubes 
is used to preheat air for combustion by means of the waste 
heat in the products of combustion of a gaseous fuel. The 
waste gases enter the heat exchanger at a temperature of 1470°F. 
The air enters at 70°F, and is to be preheated to a temperature 
of 720°F (Fig. 5.28). The preheated air is used to burn the gas, 
the products from which enter the heat exchanger. The air-fuel 
gas ratio is 4*57, and the products of combustion occupy 5-27 
vol. per volume of gas burned. The volume of excess air used in 
combustion is 10% of theoretical requirement. The mean speci-
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fie heats of the waste gases and the air are respectively 0Ό215 
and 0-0197 ft

3
 °F at N T P . The fuel gas is burnt at the rate of 

20,000 f t
3
/hr a t N T P . 

Determine (i) the temperature of the waste gases leaving the 
heat exchanger; (ii) the area of heat exchange surface required 
if the mean value of the heat transfer coefficients for the inner 
and outer surfaces of the tube elements are respectively 7 and 5 
Btu/ft

2
 hr °F (neglect addit ional air leakage or loss and external 

surface loss from the exchanger). 

loge = 2-303 logio. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Waste gas ^ |470°F X°F . 

Air 70*T 720°f-

FiG. 5.28. 

Α ίΓ
 4-57. 

Fuel 

Products of combustion 

volume gas burn t 
5-27 vol./vol. 

For each hour of operation 

Gas burnt = 20,000 ft
3
. 

Air to burn - 20,000x4-57 = 91,400 ft
3
. 

Excess air = 10% = 9140 ft
3
. 

Total air required = 91,400+9140 = 100,540 ft
3
. 

Products of combustion = 5-27x20,000 = 105,400 ft
3
. 

D : CIFT 12 
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Heat gained by air = heat lost by waste gases : 

100 ,540χΟ·0197Χ(720-70) = 1 0 5 , 4 0 0 χ 0 · 0 2 1 5 χ ( 1 4 7 0 - Γ ) . 

Τ = 598-2°F. {Answer (i).) 

Qfta = UAdm, 

= θι-θ2 

°
m
 2 - 3 0 3 1 ο Ε ι ο( θ ι / θ 2) ' 

θ1 = 1 4 7 0 - 7 0 = 1400°F, 

0 2 = 7 2 0 - 5 9 8 - 2 = 121-8°F, 

_ 1400-121-8 

'" ~~ 2-303 l o g 10 (1400/121-8) 

= 523-0°F. 

J_ - J_ _L 
U ~ fi!

 +
 h2 

1 1 
= y

+
y 

U = 2-91 Btu/f t 2 hr °F. 

100,540X0-0197X650 = 1,286,000 Btu 

2 - 9 1 X ^ X 5 2 3 . 

845-7 ft
2
. (Answer (ii).) 

ß / h r = 

Area = 

EXAMPLE 5 . 1 2 

A 3 in. (o.d.) pipe carries high-pressure ho t water at a tem-
perature of 300°F. Determine the heat loss from 1 ft run of pipe 
for a period of 3000 hr (a) when the pipe is unlagged and (b) 
when the pipe is lagged with a 2 in. thickness of insulation hav-
ing a thermal conductivity of 0 0 4 Btu/f t

2
 hr °F/ft. The com-

bined convective and radiative surface coefficients may be 
taken as 2-5 Btu/ft

2
 hr °F. Ambient temperature 60°F. 

[Institution of Metallurgists, Old Regulations, Fuels.] 
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Ο = ( 3 0 0 - 6 0 ) χ 3 0 0 0 / ( ^ ^ 

+ r) 
- 2-36 in. 

Q = 

2 ·5ΧπΧ(7 /12 )Χ 

3 -5 -1 -5 

2
T
303 logio (3-5/1-5T 

240X3000 

2-741 + 0-306 

185,400 Btu. (Answer (b).) 

EXAMPLE 5.13 

A steel pipe of 9 in. diameter and 0-375 in. wall thickness is 
covered with 2 in. lagging. The pipe carries steam at 500°F, and 
the surroundings are at 80°F. The heat transfer coefficient in-
side the pipe is 2500 Btu/f t

2
 hr °F, and from the outer surface of 

the lagging 1-6 Btu/ft
2
 hr °F. The thermal conductivity of steel 

is 25 Btu/ft hr °F and of the insulation 0 0 5 Btu/ft hr °F. 
Calculate the surface temperature of the lagging (Fig. 5.29). 

[City and Guilds Advanced, Fuel Engineering.] 

ri = 4-5 in. r2 = 4-875 in. r 3 = 6-875 in. 

12* 

Assume that the temperature inside pipe = 300°F. Since it is 
thin walled, the outside temperature can also be taken as 300°F. 

_ driving force 300—60 

thermal resistance (ϊ/2·5ν4) 

A = 2 Χ π Χ ^ ~ Χ 1 for 1 ft run. 

ί Λ κ α η η η . η ( 3 0 0 - 6 0 ) Χ 3000 Χ 2-5 Χπ Χ 3 
(a) For 3000 hr, Q

 = ^ 

- 1,413,600 Btu. (Answer (a).) 

(b) With lagging 

2/12 
tXrmXl 

1 
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F I G . 5 . 2 9 . 

Thus r2/ri and r 3/ r 2 are both less than 1-5 and the arithmetic 
mean radii may be used to calculate areas. 

For metal wall 

For lagging 

4-5 + 4-875 
ra = = 4-687 in. 

6-875 + 4-875 . 
ra = - = 5-875 in. 

Λ „ driving force 
O/hr = zr^— -

thermal resistance 

( 5 0 0 - 8 0 ) 
1 

2500π(9/12)
 +
 25π2(4·687/12)

 +
 0·05π2(5·875/12) 

0-375/12 2/12 

+ 
1 

1 - 6 7T2 ( 6 - 8 7 5 / 1 2 ) J 

4 2 0 

Ö-00017 + 0-00012 + 1 -083 + 0-173 

420 

1-256 " 

It is evident that the first two terms may be neglected. 

β / h r = 334-5 Btu/ft run. 

ρ / h r = 334-5 = 
0-173 

AT = 57-8°F. 

Therefore temperature surface = 57-8 + 80 - 137-8°F. (An-
swer.) 
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E X A M P L E 5.14 

Give an account of the application of dimensionless groups 
in the problems of convective heat transfer. 

(i) Determine the average film coefficient of heat transfer in 
the case of a gas flowing at a mass rate of 650 kg/hr through a 
parallel nest of fifty tubes, each 25 m m i.d., immersed in a 
medium at 235 °C, the gas entering at 25°C. 

(ii) Show how the overall heat transfer coefficient and further 
information required is used to predict the performance of the 
recuperator. 

Nu = 0-023 Jfa*-
8
iY°-

3 3
. 

Specific heat at constant pressure = 1-06 kJ /kg °C. 
Thermal conductivity = 0 0 2 7 7 W / m °C. 
Density = 1-121 kg /m

3
. 

Viscosity = 0-0227 m N s/m
2
. 

[City and Guilds Advanced, Fuel Plant Technology; units 
changed.] 

650 
Mass rate per tube =

 5 0 χ 3 ωο = kg/s . 

Mass rate of flow G =

 UAq, 
G 

Und
2
q 

4 

AG 

nd 
Udq 

Re 
Udq 

μ π άμ
 9 

AG 

(Re)
0
* 

4X0-00361 0-8 

π Χ 0-025 Χ 0-0227 Χ Ι Ο
- 3 

1345. 
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hd 

Ύ 

h 

(W 
/1-06X1000XQ-Q227X 1 0 ~

3
\ ° ·

33 

\ " 0-0277 ~ ) 

0-8837. 

0-023X1345X0-8837, 

0-023X 1345X0-8837X0-0277 
0-025 

h = 30-16 W / m °C. (OÎAtswerJ 

EXAMPLE 5.15 

A building is to be heated by means of radiators connected to 
a two-pipe riser L P H W system. It is required that the inside 
temperature be maintained at 60°F when the outside tempera-
ture is 30°F. 

(a) Calculate the heat loss from the building from the follow-
ing details : 

Window area 600 ft
2
 U value 1 0 Btu/ft

2
 hr °F. 

Wall area 1400 ft
2
 U value 0-3 Btu/ft

2
 hr °F. 

Roof area 2400 ft
2
 U value 0-33 Btu/ft

2
 hr °F. 

Floor area 1800 ft
2
 U value 0 1 Btu/ft

2
 hr °F. 

Volume of building 30,000 ft
3
. 

Air change 2 per hr. 
Density of air 0 0 7 6 lb/ft

3
. 

Specific heat of air 0-24 Btu/lb °F. 

(b) Determine the amount of heating surface required if: 

Boiler flow temperature = 180°F. 
Boiler return temperature = 160°F. 
Temperature drop through radiators = 20°F. 
Radia tor emission = 1-6 Btu/ft

2
 hr °F. 

Ignore pipe emission. 
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thermal resistance 1 jUA ' 

Ô/hr - ATUA. 

Window loss = 30X 1 X 600 - 18,000 Btu 
Roof loss = 30X0-33X2400 = 23,760 Btu 
Wall loss - 30X0-3 X1400 = 12,600 Btu 
Floor loss = 3 0 x 0 - 1 X 1800 = 5,400 Btu 

59,760 Btu 

Weight of air removed per hour = 3 0 , 0 0 0 x 2 x 0 - 0 7 6 lb. 

Heat lost by air = 3 0 , 0 0 0 X 2 x 0 - 0 7 6 x 0 - 2 4 x 3 0 (mst) 

- 32,832 Btu. 

(a) Total heat loss per hour = 92,592 Btu. (Answer.) 

Emission from radiators = 1-6X20 = 32 Btu/f t
2
 hr. 

92 592 
(b) Heating surface required = — = 2893 ft 2. (Answer.) 

E X A M P L E 5.16 

Describe the characteristics of the materials used in the 
construction of an arched furnace. 

A furnace wall 345 mm thick is found to have an external 
temperature of 230°C when the inside temperature is 1100°C. 
Calculate : 

(a) the heat loss under these conditions ; 

(b) the thickness of the insulation required to reduce the 
heat loss to 800 J / m

2
 s and the external temperature to 80°C; 

(c) the temperature of the interface. 

Assume that the conductivities for firebrick and insulation 
are 1-44 W / m °C and 0 1 7 W / m °C respectively. 

[Institution of Heating and Ventilating Engineers, Section B, 
Principles of Heating, Combust ion and Air Conditioning.] 

Λ ,t driving force AT 
Q/hr = 
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Ô /S = 

ρ / s - m
2
 = 

800 = 

800 = 

driving force 

thermal resistance ' 

1 1 0 0 - 2 3 0 870 

0-345/1-44 0-24 

3625 W. (Answer.) 

1 1 0 0 - 8 0 

(0·345/1·44)+(χ/0·17) 

1020 

0·24 + (χ/0·17) 

800x 
1020 = 800 X 0-24+ 

χ = 0-176 m = 176 mm. (Answer.) 

800 = = 192°C. 

8 00
 = , 0 , 7 6 / 0 , 7 ) =

 8 2 8
°

C
-

Interface temperature Τ = 908°C. (Answer). 
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Heat Balances 

6 . 1 . INTRODUCTION 

A heat balance is a useful guide to the assessment of the fuel 
efficiency of a furnace or boiler installation. The performance 
of a heating unit can be expressed in a number of different 
ways. For example, a boiler rating may be expressed as pounds 
of fuel used per pound of steam raised, or as in open-hearth steel 
melting practice, as pounds of fuel per ton of steel produced. 
This method is useful when comparing different appliances 
under exactly the same conditions or when employing different 
furnaces performing the same operation, but under different 
conditions it is necessary to refer all performance data to some 
standard. The s tandard generally used is the ratio of weight of 
fuel which is actually used to carry out the operation, to that 
actually used in industrial practice. Alternatively, the quantity of 
heat theoretically required to perform any particular operation 
must be fixed thermodynamically and this can be compared 
with the actual energy used in practice. Fo r example, 1 lb of 
water at 212°F and at 1 a tm pressure requires a minimum of 
970· 1 Btu to produce 1 lb of steam at the same temperature and 
pressure. Thus the value of 970· 1 Btu may be compared with 
the energy actually used to produce 1 lb of steam under these 
conditions, whatever form of energy is used. These methods of 
assessment are useful, and give an index of plant efficiency but 
they do not show where inefficiencies, if any, occur. This is best 
shown by conducting a detailed breakdown of the total energy 
entering and leaving the system in the form of a heat balance. 
Heat balances are constructed on the basis of some unit, which 

170 
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may be one hour or the time necessary to complete one cycle of 
operation, o rupon aun i t of material manufactured or processed. 

A heat balance will consist essentially of the following infor-
mation. 

Input 

(a) Chemical energy of the fuel. Here it must be decided 
whether to use the net or gross calorific value of the fuel. 
If the gross value is used then unless the latent heat of 
condensation of steam can be utilized the efficiency of 
the process will be lower than if the net value is used. 

(b) The sensible heat of the fuel above some datum level, 
usually taken as room temperature or STP. 

(c) The sensible heat of the combustion medium, also at 
STP. 

(d) The sensible heat of the material being processed, also at 
STP. In boilers charged with fuel a t room temperature 
this will be small, but in steel-melting furnaces receiving 
hot metal charges this energy represents a significant 
contribution to the input. 

(e) Electrical or mechanical energy supplied to such auxili-
aries as pumps and fans, to the grate in chain grate 
stokers, and to the compressor in an air atomized liquid 
fuel. 

(f) The heat evolved during any exothermic reactions. 

Output 

(a) The total heat content of the material which leaves the 
appliance. This includes both sensible and latent heat. 
Once again it is taken above an arbitrary datum level 
(STP). 

(b) The total heat content of all the combustion products . If 
waste gases are used to preheat air and /o r fuel, their heat 
content must be taken at the final point before discharge 
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into the atmosphere. This will include sensible heat of the 
gases; any undeveloped heat such as the presence of un-
hurried carbon, carbon monoxide, hydrogen, etc., leaving 
the system. It also normally includes the latent heat in 
the steam. If, however, the net calorific value of the fuel 
is used, then the latent heat from the combustion of 
hydrogen in the fuel should not be debited here, as it has 
already been considered "not available". 

(c) Heat losses from the structure by conduction through the 
walls and then by convection and radiation to surround-
ings. 

(d) Heat which is stored in the structure of the furnace. 

(e) The heat absorbed in any endothermic reactions. 

(f) Losses in cinder when burning solid fuel, cooling water 
losses such as occur when cooling water is used to prolong 
the life of refractories. Losses by radiation through open 
doors, and in bogies, etc., in conveyor-type furnaces. 

The actual construction of a heat balance for any p lant 
is difficult, and invariably many assumptions have to be made. 
Mos t balances are constructed by dividing the plant into sec-
tions and carrying out a detailed analysis of the heat require-
ments of each section. 

6 . 2 . SANKEY DIAGRAMS 

The Sankey diagram is a graphical representation of a heat 
balance which indicates clearly the energy distribution. Sankey 
diagrams are based upon the assumption that it is possible 
to make a complete heat balance for all stages of a process; 
the heating medium arrives and leaves at each stage with a 
known energy content. A known amount of heat is given to 
the material being processed, and a known amount to the 
furnace structure. An outline diagram is then made of the 
system showing the various parts and their interconnect ion. 
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The flow of energy is then represented in the diagram as a 
stream flowing through the system. If the units of energy are 
expressed in terms of pounds of coal, cubic feet of gas, or 
gallons of oil per unit weight of product , then two furnaces 
producing the same product can be readily compared. 

FIG. 6.1. Sankey diagrams for Table 9 

The heat balance and Sankey diagrams for the production 
of steel by the open-hearth process are given in Tables 8, 9, 
and 10 and in Fig. 6 .1 ; a heat balance and relevant Sankey 
diagram is included in Table 11 and in Fig. 6.2 for the pro-
duction of iron in a blast furnace. These two examples clearly 
indicate the usefulness of both heat balances and Sankey 
diagrams. 
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EXTERNA 
losses Ef-

Heat 
4pin s lag ? 

Heat ßiast 
input Furnace 

m coke F 

jncil larse J 

H e a t IN surplus 

gas M 

FK.. 6.2. Sankey diagrams for Table 11 
(FIG. 6.2 AND TABLE 11 REPRODUCED FROM LECKIE AND WARING, J. Inst. Fuel, 1961, P. 414.) 

T A B L E 8. E L E C T R I C A L E N E R G Y C O N S U M E D P E R C H A R G E 

P E R H O U R 

kW BtuXlO
6 

Waste gas fan 150 0-511 
Air fan 15 0-051 
Cooling water for oxygen guns 58 0-200 
Other cooling water 54 0-185 
Chargers, cranes, etc. small 

1 
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TABLE 9. BtuXi0
6
/ION STEEL PRODUCED FOR THE PERIOD 

START CHARGE TO TAP 

60% hot 
metal 

40% hot 
metal 

Cold charge 

with-
out 

o2 

with 
O 2 

with-
out 

o2 

with 

o2 

with-
out 

o2 

with 

o2 

Furnace laboratory 
In fuel 2-87 2-18 3-34 2-34 4-84 4-53 
Air preheat 1-21 0-75 1-35 0-79 1-81 1-45 
Hot metal 0-46 0-46 0-32 0-32 nil nil 
Bath reactions 

Fe FeO burnt 0-20 0-24 0-22 0-26 0-31 0-48 
C CO 0-21 0-21 0 1 6 0-16 0-18 0 1 8 
Si S i 0 2 0-18 0-18 0-13 0 1 3 015 015 
P P 2 O 5 0-04 0-04 0 0 3 0 0 3 0 0 4 0 0 4 
Mn MnO 0 0 6 0 0 6 0 0 5 0 0 5 0 0 4 0-04 

Fe-FeO slag 0-14 0-14 0 1 4 0-14 0-14 0 1 4 
( C a O ) , P 20 5 0 0 3 0 0 3 0 0 2 0 0 2 0 0 3 003 
(CaO) 2Si0 2 0 0 3 0-03 0 0 2 0 0 2 0 0 2 0 0 2 

co-co2 

0-57 0-57 0-41 0-41 0-46 0-46 
Burner steam 003 001 0 0 3 001 0 0 5 0 0 2 

6-03 4-90 6-22 4-68 8-07 7-54 

Out steel 1-32 1-32 1-32 1-32 1-32 1-32 
Slag 0-21 0-21 0-20 0-20 0-21 0 21 
Waste gas 2-56 1-76 2-98 1-81 4-12 3-42 

Water cooling 0-34 0-29 0-39 0-30 0-53 0-55 
Surface loss 0-78 0-56 0-88 0-59 1-18 1-08 
Losses to boxes and radia-

tion 0 0 6 0 0 4 007 0 0 4 0 1 8 0 1 8 
Reactions F e 20 3- F e 0-43 0-33 0 1 2 0 0 6 015 0 1 5 
CaCOy-CaO 007 0-05 007 0 0 7 nil nil 
Unaccounted 0-26 0-34 0 1 9 0-29 0-38 0-63 

6-03 4-90 6-22 4-68 8-07 7-54 

Waste-heat boilers 
In waste gas entering 1-26 0-88 1-41 0-94 1-90 1-73 
Out gas leaving 0-61 0-43 0-68 0-46 0-93 0-86 
Steam raised 0-61 0-45 0-72 0-48 0-98 0-89 
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T A B L E 10. (Legend Sankey diagram Fig. 6.1.) BtuXlO
f ,
/ton 

S T E E L P R O D U C E D F O R T H E P E R I O D S T A R T C H A R G E T O T A P 

60% hot 
metal 

40% hot 
metal Cold charge 

with-
out 

o2 

with 

o2 

with-
out 

o2 

with 

o2 

with-
out 

o2 

with 

o2 

Diagram number 1 2 3 4 5 6 
a Air preheat 1-21 0-75 1-35 0-75 1-81 1-45 
b Fuel and steam 2-90 2-19 3-37 2-35 4-89 4-55 
c Hot metal 0-46 0-46 0-32 0-32 — — 
d Bath reactions 1-46 1-50 1-18 1-22 1-37 1-54 
e Decomposition of ore 

and stone 0-50 0-38 0 1 9 013 015 015 
f Heat in slag 0-21 0-21 0-20 0-20 0-21 0-21 
g Heat in steel 1-32 1-32 1-32 1-32 1-32 1-32 
h Steam raised 0-63 0-45 0-72 0-48 0-98 0·89 
j Waste gas leaving boiler 0-61 0-43 0-68 0-46 0-93 0-86 
k Heat loss from regener-

ator flues and boiler 
(by difference) 011 013 0-23 0 1 2 0-40 0-22 

m Surface losses and radi-
ation 0-84 0-60 0-95 0-63 1-36 1-26 

η Water cooling losses 0-34 0-29 0-39 0-30 0-53 0-55 
Ρ Losses unaccounted 0-26 0-41 0 1 9 0-29 0-38 0-63 
q Waste gas leaving fur-

nace 2-56 1-76 2-98 1 -81 4-12 3-42 

(Tables 8, 9, and 10, and Fig. 6.1 reproduced from Mayorcas and McGre-
gor, / . Inst. Fuel, 1961, p. 153.) 
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6 . 3 . EXAMPLES 

E X A M P L E 6.1 

Determine the heat balance of a boiler installation, given 
the following data : 

Coal composition, ash free basis; C, 88-5; Η, 4-7; N , 1-5; 
0 , 4 - 6 %. As-used basis : moisture, 13-6 ; ash, 14-9 % ; gross CV, 
10,880 Btu/ lb. Fuel fired, 903 lb/hr . Actual evaporation, 
5754 lb/hr . Steam: pressure, 81 lb / in

2
 g, final temperature 

325°F. Flue gases: temperature leaving boiler, 617°F; analysis, 
C 0 2 , 9-82; 0 2 , 9-48%. 

Ashes and clinker, 197 lb /hr ; percentage combustibles, 
37-6. Gr i t emission: percentage of fuel fired, 2-88; percentage 
combustibles in grit, 51-2. Discuss the results. 

Mean volumetric specific heat of products of combustion 
0-205 Btu/°F ft

3
 a t N T P . 

[City and Guilds Advanced, Fuel Plant Technology.] 

The carbon content of 100 lb of coal is calculated from the 
analysis. 

C = = 7-37 lb-mol, 

H 2 = -ί?- = 2-35 lb-mol, 

C Q 2 = 9-82 =

 a m O U

t

n t

t 7
r b o n x 100. 

total 

Carbon used in as-fired coal 

amount X ( 1 0 0 - 1 3 - 6 - 1 4 - 9 ) 

100 

Total volume dry flue gas 

a m o u n t X 0 - 7 1 5 x 3 5 9 

9 . 8 2 . 
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Carbon gasified: 

Carbon available as-fired = 7-37x0-715 = 5-271b-mol/1001b 

coal fed. 

Feed/hr = 903 lb. 

903 Y 5-27 
Carbon available per 903 lb ~ — =

 4 7
'

5 8
 lb-mol. 

100 

Carbon in ashes and clinker 

197XO-376XO-885 
— (88-5% = C in coal) lb-mol. 

- 5-46 lb-mol. 

_ u . . . 903X2-88X51-2XO-885 
Carbon lost in grit = îSxIôôxïrô 

- 0-982 lb-mol. 

Carbon gasified per hour = 47 -58 - (5-46-f 0-98) 

- 41-4 lb-mol. 

u 41-4X100X359 
Volume of dry flue gas = 

9*82 
- 150,400 ft

3
 at N T P . 

T o this must be added the moisture present as such and 
from the combustion of hydrogen. 

2 H 2 + 0 2 - 2 H 2 0 . 

In 100 lb as-fired coal, moisture = 2-35X0-715 lb-mol. 

_ t 2-35X0-715X359X903 
Per hour = — = 5448 ft

3
. 

Moisture present as such per hour = 13-6 lb/100 lb 

= i l l lb-mol/100 lb 
l o 
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13-6X903X359 

183 

f t
3
 at N T P 

18X100 

= 2449 f t
3
 at N T P . 

Total volume products of combustion 

= 150,400+5448+2449 f t
3
 a t N T P . 

T A B L E 12. P E R H O U R 

Heat available Heat in steam Heat losses 

= 10,880X903 From steam tables As sensible heat 
= 9,824,000 Btu = 1185X5754 = 158,297x0-0205 

X (617-60) 
- 6,819,000 Btu = 1,772,000 Btu 

As "unburned coal" 
= 197X0-376X10,880 

.= 806,000 Btu 
As "unburned fuel in 

grit" = 903X00288 
X0-512X 10,880 

= 144,900 Btu 
Total loss 

- 2,722,900 Btu 

Heat input = 9,824,000 Btu. 
Heat losses -f- heat in steam 9,541,900 Btu. 

E X A M P L E 6.2 

A furnace hearth of dimensions 2 m X 4 - 5 m is used inter-
mittently for firing a charge of stock to a minimum tempera-
ture of 920°C. The heating time is 8 h. When the stock is 
being heated with an average hear th loading of 58 k g / m

2
 of 

hear th per hour the gaseous fuel is burned a t the rate of 
77 m

3
/ h at N T P . The composit ion of the gaseous fuel is C O , 

10; C H 4 , 24 ; H 2 , 50; C 2 H 4 , 3 % , remainder N 2 . The tempera-
ture of the offtake gases when the charge is withdrawn is 
700°C, the furnace being cold when started up . The average 
content of carbon dioxide of the dry exhaust gases is 10%. 
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Determine a heat balance of the furnace given the following 

Mean specific heat of stock = 0-7 kJ/kg °C. 
Mean volumetric specific heat of the exhaust gases = 
1-34 kJ/m

3
 °C at NTP. 

Temperature of shop atmosphere = 20°C. 
Gross CV of combustible gases, respectively = 12-7, 39-7, 
12-8, 62-2 MJ/m

3
 at NTP. 

[Institution of Metallurgists, Old Regulations, Fuels; units 
changed.] 

Heat taken up by the metal over 8 h = mass X specific 
heat X temperature range. 

Mass metal heated = 5 8 χ 8 χ 4 · 5 χ 2 = 4176 kg. 

Heat to metal = 4 1 7 6 χ 0 · 7 χ ( 9 2 0 - 20) = 2630-7 MJ. 

Calorific value of gas = 0-24X39-7+0-5X 12-8+0-lOX 

The combustion products from 100 m
3
 are found: 

C H 4 + 2 0 2 = C 0 2 + 2 H 2 0 ; 

2 H 2 + 0 2 = 2 H 2 0 ; 2 C O + 0 2 = 2 C 0 2 ; 

C 2 H 4 + 3 0 2 = 2 C 0 2 + 2 H 2 0 . 

Theoretical oxygen = 4 8 + 2 5 + 5 + 9 = 87 m
3
. 

data: 

Χ12-7+62-2X0-03 

= 9-528+6-4+0-127+1-866 

= 17-921 MJ/m
3
. 

Air 
87X100 

21 
= 424 m

3
. 

%co2 

volume C 0 2 X100. 
total volume 

COa 

N 2 

6 + 2 4 + 1 0 = 40 m
3
. 

337(ΓΛ)+13 = 350 m
3
. 
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Heat input Heat output 

Heat in gas Heat to stock - 2630 MJ 
= 17-92X77X8 Heat lost in flue gases 
- 11,026 M J = 2830 MJ 

E X A M P L E 6.3 

Give an account of the laws of heat transmission applicable 
to the fire tubes of a waste heat boiler, citing the type of equa-
tions applicable to the calculation of the heat transmission 
and the pressure d rop in the tubes. 

In a trial of a waste heat boiler with superheater the follow-
ing data relating to its average performance were obtained. 

Actual rate evaporation, 4000 lb/hr. 
Steam pressure 180 lb / in

2
 g. 

Rate of flow of furnace gases, 50,000 lb/hr . 
Temperature of gases at inlet to boiler, 850°F. 

Excess air = a m
3 

40 
10Ό = — — X 1 0 0 . 

3 9 0 + a 

û = 1 0 m
3
 a t N T P . 

Volume of H 2 0 = 6 + 48 + 54 = 104 m
3
. 

Total volume of flue gases per 100 m
3
 gas burned 

= 3 9 0 + 1 0 + 1 0 4 = 504 m
3
. 

Volume products of combustion during 8 h period 

5 0 4 X 7 7 X 8 3 
= — = 3105 m

3
. 

Hea t lost = 3105Χ 1-34 X ( 7 0 0 - 2 0 ) - 2830 MJ . 
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Heat input Heat output 

Heat abstracted from gases Heat in steam 
6,240,000 Btu = 5,120,000 Btu 

Heat in feed water = 632,000 Btu 
Total = 6,872,000 Btu 

EXAMPLE 6.4 

In commissioning an oil-fired continuous recuperative fur-
nace, tests were carried out to determine its performance. The 
effective hearth was 9 m wide and 12 m long and the furnace 
consumed 20*31/s of oil when heating cold steel billets to rolling 
temperature at a rate of 250 k g / m

2
 of hearth per hour . 

The heat absorbed by the charge was 1050 kJ /kg and the 
gross and net CVs of the oil were 44-04 and 41-24 MJ /kg 
respectively; its specific gravity was 0-95. 

The sensible heat content of the combustion products dis-
charged from the furnace was 15-145 MJ /kg of oil burned; 
of this 3-495 M J were usefully returned from the recuperator 

Temperature of gases at outlet to boiler, 460°F. 
Temperature of superheat of steam, 530°F. 
Temperature of feed water, 190°F. 

Derive a heat balance of the plant and discuss its implica-
tions. 

Mean specific heat of the gases, 0-32 Btu/lb °F. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Actual evaporation = 4000 lb/hr . 

Steam pressure = 1 8 0 lb / in
2
 g. 

Heat in steam = 4000x1280 = 5,120,000 Btu. 

Hea t in feed water = 4 0 0 0 X ( 1 9 0 - 3 2 ) X 1 = 632,000 Btu. 

Hea t ingases - 50 ,000X0-32X(850-460) - 6,240,000 Btu. 
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to the furnace in supplying preheated air to the burners. F rom 
the above data calculate : 

(i) the total hourly rate of loss of heat from the furnace 
chamber ; 

(ii) the overall thermal efficiency of the furnace; 

(iii) the increase in oil consumption necessary if the recu-
perator had been bypassed and no waste heat recovered 
(all other conditions stated above) ; 

(iv) the effect of the recuperator on the cost of oil per tonne 
of steel heated, assuming the price of oil to be 1 p/1. 

[Institution of Metallurgists, Par t IV, Furnace Technology; 
units changed.] 

Assuming that the furnace is in operation for 1 h : 

Effective hear th area = 9X12 = 108 m
2
. 

Weight of billets heated = 250x108 = 27,000 kg. 

Heat absorbed by charge = 27,000X 1050 = 28,350,000 kJ. 

Oil consumed = 20-3 1/s. 

Oil consumed per h = 20-3X3600X 10~
3
X 1000x0-95 

kg/h (density of water = 1000 kg /m
3
) . 

Oil consumed per h = 694-26 kg/h . 

Heat released by fuel = 41-24x694-26 - 28,631,000 kJ. 

The heat available in the furnace will be the net calorific 
value of the fuel plus any sensible heat in the oil and preheated 
air less the heat carried away in combustion products and 
radiation losses. 

Sensible heat lost in combustion products 

= (15-145-3-495)X694-26 - 8,088,169 kJ. 

Heat returned to furnace in preheated air = 3-495X694-26 
= 2,426,440 kJ. 
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In 1 h o u r : 

Heat input to furnace Heat output 

Heat in fuel = 28,631,000 kJ Heat to charge 
= 28,350,000 kJ 

Heat as sensible heat in air Heat lost as sensible heat 
= 2,426,440 kJ = 8,088,169 kJ 

Total = 31,057,440 k J Total = 36,438,169 kJ 

It would appear from these figures that energy may be 
"created". However, a more logical explanation is that the 
data given have not been complete, and there is probably an 
exothermic heat release in the furnace. 

Hourly rate of heat loss = 8088 MJ . (Answer (i).) 

Efficiency is a most difficult parameter to define for metal-
lurgical furnaces. Overall thermal efficiency could be expressed 
as the heat entering the charge as a percentage of the gross 
potential heat in the fuel. 

In 1 h heat to charge = 694-26x44-04 = 30,549 M J. 
yo OCA 

Efficiency = X100 = 9 2 % . {Answer (ii).) 

Hea t saved as a result of recuperation = 2426-4 M J . 
Ne t CV = 4 1 - 2 4 MJ/kg . 

Increase in oil consumption = ^^24
 =

 ^ ^ê-

(Answer (iii).) 

Since oil costs 1 new penny per litre then the saving 

= 1 Χ 1 0 -
3
Χ 1 0

3
Χ 0 · 9 5 = 0-95 new pence/kg oil 

0 -95X58X10
3 

==
 27 000

 n CW p e n ce p er t o n ne 

= 2-1 new pence per tonne of metal heated. (Answer(i\).) 
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C H A P T E R 7 

Furnace Aerodynamics 

7.1. INTRODUCTION 

In the chapter on heat transfer reference was made to the 
analogy of heat flow with the flow of electrical current in 
a circuit. In a similar way an analogy can be made for the flow 
of gases in a furnace. 

Frictional resistance due to 
walls and changes of section 

The atmosphere 
Furnace flues 
Volume of gases flowing 

Pressure inside furnace rela-
tive to atmosphere 

Aeromotive force generators; 
chimneys, fans, etc. 

Electrical resistance 

Ear th 

Electrical circuit 
Quanti ty of electric current 

flowing 
Potential relative to earth 

Batteries, electric genera-
tors 

This analogy is very useful in understanding many problems 
relating to furnace aerodynamics. 

7.2. FRICTIONAL RESISTANCE TO FLOW 

A fluid is unable to support a shearing stress and, if such a 
force is applied to a liquid, layers in the fluid move with respect 
to one another. This results in a velocity gradient at right 
angles to the direction of flow. 

If the velocity is F at a distance X from the solid surface, 
the velocity gradient is dV/dX. If the flow is steady there is no 

190 
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acceleration and an equal and opposite drag force will be 
exerted. This drag is a force per unit area of the layer, and is 
equal to X(dVjdX)\ λ = constant for each fluid and is referred 
to as the coefficient of viscosity of the fluid. 

λ _ (force)XL 

(area) (velocity) 

λ = ML-W-
1
. 

The C G S unit of dynamic viscosity is referred to as the poise. 
The ratio of dynamic viscosity to density is known as kinematic 
viscosity. The kinematic viscosity in C G S units is known as 
the Stoke. The name Poiseuille (PI) has been given to the SI 
unit of dynamic viscosity (Ns/m

2
) . [ 1 0 ~

3
 N s / m

2
 = 1 cPoise 

and ΙΟ"
6
 m

2
/ s = 1 cStoke.] 

Stream-line and turbulent flow 

Stream-line flow can be defined as the flow of fluid such 
tha t each pa th in the fluid is steady, there is no motion at 
right angles to the direction of flow. Turbulent flow occurs 
when the motion consists of changing eddies, i.e. there is bulk 
motion a t right angles to the direction of flow. 

Sir Osborne Reynolds found that the velocity a t which the 
flow changed from stream-line to turbulent flow depended 
upon the fluid density, fluid viscosity, and diameter of the tube 
in which flow was taking place. 

(velocity) = kX (density)
0
 X (viscosity)

6
 X (diameter)

6
, 

L T -
1
 = kXM

a
L-z«XM

b
L-

b
T-

b
XL

c
, 

L T
1
 = kM

a
+

b
L

c
~

b
-

3a
T~

b
. 

Using the technique of dimensional analysis 

a + b = 0 , 

c—b — 3a = 1 , 

6 = 1 . 

Thus a = - 1 , b = 1 , c = - 1 . 
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Thus critical velocity = 
A: X viscosity 

density X diameter 

k = 
velocity X density X diameter 

viscosity 

= Reynolds number (Re). 

It was found that below values of 2000 the flow was stream-
line, and above about 2500 it was turbulent. 

Bernoulli's theorem 

When an incompressible fluid is in steady flow along definite 
stream-lines the work done by pressure Ρ per unit volume of 
fluid in crossing any given cross-section of a stream-tube 
bounded by stream-lines is P. If the pressure varies, then an 
equivalent amount of energy must be added to or removed 
from the fluid. If the velocity of flow is w, then the kinetic 
energy of the fluid per unit volume = \gu

2
; if the height is Η 

above a fixed reference level then the potential energy = ggH 
per uni t volume. 

If the viscous forces are negligible, the principle of conser-
vation of energy shows tha t 

= PV+\u
2
+gH (V = specific volume, i.e. the volume 

occupied by unit mass = 1/ρ). 

F o r uni t mass of fluid passing from point 1 to point 2 in a 
stream-tube then P1V-\-\u\^-gH1 = P2V+±u

2
+gH2, where 

there is no frictional resistance to flow. 
If the frictional resistance to flow is F per unit mass of fluid 

Ρ 4- -£QU
2
+gQH = constant. 

Per unit mass 

Ρ u
z 

—\- —+gH = constant 
ρ 2 
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Flow in a circular pipe 
- . volumetric flow rate 

Average flow velocity = = . 
cross-sectional area 

If the fluid is flowing from point 1 to point 2 in a system, 
then provided there is no loss or gain of fluid between these 
two points : « ι ^ ι ρ ι = u2A2q2. 

For an incompressible fluid ρι = ρ 2. 
Thus u±Ai = u2A2. 
For turbulent flow the velocity at points 1 and 2 is equal 

to the average velocity. F o r stream-line flow the velocity 
profile in a circular pipe is parabolic, and w avera ge varies with 
distance from the pipe axis. 

In order to use the average velocity in the general equation 
a correcting factor must be introduced. 

Fo r incompressible fluids: 

V(P1-P2)+Lfi--^)+g(H1~-H2)+ W+F = 0. 
yzai zoc2/ 

For a compressible fluid (gases) the pressure change cannot 
Pi 

be represented by V(P1—P2) but instead the integral V \dP 
Pi 

must be evaluated for the particular gas conditions. 

7 . 3 . UNITS AND DIMENSIONS 

The above equation represents the fundamental energy 
expression for fluid flow per unit mass of fluid. There is often 
considerable confusion over the units employed, and for this 
reason they are represented below and in Table 13. 

D : CIFT 14 

and the work done by the fluid in going from point 1 to point 
2 = fiT/unit mass then : 

F i V̂ P 2 V + i U 2 _ A U 2 + G H I_ _ G H 2+ W +F = o. 
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T A B L E 1 3 . U N I T S 

Quan-
tity 

SI CGS FPS FPS 
Engineering 

Dimensions 

Force Newton dyn poundal pound weight M L T~
2 

Energy Joule erg ft-pdl ft-lb M L
2
 T~

2 

Pres- Newtons/m
2 

dyn/ pdl/ft
2 

lbf/ft
2 

M L"
1
 T~

2 

sure cm
2 

Power Watt erg/ ft-pdl/ ft-lb/sec M L
2
 T~

3 

(Joules/sec) sec sec 

C G S units 

The unit of force is that force which will give a mass of 1 g 
an acceleration of 1 cm/sec/sec. This is referred to as the dyn. 

1 dyn = 1 g cm s e c
- 2

. 

FPS units 

The unit of force is the poundal . 

1 pdl = 1 lb mass ft s e c
- 2

. 

British Engineering units 

Here the uni t of force is based on the slug, which is the 
mass which gives an acceleration of 1 ft/sec/sec when acted 
upon by a force of 1 lb-wt. 

1 slug = 1 lbf f t "
1
 sec

2
. 

1 lb-wt = 32-2 pdl. 

1 slug = 32-2 lb mass. 

In SI the unit of force is the Newton which is that force 
which will give a mass of 1 kg an acceleration of 1 m/s/s . 

Ν = kg m/s
2
. 
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The fundamental energy equation per uni t weight of fluid is : 

Each of these terms has the dimensions of length (height) 
and thus : 

^ = friction head (i.e. head lost due to friction). 

Although the custom of giving the fundamental energy 
equation in the form of per unit weight of fluid is convenient 
because of the "velocity head" concept, in SI it will probably 
be better to use unit mass. 

Fo r an incompressible fluid, Bernoulli 's equation gives per 
unit mass, 

~ + PV+gH = 0, 

g = m / s
2
, V — m

3
/ k g , Ρ = N / m

2
, H = m, u — m / s . 

This equation is an energy equation because the various 
parts reduce to J /kg (specific energy) and m

2
/ s

2
 (kinetic energy). 

PV = N / m
2
 m

3
/ k g - Ν m/kg - J /kg 

Hg = m m / s
2
 = (m/s )

2 

The SI unit of pressure N / m
2
 is very small (1 N / m

2
 = 1-5X 

X 10~
4
 lb/ in

2
) and it has been suggested that the bar (10

5
 N / m

2
) 

should be used as the unit of pressure. This results in a unit 
that is far too large for many applications and another sugges-
tion is that N / m

2
 be termed Pascal (Pa) and the kPa would be 

of appropriate size. 

1 k N / m
2
 = 0-102 m H 2 0 - 102 mm H 2 0 = 7-506 mmHg. 

velocity head. 
2<xg 

F 

14* 
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7 . 4 . PRESSURE DROP DUE TO FRICTION 

For a horizontal pipe of constant cross-sectional area and 
with no work done on or by the fluid other than in overcoming 
friction : 

Therefore 

V F 

— (Pi-P2) + — = o. 
g g 

F 
(P2-P1) = — = hqg = JPfriction. 

Assuming that the fluid is flowing in a horizontal pipe of 
constant cross-sectional area and that the frictional resistance 
per uni t surface area of pipe = / (force/area = M L

_ 1
T ~

2
) . 

Resistance to flow = frictional resistance to flow. 
If the pressure drop over a small elemental length dl — APf 

then : 

APfXnr
2
 =fx2XnXrXdl9 

2
f

dl
 -<>( f \

d l
Q

u 2 Λ ρ _ V dl l ί \dlqu
2 

• / / \dlqu* 
[ou

2
) d ' 

APf = 4 

Fo r an incompressible fluid, and a horizontal pipe of uni-
form cross-sectional area : 

APf = ( N / m
2
 or pdl / f t

2
 FPS units). 

A Ρ -JfAWL IWft
2
 or k g / m

2 

Δ f r i c t i on
 "

 q
\qu

2
 ) dg (g = 32-17 ft s e c -

2
) . 

APf = -è— m/ft head lost due to friction. 
\qu

2
 J dig 

^friction = s(jAj lb/f t
2
 or kg /m

2
. 

. . . . . I QU
2 

l̂̂ friction = friction factor X-M2g 

file:///dlqu2
file:///dlqu*
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This latter expression is known as Fanning 's equation ; M is 
known as the hydraulic mean depth. 

Apf. . _ F' y
 41

 y 
^ ^ f r i c t i o n — Γ cf ~2g~ 

for circular pipe which is another form of Fanning 's equation. 
Fo r turbulent flow in non-circular ducts the hydraulic mean 

diameter may be used instead of the pipe diameter and then 
the formulae developed for pipes may be used without intro-
ducing large errors into the calculation. 

Hydraulic mean diameter 

_ 4 X cross-sectional area _ ^ 

wetted perimeter 

Fo r a duct of rectangular cross-section aXb, 

_ 4ab _ lab 
m
 ~~ '2(a + b) ~ ~a + b ' 

Sometimes the value hydraulic mean diameter is replaced 
by the term "hydraulic mean depth" , 

cross-sectional area 
M — . 

wetted perimeter 

Estimation of pressure drop for practical systems 

Stanton and Pannell measured pressure d rop due to friction 
for various pipes, fluids, and pipe surface conditions. Their 
results were expressed by plotting (f/gu

2
) versus Reynolds 

number. The work was extended by many other workers, 
notably Moody. He plotted (f/gu

2
) (or functions of it) versus 

Reynolds number and relative surface roughness, which is the 
dimensionless group e/d. These results are represented graphi-
cally in Figs. 7.1 and 7.2 and are of great value in pressure-
drop estimations relative to friction. 
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(Reproduced by permission from Technical Data on Fuel, 6th edn., 
1961, edited by H. M. Spiers, British National Committee, World Power 
Conference; from a paper by Moody, published in Trans. Amer. Soc. 

Mech. Eng., 1944, vol. 66, p. 671.) 
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It is often required to estimate pressure drop in a pipe for 
a given flow rate for an incompressible fluid ; alternatively, it is 
often required to estimate flow rate when a given pressure 
difference exists. 

In the first case it is possible to use the value of Reynolds 
number and the appropriate graph (Fig. 7 . 1 ) to obtain the 
required value. In the second case it is not possible to obtain 
the friction factor directly because it requires a knowledge 
of Reynolds number which is itself a function of flow velocity. 

One method of solution is by a process of trial and error. 
The value of the friction factor is estimated, and then the 
Reynolds number appropriate to the flow conditions found. 
The flow velocity is obtained from the estimated value of 
Reynolds number. A value for pressure drop can then be 
found using this estimated flow velocity and the physical 
constants of the system. If the original estimate of friction fac-
tor, and hence Reynolds number, has been sufficiently accurate, 
the two values of pressure drop (actual and calculated) are in 
close agreement. The process is repeated until the two values 
agree sufficiently closely. 

An alternative method given in Coulson and Richardson 
uses a plot of Reynolds number versus friction factor multiplied 
by (Reynolds number)

2
, viz. (f/gu

2
)X(Re)

2
. 

This latter expression does not include the velocity term 
and hence the Reynolds number can be obtained and the 
velocity can be calculated. 

^ ^ f r i c t i o n —
 4/~7 

/ = 
APd_ 

~4? 

Thus , 
f<Pq _ APd

3 

μ
2
 ~ ~4Ϊμ

Γ
 ' 
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Provided the pressure drop and physical properties of the 
system are known, Reynolds number can be obtained and the 
flow velocity found. Such a graph is reproduced in Fig. 7.3. 

7 . 5 . INCIDENTAL PRESSURE LOSSES 

The equations for determination of pressure drop in a pipe 
apply only for the pressure drop in a straight pipe. In a 
complete pipe system there are addit ional energy losses such 
as occur at (i) bends, elbows, and other pipe fittings, and (ii) 
losses when the fluid enters or leaves the pipe system. 

There are two methods whereby these addit ional losses can 
be taken into consideration. 

The velocity head method 

f r i c t i o n - ^ ( lb/ft
2
 FPS system). 

Replacing 2(f/qu
2
) by friction factor F\ and d by M (Fannings 

equation) 

AP - F ' y
 1 

^ " s t r a i g h t pipe — Γ Λ j^r 

= 4F' for circular pipes. 
d 2g 

In this method, Σδ9 the total number of velocity pressure 
heads lost in the pipe system, is evaluated and multiplied by 
the velocity head qu

2
\2g. F o r a sudden enlargement from one 

section to another it can be shown that S = (1 — (a/A))
2
. F o r a 

sudden contraction S = 0*5(1 —(a/A)). The area of the small 
pipe = a, and the larger A. Tables have been compiled for 
various pipe fittings (Spiers, Technical Data on Fuel, also 
Efficient Use of Fuel). 
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The equivalent length of pipe method 

Some workers prefer to use a new length of pipe le to be 
added to the value of / in the general equat ion: 

^ f r i c t i o n =
 FV

M2g
QU2 ( k g / m2 SI l b / f t2 S y S t C m )

-

Losses in stream-line flow due to changes in section are 
much less impor tant than in turbulent flow because of the 
relatively small value of the velocity head. However, it can 
be important in short lengths of pipes. 

7.6. FLOW OF COMPRESSIBLE FLUIDS IN PIPES 

For a small change in a flowing fluid the energy balance can 
be written : 

^-\-gdH+V dP+bF+àW = 0. 

With compressible fluids V the specific volume, and hence 
ρ, w, and Ρ vary along the length of pipe. Since the mass rate 
of flow must, however, remain constant at all sections the 
variables must be expressed in terms of mass rate of flow G, 

G = uAq -

equivalent to 

^ f r i c t i o n - ( N / m
2
 SI and pdl / f t

2
 FPS), 

^ _ F' dlqu
2
 (watts or J/s SI; ft-pdl per 

Mql unit mass fluid FPS system). 

In the case of turbulent flow of a compressible fluid over a 
small element of section when no work is done on or by the 



F U R N A C E A E R O D Y N A M I C S 203 

fluid: 
J u

2
 \ T, Jn J Tr F' diu

2 

^Y
VdP+gdH

+-~MT=°> 

IG\
2
V

2

 T, Jn J TT F' diu
2

 Λ 

(τ) i + y d p ut = °· 

For horizontal pipes : 

/ G \
 2
 F' diu

2 

Over a length of pipe / : 

/G\
2
 F'l lG\

2 

Dividing throughout by V
2
 : 

(G\
2
dV^ dP^ Fl_ /G_\

2
 V

2
 __ 

It is only possible to evaluate the integrals for known con-
ditions of flow. In the particular case of isothermal flow: 

V Λ Κ ι J 2P1V1 2P1VL 

Ρι Ρι 

(By application of the gas laws PxVx = P2V2 = PV = RT 
= constant, 

Thus 

/ G x
2
, F 2 P f - P ? F'l (GY n 
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If Vm is defined as the average or mean specific volume in 
the pipe such that PiVi = \(Pi+P2)Vm, 

(ä)
 l o ge

 ΊΡΓ
+
 2ΡΊΫΙ

 +
 2M [Ij

 =
 °' 

/
g
\

2
, „ „

 F
* , ( P a - f i ) , F'l (G\* 

U) 1 o 8 - t t + - f t - + w ( t ) = a 

The above equation is the general expression for the energy 
loss for a compressible fluid flowing under isothermal flow 
conditions from point 1 to point 2, and the pressure d rop 

For small pressure drops, tha t is less than 10% of the total 
pressure, the second term can be neglected, and 

F'KQlVm 

P1-P2 = 

2M 

F'KVm 

2MVI 

F'lul 
2MVm 

F'lQmuj 
2M 

Pi-Pz = =
 8

( ~ ^ ) 7
 k

8 /
m 2 SI

 (
l b

/
f t 2 F PS

 system). 
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7 . 7 . FLOW OF GASES IN FURNACES 

The flow of gases in furnaces is similar in many respects 
to flow in pipes. The pressure drop in furnaces is due mainly 
to the numerous bends and changes in section, a l though 
frictional and buoyancy effects are also important . Hence the 
pressure drop is preferably calculated in terms of the "velocity 
head" method, rather than the "equivalent length". Also, 
because the pressure changes involved are small in relation 
to absolute pressure, the compressibility of the gases is usually 
neglected. The total pressure in a furnace is made up of: 

(a) buoyancy changes; 

(b) wall friction ; 

(c) changes of section and eddying at bends. 

Pressure differences due to buoyancy effects 

where qa — density of surrounding atmospheric air ; qg = den-
sity of gas flowing. 

Both of these densities are measured at their respective 
temperatures and pressures, with due regard to the presence 
of any water vapour. A mean value of the different pressures 
and temperatures is normally used. 

If the specific gravity of the gas relative to air = SG, and H 
is the difference in levels : 

APB = H(qa-qg) = Hqa(l-SG). 

If ρ is in kg /m
3
 and Η in m ; ΔΡΒ — kg /m

2
. 

If the density of air a t 0°C - 1-3 kg/m
3
, then 

Pressure d rop = ΔΡΒ = HX(qa—qg\ 

Qa = 273 + f a i r° C ' 

1-3X273 
Qg = 

1-3XSGX273 

273 + i g as °C 



206 C A L C U L A T I O N S I N F U R N A C E T E C H N O L O G Y 

ΔΡΒ is the static pressure difference for a chimney, and can 
be used to determine the height of the chimney (H m) . This 
is not the available draught for velocities greater than 5 m/s , 
because of the loss of energy due to wall friction and as the 
kinetic energy in the moving gases. 

Losses due to wall friction 

Loss due to friction 

(Note. The density ρ and velocity u must be measured at the 
mean temperature of the gases flowing in the chimney. F' is 
sometimes referred to as the friction factor, al though some 
operators prefer to use other values, i.e. F'/2.) 

Loss due to kinetic energy of the gases 

Loss due to kinetic energy 

F'lgu
2 

M2g 
lb/f t

2
 or k g / m

2 

M 2 
N / m

2
. 

QU
2 

lb/f t
2
 or k g / m

2 

QW 

~2 
N / m

2
. 

Thus the reduction in static draught 

= ^-(l + F'l/M) lb/f t
2
 or kg /m

2
. 
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For circular chimneys F'/4 has been given the value of 0Ό5 
(Efficient Use of Fuel) and 0-09 (Reber, Technical Data on 
Fuel, ed. Spiers). Since 1 in. w.g. = 5-2 lb/ft

2
, the effective 

draught of a chimney is given by 

draught in. w.g. = | ^ ^ 1 + 0 - 0 9 ^ ^ 5 - 2 , 

where H = height of chimney in feet, and D = chimney 
diameter in feet. 

(Note. Once again the values of ρ and u must be taken at the 
mean temperature of the gases flowing in the chimney.) 

Pressure drop due to wall friction 

This is similar to the formula used for chimneys, the fric-
tional pressure drop being given by : 

^FRICTION - « ^ - J T J 1 JG 

-
 F

'
l e U

* lb/f t
2
 or kg /m

2
. 

M2g 

Pressure drop due to changes in section, and eddying at bends 

2 

ΔΡ = S ' X - Ç - lb / f t
2
 or kg /m

2
. 

The values of ρ and u are in lb/f t
3
 or k g / m

3
 and ft/sec or m/s 

measured at the mean temperature and pressure of the gases 
flowing in the furnace. S' is the number of velocity heads lost 
due to each section, fitting, or effect. Values of S' for furnaces 
have been calculated and a comprehensive table is given in 
Efficient Use of Fuel. 
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7 . 8 . FLOW MEASUREMENT 

Instruments which measure the rate of flow of fluids often 
rely upon changes in pressure to give an indication of flow 
velocity. 

Fluid pressure 

In a stationary fluid the pressure at any point is equal in all 
directions and this is referred to as static pressure. In a moving 
fluid this static pressure will be exerted in any plane which 
is parallel to the flow direction. In such a moving system the 
pressure exerted at right angles to the direction of flow will 
be equal to the static pressure a t tha t point plus the pressure 
equivalent of the kinetic energy which the fluid would give 
up if brought to rest a t that point (Bernouilli 's theorem). 
Bernouilli 's theorem can be used to find the values of both 
static pressure and the pressure equivalent of the kinetic energy 
term. 

For a stationary fluid, then, 

gdH+VdP = 0. 

For an incompressible fluid, then this equation may be 
integrated directly: 

V(P2-P1) = - g # , 

P i - P a = ΔΡ — ψ = gqH pdl /f t
2
. 

For a compressible fluid it is necessary to know the condi-
tions of flow. In the case of isothermal flow, then 

Pi 

Pi (for unit mass of gas PV = RT/M; M = molecular weight). 



F U R N A C E A E R O D Y N A M I C S 209 

When the static pressure in a moving fluid has to be measured 
it is essential that the measuring device be parallel to the 
direction in which the fluid is moving; also there must be no 
projections into the stream of fluid. These conditions are 
necessary to ensure that none of the kinetic energy of the fluid 
is inadvertently measured with the static pressure. A device 
which measures static pressure in a tube is known as a Piezo-
meter tube. Static pressure should always be measured well 
away from any changes of section or pipe fittings; fifty pipe 
diameters is the accepted distance from such obstructions to 
avoid eddy formation. 

Measurement of pressure 

The simplest instrument is the manometer . This consists of 
a simple U-tube, one end connected to the fluid at point 1 and 
the other connected to point 2 in the system; the differential 
pressure between these two points is obtained from a simple 
balance of pressures in the two limbs. If the pressures at the 
two points are respectively Pi and P2, the fluid density qF, 
the differential height of the immiscible fluid in the U-tube 
h m, and its density ρ, then if Pi is greater than P2, (Pi —P2) — 
AP = h(q — qF)g. 

If the fluid whose pressure is to be determined is a light 
gas, and the fluid in the U-tube a heavy liquid then the above 
expression can be simplified as : AP — hqg with little error. 
A variation of the simple manometer is the inclined mano-
meter. This increases the displacement of the liquid in the 
U-tube and hence allows a more accurate reading to be ob-
tained. If the displacement in the tube is Im, and the angle 
between the inclined limb and the horizontal = 0: 

AP = / cos 6qg (q = density liquid in manometer) . 

D : CIFT 15 
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Measurement of static pressure plus pressure equivalent 

of kinetic energy fluid 

Bernoulli 's equation can be used to obtain the required 
Values. If fluid flows between two sections in a pipe system 
such that it is brought to rest at section 2, then all of the kinetic 
energy is converted into pressure energy. If the two sections 
are sufficiently close that frictional resistance of the walls is 
negligible, and no work is done on or by the fluid in passing 
from section 1 to section 2, 

Most instruments which measure pressure are designed to 
operate in horizontal sections of the tube, thus for a horizontal 
pipe, for turbulent flow, and with an incompressible fluid 
(liquids) : 

where h is the head in metres of fluid flowing in the pipe which 
is lost as a result of the fluid having been brought to rest. 
It is important to note that it is not the differential height 
obtained in a manometer which may be at a different pressure 
and temperature to the fluid flowing, and probably uses a 
totally different measuring fluid. 

"A = F ( P 2- P , ) . 

Since the fluid is stationary at section 2, u2 = 0. 

u\ = 2V(P1-P2), 

«ι = ν[2Κ(Ρ2-Λ)] = V(2VAP), 

«i = y/{2Vqgh) (V = 11 ρ), 

«ι = V(2gh) m/s , 
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The pitot tube 

This instrument consists of a pair of concentric tubes posi-
tioned parallel to the direction of flow. The open par t of the 
inner tube measures total pressure. The annular par t is sealed 
off at the head of the instrument, bu t is open to the fluid at 
pre-set positions to measure the static pressure. The difference 
between the two gives the pressure equivalent of the kinetic 
energy and hence allows the rate of flow to be determined. 
Actual dimensions are given in the appropr ia te British Stand-
ard (1042). 

The head of the instrument must be aligned with the direc-
tion of flow and it is direct reading; calibration is unnecessary. 
It only measures a thin filament of the passing fluid and unless 
the velocity distribution in the pipe or furnace is known it 
cannot be used to measure mass rates of flow. It can, however, 
be used to find the velocity profile in a pipe or duct. 

The orifice plate and venturi meter 

In these instruments the fluid to be measured is accelerated 
by causing it to flow through a constriction such that the kine-
tic energy is increased and the corresponding change in the 
pressure is measured. The fluid is then allowed to expand back 
to its normal flow condition, bu t unfortunately not all of the 
pressure energy is recovered as kinetic energy. 

Since the fluid is not brought to rest in these applications, 
then for a horizontal pipe, turbulent flow, and incompressible 
fluid flowing from section 1 (no constriction) to a constriction 
at section 2 : 

= v(p1-p2y 

The mass rates of flow at each section must be identical : 

UL —
 U2

^2 f or an i n c o r np r e s si b l e fluid (ρι = ρ 2) . 

15 
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Αι and A2 refer to cross-sectional areas at section 1 and section 
2 respectively. 

In a venturi meter A2 is the area of the throat . With an 
orifice plate meter A2 is not the area of the orifice but the area 
of minimum cross-section at a point known as the vena-con-
tracta (Fig. 7.4). 

u\ = 2VAP+u\, 

ul = 2VAP+u\AJr 

u*(l-^ = 2VAP. 

Vena - contracta 

FIG. 7.4. 

It is difficult to measure A2i and since the value of the orifice 
area is known accurately, the ratio A0/Ai is also known accu-
rately (A0 = orifice area) and this value is used in the expres-
sion for u2. The above equation will have to be multiplied by 
a correcting factor to allow this to be done. The factor also 
takes into consideration the effect of frictional losses as a 
result of the orifice and allows u„„ the average velocity at 
point 2 (now the orifice), to be found. 

2VAP 
Thus u:m — CD (CD = coefficient of dis-

l-(A0/A1)
2
\ 

charge). 
The ratio (AJAj) is often written as m, and so the equation 

becomes : 

Ulm — 
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Also, the value / I 1 is often referred to as the velo-

city of approach factor and is incorporated into the general 
equation as 

(h is once again the head of fluid flowing which is equivalent 
to the kinetic energy term). 

The most important feature in an orifice meter is the rela-
tionship between the size of the orifice and the diameter of 
the pipe in which it is fitted. The position and method of 
pressure tapping are important because the area of flow and 
the velocity of the fluid change in the region of the orifice. 

The flow rate for a given pressure differential is less than the 
theoretical because of friction losses. These are allowed for 
in the coefficient of discharge bu t they are dependent upon 
Reynolds number, pipe roughness, exact shape of orifice, 
plate thickness, type of pressure tappings and the distance 
the meter is from any changes of section or obstructions. The 
orifice meter should be sited at least fifty pipe diameters from 
any likely obstructions to normal flow pat tern. Relevant 
constructional details are given in the appropriate British 
Standard (1042). 

With the venturi meter CD is always higher than for the 
orifice plate because the fluid is accelerated slowly to the 
minimum cross-section, the angle of convergence being not 
greater than 20°. F r o m the throat onwards the pipe diverges 
and this angle should not exceed 7°. Exact measurements are 
given in the British Standard. 

The equation developed for the orifice plate may be used in 
this case. CD is approximately 0-90-0-99, and the recovery 
of pressure energy is high. 

Formulae developed for incompressible fluids can be used 
for compressible fluids a t low values of u (less than 200 ft/sec 

= CDEV(2VAP), 

= CDEV(2gh) 
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Volume of gases = 11-35 m
3
/ k g . 

Vol./s = 11-35 X (0-08525 X l 0 ~
3
m

3
/ s ) X 0 - 9 5 X l 0

3 

= 0-922 m
3
/ s . 

or 60 m/s). A t higher velocities they must be corrected as in 
the example below: 

where ε = compressibility factor. 

7 . 9 . EXAMPLES 

E X A M P L E 7.1 

Establish the equations used for the calculation of pressure 
d rop in a furnace flue system in terms of velocity head, buoy-
ancy, and frictional resistance. 

A furnace consuming 0-085 l./s of a fuel oil of SG 0-95 at 
15-5°C is exhausted by means of a flue system comprising a 
duct 0-6 mX0-75 m, 120 m long, having a t the front a sudden 
enlargement from a section 0-45 m X 0-45 m and, at the other 
end, an enlargement to 0-9 m X 0 - 9 m. The duct has bends 
producing a total pressure loss equivalent to the effect of 4-5 
velocity heads. The frictional resistance of the walls may be 
taken as equivalent to 1 velocity head, and the volume of 
gases correspond to a volume of 11-35 m

3
/ kg fuel burned. 

The mean temperature of the gases in the duct is 250°C. The 
gases have a SG relative to air of 0-897. 

Determine the pressure d rop in the flue system. Density 
air = 1-39 k g / m

3
 a t N T P . 

[City and Guilds Advanced, Fuel Plant Technology; units 
changed.] 

Bend losses = 4-5 X ^ - . 

Frict ional losses = . 
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0-922 
u m /s

 = Ö6XÖT75
 = 2 - 05 m / s

-

u a t 250°C = 20-5 X 1|§ = 3-924 m/s . 

ρ at 250°C = 1-39X0-897 X If = 0-65 kg /m
3
. 

Pressure d rop for sudden enlargement = (1 — Ai/A2)* — 
,2 

2g 

^ Λ 0-45X0-45 \
2 

For entering the system = 11 - Q . ^ ^ Q . ^ I 

- 0-3025. 

^ , . Λ 0 - 4 5 \
2 

For leaving the system = 1
1 —

 Q^y I 

- 0-1936. 

Tota l losses = 1 + 0-3025 + 0-1936 + 4-5 = velocity heads 

5-996 X 0-65 X3-924
2 

2X9-807 

AP = 3-074 kg /m
2
. 

3-074X9-807 

k g / m
2
; 

= 0-301 kPa (3-06 mm H 20 ) . 

E X A M P L E 7.2 

Give an account of the scientific principles that govern the 
flow of ho t gases in furnace ducts. 

Determine the pressure d rop in a flue of dimensions 2 ft 
0 in. X 2 ft 6 in., in which are flowing 126,000 lb/hr of waste 
gases having a density of 0-09 lb/f t

3
 a t N T P . The mean tem-

perature of the gases is 500°C (932°F), and the resistance due 
to friction and changes of section is equivalent to 15 times the 
"velocity head" at the mean temperature, g = 32-17 f t /sec

2
; 

1 in. w.g. = 5-2 lb/ft
2
. 

[Institution of Metallurgists, Old Regulations, Fuels.] 
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At 932°F Q 
0-09X492 

Î392 
= 0-031 lb/ft

3
. 

Mass rate flow 
126,000 

6ÖX6Ö 
lb/sec 

uX 2 X 2-5 X 0-031 (at 932°F). 

u ft/sec 306-3 ft/sec at 932°F. 

Pressure drop 
15 X 0-02975 X306-3

2 

2X32-17X5-2 

Pressure drop = 12-7 in. w.g. (Answer.) 

EXAMPLE 7.3 

Explain the use of the Reynolds number in the determina-
tion of the frictional resistance of fluids flowing in circular 
and non-circular pipes. 

Carbon dioxide flows in a circular pipe of 75 mm internal 
diameter at a rate of 1-31 kg/s at a temperature of 15°C. 
Determine : 

(i) the Reynolds number for this condition of flow, the den-
sity of the gas being given as 1-86 kg /m

3
 and the absolute 

viscosity 13 -9X10"
6
 N s / m

2
; 

(ii) the frictional coefficient corresponding to this value of 
Reynolds number for the pipe in question is 0-015. Determine 
the pressure drop for a length of straight pipe. 

[City and Guilds Advanced, Fuel Plant Technology; units 
changed.] 

Mass rate flow G = uAq 

1-31 
uXnXd

2
Xq 

4 

u dq 
1-31X4 _ 1-31X4 

nXd ~ nX0-075 ' 
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Reynolds number — rx ^} -J-i^x-
J
 jr X 0-075 XO-0139X1000 

= 1-6 X l O
6
. (Answer (i).) 

/ £/
2 

Frictional drop — frictional factor Χ — χ ^ N / m
2
. 

. . - , 0 - 0 1 5 X 1 0 0 X 1 - 8 6 X W
2
 _ _ . 2 Frictional d rop = — — N / m

2 

2 X i/ 

ζΟ<πΧ0·075
2
Χΐ·86 _ 

— - 1-31. 

4 χ 1
'

3 1
 i * n / 

w = ——-—~- ~--~ = 160 m/s . 
π Χ ΐ · 8 6 Χ θ · 0 7 5

2 1 

^ . ! t 0 ·015Χ100Χ160
2
Χ1·86 

Frictional pressure drop = 0 0 7 5 X 2 

= 0-476X10
6
 N / m

2 

= 0-476XlO
3
 k N / m

2 

= 0-476XlO
3
 kPa 

= 476 kPa per 100 m length. 
(Answer (ii).) 

(1 kPa = 102 mm H 20 . ) 

EXAMPLE 7.4 

A gas of density 0-249 kg /m
3
, and rate flow 600 m

3
/ h is 

flowing at a temperature of 20°C and the pressure slightly above 
atmospheric, in 1000 m of straight circular main of 150 mm 
diameter (i.d.). Determine: 

(i) the Reynolds number applicable to the flow conditions 
if the corresponding absolute viscosity is 2-113 X 10~

5
 N s / m

2
; 

(ii) the pressure drop in appropriate units given that the 
friction factor is 0-0036 in an equation of flow expressed in 
terms of : 

pressure drop 
length 

= 8 X friction factor Χ -ττ X dynamic pressure; 
diameter 
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9-88 m/s . 

(iii) explain the character of the additional data required if 
the main is not straight but has bends and other types of fric-
t ional resistances. 

[Institution of Metallurgists, Old Regulations, Fuels ; units 
changed.] 

Mass rate flow G — uAq. 

_ _G_ _ 6 0 0 X 4 
U
 ~~Äq~ π Χ θ · 1 5

2
Χ 3 6 0 0 

udq _ 9 - 8 8 Χ 0 Ί 5 x 0 - 2 4 9 

~~μΓ~ - 2 - 1 1 3 X 1 0 -
5 

16,670. (Answer (i).) 

8Χθ·0036ΧΐΟΟΟΧρΧκ
2 

0-15X2 

2338 N / m
2 

2-338 k N / m
2
 = 2-338 kPa. 

(Answer (ii).) 

(1 kPa = 102 mm H 20 . ) 

Reynolds number 

Pressure drop 

E X A M P L E 7.5 

Explain the following te rms: (a) stream-line flow, (b) tur-
bulent flow, (c) friction factor, and (d) dynamic mean dia-
meter or hydraulic mean depth. What is the equivalent value 
of (d) for a pipe of rectangular cross-section ? 

Crude oil has to be pumped from a jetty a t sea level to a 
tank farm 100 ft above sea level through 6 in. pipe 3 miles 
long. If the required flow is 7500 gal/hr and the viscosity of 
the oil is taken as 4-5X 10~

3
 lb-sec/ft

2
, what is the theoretical 

H P required? Specific gravity oil = 0-90, assume friction 
factor / = 0 0 4 9 / i t e

0
'

2
. 

[City and Guilds, Advanced, Fuel Engineering.] 

The following additional data will be required: 

density water = 62-4 lb/f t
3
; 1 gal water weighs 10 lb 

1 H P = 550 ft-lb/sec. 
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Fundamenta l energy equation per unit mass fluid 

Au
2 

(Pi-P2)V+gH+—+W+F = 0. 

Since a liquid, then it is assumed incompressible, and since 
being pumped it is under turbulent flow. 

The change in kinetic energy will be ignored since the pipe is 
so long, and will be small compared to the other terms in the 
equation. Also, since the tanks will be at the same atmospheric 
pressure at both levels, Ρχ-Ρ2 = 0. T h u s : gH + W+F = 0. 

i o n 

F' 

Re 

G mass rate flow 

AG 

nd 

AG 

π άμ 

Reynolds number 

F' friction factor 

ZJ JTp 
Energy lost per unit mass as a result of friction = = F 

_ 0 · 0 0 7 χ 5 2 8 0 Χ 3 χ 4 Χ Μ
2
Χ ρ 

~ 0 · 5 χ 2 Χ ρ 

A length pu
2 

diameter 2 

0-049 

Re
0
'
2 

u dq 

μ 

π d
2
qu 

UÄq = —j— . 

u dq. 

u dq 

7 5 0 0 X 1 0 X 0 - 9 X 4 

3 6 0 0 X 0 - 5 X 4 - 5 X 1 0 -
3 

0*049 

(Ï^Ô5ÔP
 =

 ° · 0 0 7 · 

13,050. 
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Mass rate flow G UAQ, 

7500X10X0-9X4 
u 3600 Χ π Χ 0 · 5

2
Χ 62-4 X 0-9 

1-7 ft/sec. 

4X0-007Χ 5280X3X 1 ·7
2
Χ ρ 

u 

Therefore F = 
APp 

Q 0 · 5 Χ 2 Χ ρ 

1400 ft-pdl. 

Therefore -W = 100x32-2+ 1400 - 4620 ft-pdl, 

H P = rate of doing work 

= work done per unit mass X 

Xmass rate flow = 4620XuAρ 

4620X 1 · 7 Χ π Χ θ · 5
2
χ 6 2 · 4 Χ θ · 9 

~~ 4X32-2X550 

= 3-9. (Answer.) 

EXAMPLE 7.6 

Determine the available draught in a chimney of height 
110 ft and internal diameter (D) 6 ft, given the following 
conditions : 

Weight of gases passing up the chimney = 1613 lb/min. 
Density gases, relative to air = 0-91. 
Density air at 32°F and 30 in.Hg = 0-08071 lb/ft

3
. 

Mean temperature of gases in chimney = 300°F. 
Mean temperature of atmosphere = 60°F. 

Frictional loss in chimney in terms of one pressure head is 
given by 0-05 H/D; g = 32-17 f t /sec

2
; 1 in. w.g. = 5-2/ft

2
. 

[Institution of Metallurgists, Old Regulations, Fuels.] 

ρ gas - 0-08071X0-91 at N T P . 

Static draught = Η(ρα — ρ8). 

This is reduced by friction and kinetic energy. 
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0-05HQU
2 

Dig 

Q a =
 Q

- °
8
° 5

7
j 0

X 4 92
 = 0-078 lb/ft". 

g ^ ^ 0 8 0 7 1 X0-91X492 = 0. Q 5 2 1 b / f t3 

Static draught = 110(0-078-0-052) = 2-86 lb/ft
2
. 

Reduction in draught = ^l + 0 - 0 5 X ^ j 

1-917X0-052X«
2 

2X32-17 

1613 
Rate flow — — „ — lb/sec. 

60 

1613 
u — 

Reduction in draught 

6 0 Χ π Χ — XO-052 
4 

18-4 ft/sec. 

1-917X0-052X18-4
2 

2X32-17 

= 0-532 lb/f t
2
. 

_ . Λ 1 2 - 8 6 - 0 - 5 3
2
 ^ AC . 

Effective draught = ^ · = 0-45 in. w.g. 

EXAMPLE 7.7 

Calculate the volume of clean producer gas at 15°C and 
1013 mbar pressure passing per hour through a 0-45 m gas 
main in which there is an orifice plate of 90 m m diameter, if 
the pressure 0-45 m upstream from the orifice is 180 mm w.g. 
and the differential pressure between this point and a point 
190 mm downstream from the orifice plate is 46 mm w.g., the 
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barometric pressure is 989 mbar and the gas temperature is 
60°C. Take the coefficient of discharge as 0-61 and the density 
of the producer gas at 15°C and 1013 mbar as 1-36 kg /m

3
. 

[City and Guilds Advanced, Gaseous Fuels ; units changed.] 

U2m = CDEV(2gh). 

is velocity of approach factor = | / " ^ ^ ?
2
) * 

m = Αο/Αχ 

= 90/450 = 0-2. 

Ε =1-021 . 

Differential pressure = 46 mm w.g. = 0-046 m w.g. 

£?water Xg"X Aw a ter — É?gasX£X^gas · 

1-36X288x1006 
ρ

-
 =

 333X1013 =
 1 , 16 k g /m at 60 C 

Pressure gas = 989 m b a r + 17 mbar (180 m m H 2 0 ) 

= 1006 mbar . 

pwater = 1000 k g / m
3
 at 15°C. 

"water X fwater h 
Q gas 

0-046X1000 
39-6 m head. 

1-16 

U2m = 0-61 χ 1-021 x V ( 2 x 9 - 8 0 7 x 3 9 - 6 ) 

= 17-38 m/s . 

P I ™ , Mf - 1 7 · 3 8 Χ π Χ 0 · 0 9
2
χ 3 6 0 0 , n 

Flow rate = - m
3
/ h at 60°C 

- 378 m
3
/ h at 989 mbar 

+ 1 8 0 m m H 2 0 pressure. 
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Flow rate a t 15°C and 1013 mbar pressure 

- 378X288X1006 
333X1013 

= 340 m
3
/ h . (Answer.) 
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Furnace Atmospheres 

8 . 1 . INTRODUCTION 

Metals and alloys have to be heated, either so that they 
can be more easily worked, or so that the properties can be 
modified by heat treatment. If this is carried out in a fuel-fired 
furnace, the carbon dioxide and excess oxygen will react and 
cause scaling losses. The proport ion of loss from ingots and 
slabs is very small, but it can be high from shapes which are 
thin or of small cross-section, such as sheet, strip, rod, and 
wire. Removal of the scale by pickling is expensive, disposal 
of the waste liquors difficult, and the surface finish is impaired. 
In many cases the impairment of the surface and the changes 
in dimensions cannot be tolerated and means must be found 
to eliminate oxidation and pickling. 

Heating in an atmosphere of controlled composition will 
remove both of these difficulties, but it is important to ensure 
that the analysis of the atmosphere is appropriate to the com-
position of the metal involved. Inert atmospheres of nitrogen 
or argon can be used for some purposes, but even nitrogen 
can react with ferrous alloys and argon is extremely expensive. 
Neither gas has any protective or remedial action in the event 
of temporary failure of supply. Controlled combustion of fuels 
containing carbon and hydrogen can result in the production 
of gases containing carbon monoxide, carbon dioxide, hydro-
gen, and water, as well as nitrogen if air is used for combustion. 
If copper is involved, a hydrogen-steam atmosphere contain-
ing 9 9 % water reduces cuprous oxide at 800°C and a clean 
metal surface remains bright, but iron is oxidized to magnetite 

224 
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c +co2 
^ 2 C O (1) 

2 H 2 + 0 2 ^ 2 H 2 0 (2) 

2 C O + 0 2 = ^ 2 C 0 2 (3) 

H 2 0 + C O ^ H 2 + C 0 2 (4) 

2yM+02 (5) 

c +o2 ^ c o 2 (6) 

2 C + 0 2 ^ 2 CO (7) 

The thermodynamic relationship 

AG
0
 = ΔΗ-Τ-AS. (8) 

under the same conditions. Iron forms cementite on the surface 
if exposed to carbon monoxide a t 950°C and is oxidized if 
exposed to carbon dioxide a t the same temperature. F o r these 
reasons mixtures of hydrogen and water and carbon monoxide 
and carbon dioxide are used to prevent oxidation and change 
of carbon content where this is desired. 

In certain cases, the carbon content of ferrous components 
may be raised in order to improve hardness and wear resistance. 
It is therefore essential to be able to calculate the composition 
of an atmosphere at any particular temperature and then to 
ascertain if any chemical reactions will take place. Various 
surface reactions may take place during heating and cooling 
in a controlled atmosphere but a t the end of the t reatment 
the metal must be left in the required state, free from any 
etching or other effects. In many cases no surface reactions 
must be allowed to take place and the rate of heating and 
cooling, together with the atmosphere, must be determined 
carefully. 

8.2. REACTIONS WITHIN FURNACE 

The following reactions within the furnace atmosphere and 
between atmosphere and charges are the most impor tan t : 

D : CIFT 16 
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is also important for every one of these reactions. Fo r reaction 
(5), if 1 mol of oxygen at 1 a tm pressure reacts with metal, 
then 

-AG» = RT loge Kp (9) 

[ΜΧΟγγιν Κ for reaction (5) = 
[Μ]

2χ
ί

γ
ρ02 

For pure reactants, taking the activity of pure solid reac-
tants and products as unity, Κ = l/p02. 

Thus AG
0
 = RT \ogep 0 2 , where ρ 0 2 is known as the oxygen 

potential of the system. (AG
0
 = s tandard free energy change; 

Τ = absolute tempera ture ; AS = entropy change; AH = en-
thalpy change; R = gas constant = 1-98 cal ° C

_ 1
 m o l "

1
; 

[ ] = mol and pure materials.) 
At equilibrium, this is equal to ρ 0 2 for either the C O / C 0 2 , 

the H 2 / H 2 0 , or the combined systems. 
Consider the reaction 

2 C O - h 0 2 ^ 2 C 0 2 . 

K _ /»»CO, 
p*CO-p02 ' 

T h u s ρ°* = κψοο' 

AG
0 

At equilibrium, p02 = antilog . 
RT 

A value of ρ 0 2 can be calculated for each metal oxidation 
reaction, and it can be equated to the corresponding C O / C 0 2 

rat io. It can be seen that the metal will not be oxidized if 
ρ 0 2 for the above reaction at a given temperature is less than 
ρ 0 2 from the metal-oxygen reaction at the same temperature. 

The system H 2 / H 2 0 can be treated in a similar manner. 
Production of atmospheres from carbon monoxide and 

hydrogen is expensive and in most cases atmospheres contain-
ing carbon monoxide, hydrogen, carbon dioxide, and water 
are prepared from cheaper sources such as producer gas, 
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water gas, natural gas, and liquefied petroleum gases. In com-
plicated systems the water-gas shift reaction must also attain 
its equilibrium : 

CO2+H2 ^ C O + H 2 0 . 
At temperatures above 907°C the tendency is for this reac-

tion to proceed from right to left and vice versa. 
It is possible to calculate the oxygen potential from the ther-

modynamic functions such as (8) and (9). However, if AG
0
 for 

reaction of 1 mol of oxygen at 1 a tm pressure is plotted as a 
function of temperature, curves known as Ellingham diagrams 
are obtained. Such a series of curves is given in Fig. 8.1. 

The value of these graphs lies in that they indicate clearly 
the oxygen potential of any metal -metal oxide system. Those 
reactions with the greatest negative value of AG

0
 involve the 

metals with the greatest affinity for oxygen. Thus , in theory, an 
element below another in the table will reduce the oxides of all 
elements placed above it. The graphs are constructed for 1 a tm 
pressure and it can be seen that all the reactions can be repre-
sented by curves whose negative value of AG

0
 decreases with 

rising temperature. Carbon, when oxidized to carbon monoxide, 
occupies a unique position in that with increasing temperature 
the negative value of AG

0
 increases. This is because of the in-

crease in AS in the general equat ion: AG
0
 = AH—Τ AS. 

The oxidation of metals represents a decrease in the disorder 
of the system, i.e. it becomes more ordered as the oxygen gas 
phase vanishes. Since S is a measure of the disorder of a sys-
tem, for the reaction C + 0 2 ^ = C 0 2 there is only a small 
change, hence the line is almost horizontal . F o r the reaction 
2 C + 0 2 ^= 2 C 0 2 , there is an increase in the disorder of the 
system. 

This is the explanation why carbon can be described as the 
"key to extraction metallurgy", because if the temperature is 
raised sufficiently high then the curve for oxidation of carbon 
to carbon monoxide can be brought below the metal oxidation 
curve. Under these conditions the metal oxide will be reduced, 
but there may be a complication in certain cases due to carbide 
formation. 

16< 
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As most combustion gases contain both carbon dioxide and 
water it is necessary to consider their oxidizing effect; indi-
vidually and in admixture with one another. 

Consider the straightforward oxidation reaction 

2yM+02 

AG% - RT\oge Ρ 0 2 . 

If ρ 0 2 is made equal to 10°, 1 0 ~ \ 10~
2
, . . . ΙΟ"" AGT = 0 , 

-2303RT, -4-606RT, ... -2-303nRT, and can be repre-
sented by a series of straight lines radiating from the origin 

1000 

900 

800 

ο 

700 

ο 
α> 600 
ο. 
ε 

ß 
500 

400 

/ H 2 0 R< 
1 h 2 e< 

atios for 
plibrium 

/<<* 

team ino ctive bel 
1 

av» 3 0 0 
1 

0 0 2 0-4 0-6 0-8 10 

Ratio of gases in mixture 

F I G . 8.2. Reduction of iron oxide by hydrogen. 

(Reproduced from Controlled Atmospheres for Heat Treatment of Metals 

by Ivor Jenkins, Chapman & Hall, 1951.) 
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with slopes, 0, -2-303/? , - 4-606 K, and - 2 - 3 0 3 ^ respec-
tively. Such lines are given in Fig. 8.1, and they allow the 
oxygen potential of any system to be obtained quickly. The 
diagram shows no more than can be calculated but it gives an 
immediate indication of the value of ρ 0 2 a t a particular tem-
perature in equilibrium with a metal, carbon or hydrogen. 

It is probable that the heat treatment of steel provides the 
greatest number of problems relating to oxidation losses, with 
a correspondingly extended use of controlled atmospheres. The 
graphs in Figs. 8.2 and 8.3 show the effect of H 2 / H 2 0 and 
C O / C O 2 mixtures with varying temperature on the oxidation 
of iron. In addition to their individual effects it is important to 
consider the reactions : 

C 0 2 + C ^ 2 C O 

C 0 2 + H 2 ^ C O + H 2 0 . 

400 

300 ! I I I 1 1 1 1 
O 0-2 0-4 0 6 0-8 ΙΌ 1-2 1-4 

Ratio of gases in mixture 

F I G . 8.3. Reduction of iron oxide by carbon monoxide. 
(Reproduced from Controlled Atmospheres for Heat Treatment of Metals 

by Ivor Jenkins, Chapman & Hall, 1951.) 



Temperature °C 

F I G . 8 .5 . Equilibrium for the system C Fe + H 2 0 ^ CO + H 2. 
(Reproduced from Controlled Atmospheres for Heat Treatment of Metals 

by Ivor Jenkins, Chapman & Hall, 1951 . ) 

p2 
Equilibrium constant —— p

c o 2 
F I G . 8 .4 . Equilibrium relationship for the reaction C 0 2 and C ^ 2 CO. 
(Reproduced from Controlled Atmospheres for Heat Treatment of Metals 

by Ivor Jenkins, Chapman & Hall, 1951 . ) 
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The effect of these reactions is illustrated in Figs. 8.4 and 8.5. 
In the heat t reatment of steel there is the added complication 
of carbon being present, and, since it is in most cases important 
that there is no change in the quanti ty of carbon present, the 
C O / C 0 2 / C i n Fe system must be examined. 

The variations in this case are between carburizing and de-
carburizing and are also shown graphically in Fig. 8.5. 

Assume that the initial carbon content of the surface of the 
metal is zero, and that a constant carbon potential is available 
so that the concentration of diffusing carbon is a constant 
value C 0. If the depth of case is X after time t then the concen-
tration gradient can be represented by a straight line, and if the 
increase in case depth in time dt is dX then the amount diffused 
per unit surface area of section is given by Fick's law : 

where D is the diffusivity in weight per unit area per unit time. 
The amount diffused per unit surface area in time dt will be 
the area of triangle Ε AB — \C0 dX. 

8 . 3 . CARBURIZING OF STEEL (FIG. 8 . 6 ) 

DC0dt 

X 

Thus 

Thus 

l

2~C0dX = D
C
^dt. 

χ* = 4Dt (if X = 0 when t = 0). 

θ 
F I G . 8.6. Carburizing of steel 



232 C A L C U L A T I O N S I N F U R N A C E T E C H N O L O G Y 

8 . 4 . DECARBURIZING OF STEEL 

The diagram (Fig. 8.7) represents the condition of a steel 
after decarburization has been in progress for a time t. The 
carbon concentration at the surface has been reduced to zero. 
C i represents the original concentration of carbon (dissolved 
and as carbide), and C 2 the maximum solid solubility of carbon 
in solution. It is assumed that carbide dissolves instantaneously 
to maintain C 2 at E, and the diffusion constant is likewise 
assumed constant (not strictly true). 

In time dt carbon transferred from Ε to Ο is given by Fick's 
law: 

The carbon transferred is given by sum of areas Ο AB and 

0 
Concentration carbon C< C 2 C| 

FIG. 8.7. Dccarburizing of steel 

ABCD 

Thus 

= \C2dX+(C1-C2)dX. 

D^dt = iC2 dX+ (Ci - C 2) dXy 

X
2
 = ^,

DC
f„ + constant . 
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If X ' = 0 when t = 0, 

4Z)C2i 

2 C r - C 2 ' 

If W ~ weight loss per unit area of surface, 

W=X(CX~\C2\ 

Where C i = C 2, i.e. a carbon steel with no free cementite, 

D varies considerably with temperature, and increases by a 
factor of approximately 4 between 925° and 1000°C. D is not 
constant and varies with both carbon content and alloying 
constituents. The equations derived are based upon the assump-
tion that the process is diffusion controlled. It can also be 
controlled by either the rate of dissolution of free carbide or by 
the rate of reaction at the surface. 

In selecting atmospheres for gas carburizing it is important 
to be able to control the uptake of carbon. 

Carbon monoxide, methane, propane, and butane are the 
simplest carburizing gases. Carbon monoxide carburizes at a 
higher rate if hydrogen is present because of the equilibrium : 

This and similar reactions can be controlled by adjustment 
of the dewpoint relative to carbon monoxide and hydrogen 
content. Carburization ceases when using a C O / H 2 a tmosphere 
when 0-5 % water is produced in the above reaction. Because of 
this large volumes of these gases would be required to achieve a 
reasonable depth of carburization. This can be overcome if 
hydrocarbon gases are added, and with methane the reaction is 
C H 4 ^ Cpe + 2 H 2. 

Hydrocarbons are not used neat because they pyrolyse and 
form soot at concentrations jus t above that required to fully 
carburize steel. In the absence of catalysts the approximate 
decomposition temperatures for hydrocarbon gases are : 

X
2
 = ADt. 

C O + H + H 2 ^ C F e + H 2 0 . 
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methane 680°C, ethane 490°C, propane 460°C, and butane 
430°C. One volume of methane is equivalent to 100 volumes of 
1 : 1 C O / H 2 mixture. 

8.5. EXAMPLES 

E X A M P L E 8.1 

Copper powder has been compressed and is to be sintered at 
900°C. A gas consisting of carbon monoxide and carbon 
dioxide is available. Calculate the composition which would 
just prevent oxidation at this temperature. 

2 Cu + 0 2 = 2 C u 2 0 . 

F r o m Fig. 8.1, ρ 0 2 = 1 0 "
9
 a tm at 900°C. At this temperature 

C O / C 0 2 ratio = l / 1 0
4
a t m . 

E X A M P L E 8.2 

Derive an equation relating depth of decarburization X, at 
time r, for a structure containing C g /cm

3
 of carbon but whose 

maximum solid solubility for carbon at the decarburizing tem-
perature is S g /cm

3
 and S > C. Assume a diffusivity constant 

Z)g/cm
2
/ sec , independent of concentrat ion; a linear carbon 

gradient in decarburized layer; and sufficient excess of easily 
dissolved carbon to ensure that the decarburization is diffusion 
controlled. 

Comment upon the validity of any assumptions and show 
how the equation applies, or may be modified to apply, to the 
practical cases of (a) white irons, (b) 0-6% carbon steel at 
850°C, and (c) spheroidized steel of eutectoid composition at 
700°C. 

[Institution of Metallurgists, Par t IV, Applied Metallurgy Α.] 

The first part of this question has been adequately answered 
in the text. 

In answering the second par t it is necessary to define the 
term "decarburizat ion". In the text this was taken to be when 
the carbon content of the surface layer is reduced to zero. 
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However, metallurgically this is taken as when no carbon can 
be detected metallographically at room temperature. Although 
the solubility of carbon is low at room temperature it is not 
zero and the metallographic end point is reached when there is 
still carbon in solution. 

In case (a) the quanti ty of carbon in the metal is above the 
maximum solubility and it is dispersed heterogeneously in the 
metal. The rate of decarburization is likely to be determined by 
the rate of dissolution of this dispersed carbon in the metal, 
rather than by the rate of diffusion of carbon to the surface. 

In case (b) the carbon is completely in solution and the rate 
of decarburization is limited only by the rate of diffusion at this 
temperature. Since the concentration gradient is maintained at 
a maximum this will depend upon the diffusivity D. 

In case (c) the solubility of carbon is very low, and the rate of 
diffusion will therefore be limited by the concentration gradi-
ent possible, rather than by the diffusivity a t this temperature. 
The rate at which carbon dissolves is unlikely to be the rate 
determining factor. 

E X A M P L E 8 .3 

Write a review of the mechanism of diffusion and discuss 
the significance of the Kirkendall effect. 

A piece of steel containing 0 - 2 % carbon is to be carburized at 
9 3 0 ° C until the carbon content is raised to 0 - 6 % at a depth of 
0 Ό 5 0 cm below the surface. The carburizing gas holds the sur-
face concentration a t 1 % carbon for all times (Fig. 8 . 8 ) . If D 
is approximately 1 · 4 Χ 1 0 ~

7
 c m

2
 s e c

- 1
 for all composit ions, 

and given that the composition half-way between the initial 
and ultimate concentrations occurs when Xj\/(Dt) = 0 - 9 5 4 , 

calculate (a) the time required a t the carburizing temperature of 
9 3 0 ° C , (b) the temperature required to get a 0 - 6 % carbon at a 
depth of 0 · 1 0 cm in the same time as 0 -6 % carbon was attained 
at a depth of 0 - 0 5 0 cm at 9 3 0 ° C . (D0 = 0 - 2 5 c m

2
 s e c "

1
, 

AH = - 3 4 , 5 0 0 cal /mol, R = 1 -987 cal/deg mol.) 
[University of Wales, Cardiff, Hons . Metallurgy.] 
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(a) The composition half-way between the initial and ult imate 
(maximum theoretical) concentrations occurs when : 

0-954, 

i.e. composition of 0-6% carbon occurs at Xj\/(Dt) = 0-954. 

Therefore the time required to give 0-6 % carbon at a distance 
0-050 cm is given by : 

° - °
5 0

 = 0-954 
V ( 1 - 4 X 1 0 - ' / ) 

0-050 

( H ^ X V U ^ X I O - 7 ) 

0-050
2 

0 - 9 5 4
2
X l - 4 X l 0 ~

7 

19,630 sec = 5-45 hr. 

Therefore y 7 = 

t = 

t = 

(b) Assume that the expression for the half-way composition 
X/V(Dt) = 0-954 still holds at the higher T2. The 0-6 % carbon 

F I G . 8.8. 
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concentration now occurs at 0-10 cm in 1-963X10
4
 sec. 

T h e r e f 0 r e
 V0P2Xl'-963xlO*)

 =
 ° '

9 5 4
' 

m °'10 

0 - 9 5 4 X V Ü - 9 6 3 X 1 0
4
) ' 

D
> = O ^ X ^ X l O * =

 5
'

5 9 9X 1 0
"

7
 ^ ^ ' 

In order to find T2 the expression D = D0 exp [—AH/KT] 
must be used. This is the general temperature dependence of 
the diffusion constant. 

AH 
Thus log , D = - — + log , D0, 

AH 
\og10D2 = - 2 m R T 2+ \ o g 1 0 D o . 

However, D2 = 5-599 Χ 10"? c m
2
 s e c "

1
. 

Therefore log (5-599X 1 0 - ) = ^ ^ ? y- + l o g 0-25, 

-
6

·
2 5 19

 = - 2 ^ 3 ^ Χ ^ -
0

·
6 0 2 1

' 

5-6498 = 
34,500 

Therefore 

2-303 Xl -987 Χ Γ 2 

_ 34,500 
2 _

 2-303X1-987X5-6498 ' 

T2 = 1337 Κ 

= 1064°C. 
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Alternatively, if the value of D0 had not been known the 
problem could have been solved : 

l o g 1 0( l - 4 x l 0 - ? ) = + l o g i ) o 

l o g 1 0 (5 -598X10 -7 ) = -~^f™ + l o g £ > 0 

-6-8539+6-2520 

2·303ΛΓ 2 

- 3 4 , 5 0 0 1 1 

1230 

- 0 - 6 0 1 9 = - 7 5 0 0 

2-303Ä 

T—1203 

] 1203Γ 

T= 1330 Κ = T2 

T2 = 1057 °C, 

which is in close approximation to the previously calculated 
value. 

EXAMPLE 8.4 

Producer gas, analysis C 0 2 , 5-2; CO, 25-1; H 2 , 12-3; N 2 , 
57-4% by volume at N T P is fed into a furnace at 900°C. If the 
total pressure in the furnace is maintained at 1 a tm pressure cal-
culate the actual composition of the gas at this temperature 
and pressure. 

(1) C (,) + -£02w ^CO(g)AG° = - 2 8 , 1 0 0 - 2 0 - 2 0 T c a l . 

(2) C w + 02(ç) ^ C 0 2 ( f, AG
0
 = - 94,640 - 0-05Γ cal. 

(3) H 2 ( f) + -J02(f) ̂  H20(g)AG° = - 6 0 , 1 8 0 + 13-93Tcal. 

(Thermodynamic data from Spiers.) 

Hence at 900°C, 1173 Κ : 

AG°{1) = - 5 1 , 7 9 5 cal. 

AG°{2) = - 9 4 , 6 9 8 cal. 

AGfa = - 4 3 , 8 9 5 cal. 
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In addition to reactions 1, 2 and 3 listed above, the appro-
priate water-gas equilibrium must also be set up . 

C O ( ? )+ H 2 0 ( g) ^ C 0 2 ( f f )+ H 2 ( #) (4) 

AG°A) = AG
0

(2)-(AG°a)+AG
0

{3)) = + 7 2 2 cal. 

-AG
0
 = 2-303^ 1173 \ogwKp. 

-122 
logioA, = Φ 5 7 5 Χ Ϊ Ϊ 7 3 - = "

0 , 1 3 46 f or r e a c t l on
 (

4
) 

Kp = an t i log-0-1346 

= antilog 1-8654 

Kp = 0-7352. (5) 

The equilibrium constant for reaction (4) is given by 

pCQ2Xp H 2 

pCOXpR20 

assuming ideal behaviour of the gases. 
Nitrogen in the atmosphere undergoes no change and since 

the total pressure is 1 a tm, 

/ ? C O + / ? C 0 2+ / ? H 2+ / ? H 20 = 1— 0-574Q?N2) = 0-426atm. (7) 

By the law of conservation of matter, the number of a toms of 
carbon, hydrogen, and oxygen must remain the same at all 
temperatures and pressures. Since the number of a toms is 
directly related to partial pressure of the gases : 

C atoms = ρ CO+p C 0 2 = constant . 

Η atoms = 2p H 2 + 2/? H 2 0 = constant . 

Ο atoms = pCO + 2p C02+p H 2 0 = constant . 

The original gas analysis gives : 

ρ CO = 0-251; C atoms - 0-251+0-052 - 0-303. 

ρ C 0 2 = 0-052; Ο atoms - 0-251+0-104 - 0-355. 

ρ H 2 = 0-123; Η atoms = 0-246. 

Therefore C atoms = 1-23 Η atoms. 

C atoms = 1-17 Ο atoms. 

Ο atoms = 1-44 Η atoms. 
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It is necessary to use the above information to evaluate any 
three unknown expressions in eqn. (6) in terms of the fourth. 
In this way the partial pressures of all the constituents at 900°C 
can be found. 

Number of C atoms = ρ CO Λ-ρ C 0 2 

= 1-23 (2 /?H 2 + 2 / 7 H 2 0 ) 

ρ C O + / 7 C 0 2 = 2·46/? H 2 + 2-46/? H 2 0 . 

If this is substituted in eqn. (7) then 

2-46/7 H 2 + 2-46/7 H 2 0 + / ? H 2 + / 7 H 2 0 = 0-426. 

3-46/7 H 2 +3-46 /7 H 2 0 = 0-426. 

/ 7 H 2 = 0 - 1 2 3 - / 7 H 2 0 . (8) 

It is necessary to find expressions for ρ CO and ρ C 0 2 in 
terms of ρ H 2 0 . 

Number of Ο atoms = ρ C O + 2/? C 0 2 + / 7 H 2 0 . 

Number of Ο atoms = 1-44 (2/7 H 2 + 2/? H 2 0 ) . 

/ 7 C O + / ? C 0 2 - 1-88/7 H 2 0 + 2-88/7 H 2 - / 7 C 0 2 . 

Substituting in eqn. (7): 

1-88ρ Η 2 0 + 2 · 8 8 ρ H 2 + / 7 H 2 + / ? H 2 0 - p C 0 2 = 0-426; 

2-88 /7 H 2 0 + 3-88 /7 H 2 - / 7 C 0 2 - 0-426; 

ρ C 0 2 = 2-88 ρ Η 2 0 + 3·88 ρ H 2 - 0 - 4 2 6 . 

F rom eqn. (8), H 2 - 0 1 2 3 - / ? H 2 0 . 

Therefore 

ρ C O , - 2-88 ρ H 2 0 + 3-88 ( 0 - 1 2 3 - /7 H 2 0 ) - 0 - 4 2 6 ; 

/ 7 C 0 2 = 0 0 5 1 - / 7 H 2 0 . (9) 

Substituting these values into eqn. (7): 

ρ C O + (0051 /7 C 0 2 - / 7 Η 2 Ο ) + ( 0 · 1 2 3 / ? Η 2 - / 7 Η 2 Ο ) + / 7 Η 2 Ο 

= 0-426; 

ρ CO = 0 - 2 5 2 + / ? H 2 0 . (10) 
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™ ç η 7. ς ο ( 0 - 0 5 1 - / ? H 2Q ) ( 0 - 1 2 3 - / ; H 2Q ) 
Therefore 0-7352 = — , τ ^ Λ „ ^ , 

(0-252 +/? H 20 ) / ? H 2 0 

0-265/?
2
 H 20 - 0 - 3 5 9 / ? H 2 0 +0-00627 = 0. 

This is a simple quadrat ic equation. 

„ _ 0-359 + Vt(0-359)
2
 - 4 X 0-265 X 0-00627] 

^ Η , Ο - 2 ^ 2 6 5 

/ ? H 2 0 = 0 0 1 8 a tm. 

Thus ρC02 = 0-051 - 0 0 1 8 = 0-033 atm. 

ρ CO = 0-252 + 0-018 = 0-27 a tm. 

ρ H 2 = 0-123-0-018 = 0 105 atm. 

C O M P O S I T I O N G A S , P E R C E N T A G E V O L U M E 

9 0 0 ° C Original at N T P 

N 2 5 7 - 4 5 7 - 4 

CO 2 7 - 0 25-1 

co2 

3-3 5-2 

H 2 0 1-8 0 0 

H 2 
10-5 12-3 

1 0 0 0 1 0 0 0 

The calculation just performed is rather tedious and with 
more variables in the initial gas composition it becomes very 
long. The equations are then best solved by the use of determi-
nants . Also, the equilibrium constant for the water-gas reac-
tion may be obtained directly from tables (Spiers) without the 
need to obtain it from thermochemical data . 

D : C I F T 1 7 
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Additional Examples 

1 . (a) Sketch the Orsat flue gas testing apparatus. Describe its method 
of use assuming the fuel is principally carbon, together with a small 
percentage of hydrogen, (b) A coal has the following percentage analysis 
by weight, C, 85%; H, 5%; O, 4%; and ash, 6%. 

Calculate (i) the theoretical weight of air supplied per unit weight fuel 
burnt, (ii) the volume of air supplied at NTP. 

[Institution of Heating and Ventilating Engineers, Section B, 
Principles of Heating, Combustion, and Air Conditioning.] 

Ans. (i) 11-4 lb/lb or 11-4 kg/kg. (ii) 141-3 ft
3
/lb or 8-75 m

3
/kg. 

2 . Calculate the percentage heat loss due to the heat in the flue gases 
when the following fuels are completely burned in the theoretical amount 
of air. 

Solid fuel: C, 74%; H, 5%; CV, 12,000 Btu/lb or 27,900 kJ/kg. 
Gaseous fuel CH 4, CV 1200 Btu/ft

3
 (44-6 MJ/m

3
). Assume flue tem-

peratures of 600°F (315°C) and 500°F (260°C) respectively, and ambient 
temperature 60°F (15°C). 

Mean specific heats at 60°F (15°C), C 0 2, 0-0226 (1-516); H 20 , 0-0210 
(1-409); N 2, 0-0184 (1-245); air, 00196 (1-316) Btu/ft

3
 °F (kJ/m

3
 °C). 

[Institution of Heating and Ventilating Engineers, Section C, 
Group V, Combustion Engineering.] 

Ans. (a) 11-4%. (b) 7-5%. 

3 . Calculate the composition of the flue gases when a fuel containing 
76% C, 8% H, 9% moisture and 7% ash, is burnt with the theoretical 
amount of air. 

If the carbon dioxide content of the dry flue gases is 10%, calculate 
the percentage of excess air and loss of heat when the flue temperature 
is 500°F (260°C), ambient temperature 60°F (15°C), and the calorific value 
of the fuel 14,000 Btu/lb (32,564 kJ/kg). Specific heats as in previous 
question. 

[Institution of Heating and Ventilating Engineers, Section C, 
Group V, Combustion Engineering.] 

Ans. Theoretical air = 142 ft
3
/lb at NTP or 8-91 m

3
/kg at NTP. 

Excess air = 63 %. 

Sensible heat loss = 14-85% (as % CV fuel). 

243 17* 
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Analysis flue gases using stoichiometric air: C 0 2, 15-0%; N 2, 74-3%; 
H 20 , 10-7%. 

4 . A petroleum oil having a gross CV of 18,250 Btu/lb (42,450 kJ/kg) 
and containing (by weight) 85-4% C, 11-2% H, 2-4% S, and 1-0% Ο is 
burned completely with air giving exhaust gases at a temperature of 
545°F (285°C). Determine (a) the theoretical volume of air required to 
burn unit weight of oil to completion, at NTP ; (b) the percentage excess 
air used when the dry flue gas on analysis shows 10% carbon dioxide 
on a volume basis; (c) the sensible heat above 60°F (15°C) in the total 
flue gases as a percentage of the net CV of the fuel when the dry flue gas 
contains 10% carbon dioxide. 

[Fuel and Combustion Engineering, Swansea College 
of Technology.] 

Ans. (a) 170 ft
3
/lb or 10-6 m

3
/kg. (b) 56%. (c) 15%. 

5 . A gas oil is used to melt a 10 ton charge of ferrous metal in a small 
furnace. Using the operational data given below calcuate the consumption 
of oil in gallons, at 15-5°C, and express this as (a) gallons per ton of 
charge and (b) gallons per hour of furnace operation (average). 

Composition of oil: C, 85-7; H, 13-4; S, 0-9 weight %. Specific gravity 
oil at 15-5°C = 0-84 (referred to water at 15-5°C). Calorific value oil 
= 19,500 Btu/lb gross; 18,230 Btu/lb net. Maximum temperature reached 
by charge = 1922°F. Temperature of furnace interior = 202°F. Ambient 
temperature = 72°F. Mean temperature of wet gases leaving furnace 
= 1072°F. Mean specific heat of metal = 0-16 Btu/lb °F. Mean specific 
heat of products of combustion = 0-0218 Btu/ft

3
 °F (measured at 32°F 

and 30 in.Hg). Total heat losses to storage and to surroundings during 
heat = 86·9 therms. Excess air = 25% over theoretical. Duration of 
heat = 10 hr. 

1 gal water weighs 10 lb at 15-5°C. 
[Institution of Metallurgists, Fuels, Old Regulations.] 

Ans. (a) 13-2 gal/ton. (b) 13.2 gal/hr. 

6 . A heavy fuel oil contains C, 86T ; H, 11-8; S, 2-1 %, and the gross 
calorific value of the fuel is 18,900 Btu/lb (44,100 kJ/kg). The oil tem-
perature required at the burner is 190°F (88°C). Determine (a) the heat 
available in the combustion chamber (expressed as a percentage of the 
gross potential heat in the fuel) when the oil is completely burned and the 
hot waste gases leave the combustion chamber at a temperature of 
600°C and contain 11-2% carbon dioxide as analysed ; (b) the theoretical 
power required in kWh per unit weight of oil to raise the oil to the tem-
perature of atomization ; (c) the concentration of sulphur dioxide express-
ed as grains per cubic foot at NTP (or ppm at NTP). Mean specific heat 
products of combustion = 0-021 Btu/ft

3
 at NTP (1-408 kJ/m

3
 at NTP). 

Mean specific heat of fuel oil = 0-465 Btu/lb °F (1-946 kJ/kg °C). 
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1 kWh = 3413 Btu. 1 lb = 7000 gr. ppm = mg/1. 
[Institution of Metallurgists, Fuels, Old Regulations.] 

Ans. (a) 65%. (b) 0-018 kWh/lb or 0-0475 kWh/kg. (c) 1-16 gr/ft
3
 or 

2-87 ppm. 

7. A fuel oil containing C, 84-5; H, 10-9; S, 2-3% and having a gross 
calorific value of 18,900 Btu/lb (44,100 kJ/kg) is burned in a combustion 
appliance, from which the gases are exhausted at a temperature of 660°F 
(350°C), the temperature of the surroundings being 60°F (15°C). The dry 
products of combustion contain 12-77% of ( C 0 2 + S 0 2) by volume. The 
total heat in the steam at 660°F (350°C) at the partial pressure of the 
steam in the products of combustion is 1112 Btu/lb from 32°F (2590 kJ/kg 
from 0°C). 

Determine (i) the volume of air at NTP to burn unit weight of oil; 
(ii) the sensible heat (expressed as a percentage of the gross calorific value 
of the fuel) lost in (a) the wet products of combustion and (b) the steam 
contained in the waste gases. Volumetric specific heat of dry gases, mean 
for temperature range = 0-021 Btu/ft

3
 at NTP (1-408 kJ/m

3
 at NTP). 

[City and Guilds Advanced, Metallurgy, Section J, Fuels.] 

Ans. (i) 210 ft
3
/lb or 10-5 m

3
/kg. (ii) (a) 14-6%; (b) 5-8%. 

8. Sketch the Orsat flue gas testing apparatus. Describe how you 
would determine the carbon monoxide, oxygen, and carbon dioxide 
contents of a flue gas. 

Calculate the percentage excess air used when a solid fuel (small 
nitrogen content) is burned with air and gives rise to the following volu-
metric flue gas composition: C 0 2, 11-0%; 0 2, 8-5%; N 2, 80-5%. 

[HNC Metallurgy, Swansea College of Technology.] 

Ans. 66%. 

9 . A coal having the following dry, ash free analysis: C, 86*5; H, 5-4; 
Ο, 4-6; N, 2-2; S, 1-3% is used for firing a furnace. 

(a) Determine the theoretical volume of air at NTP required for the 
complete combustion of unit weight of coal as fired if the coal contains 
7-6% ash and 2-9% moisture. 

(b) Determine the percentage of excess air per unit weight of dry coal 
used if the flue gas contains 6-1% oxygen as analysed. 

[Fuel and Combustion Engineering, Swansea College 
of Technology.] 

Ans. (a) 133-6 ft
3
/lb or 8-95 m

3
/kg. (b) 40%. 

10. A fuel oil with the analysis on weight basis 87% C, 11 % H, and 
2 % Ο is burned in a furnace and the dry products of combustion contain 
3-3 % 0 2 on a volume basis. The gross calorific value of the fuel is 19,500 
Btu/lb (45,400 kJ/kg) and the furnace operates with a flue gas temperature 
of 2300°F (1260°C). 
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Calculate (a) the stoichiometric air requirement at NTP; (b) the per-
centage excess air ; (c) the sensible heat of the total flue gases expressed 
as a percentage of the net calorific value of the fuel. 

Mean specific heat of flue gases = 0-022 Btu/ft
3
 at NTP (°F) (1-474 kJ/m

3 

at NTP (°C)). 

[Institution of Metallurgists, Part II, specimen question.] 

Ans. (a) 170 ft
3
/lb or 10-6 m

3
/kg. (b) 17-6%. (c) 55-4%. 

1 1 . The following figures were obtained for bulk densities of a number 
of samples from a batch of calcined dolomite. 

Bulk density (g/ml): 2-75, 2-73, 2-65, 2-63, 2-52, 2-67, 2-29, 2-55, 2-63, 
2-69, 2-56, 2-61, 2-55, 2-60, 2-65, 2-75, 2-55, 2-65, 2-66, 2-49, 2-08, 2-43, 
2-58, 2-66, 2-61. 

Assuming a normal distribution determine: (a) the average or arith-
metic mean, (b) the standard deviation, (c) the range, (d) the coefficient 
of variation. 

Comment upon the importance of sampling of refractory materials 
and discuss the significance of the above derivations. 

[HNC Metallurgy, Swansea College of Technology.] 

Ans. (a) 2-581 g/ml. (b) 0-146 g/ml. (c) 0-67 g/ml. (d) 5-6%. 

1 2 . A mixed fuel burner uses 200 ft
3
 of towns gas measured at NTP 

together with 1 lb of fuel oil; 15% excess air is used in combustion. The 
air is pre-heated to a temperature of 200°F in a recuperator heated by 
the exhaust gases. Its efficiency is 31-1 % in terms of the pre-heat in the 
air as a proportion of the heat in the gases entering the recuperator. The 
fuel oil has the composition: C, 90; H, 5-9; S, 0-4; N, 1-2%. Two hundred 
cubic feet of towns gas produces on theoretical combustion 948 ft

3
 of 

products of combustion and requires 812 ft
3
 air. The mean specific heats 

of the air and gaseous products are respectively 0Ό194 and 0-02 Btu/ft
3 

at NTP. Ambient temperature is 60°F. 
If the gases leaving the recuperator are not to fall below 300°F, de-

termine: (a) the temperature at which the exhaust gases should enter 
the recuperator; and (b) the logarithmic mean temperature difference 
of the hot and cold streams in a counterflow recuperator. What purpose 
does this criterion serve in design? Why should the exhaust gases not 
fall below 300°F on leaving the air heater ? 

[City and Guilds Advanced, Fuel Plant Technology.] 

Ans. (a) 687°F. (b) 349°F. 

1 3 . A coke containing, on the dry, ash free basis, 95 % C, and when 
used 2% moisture and 10% ash, is gasified by means of an air-steam 
blast, giving a gas as analysed of the volumetric composition: CO, 25-1 ; 
C 0 2, 5-2; H 2, 12-3; CH 4, 0-4%; remainder nitrogen. The gross calorific 
value of the coke as used is 12,000 Btu/lb (27,900 kJ/kg). 
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Determine the volume of gas generated per ton (tonne) of coke gasi-
fied and thence the percentage of the gross potential heat in the fuel 
available as gas. 

Gross CV for CO, 341 (12-7); H 2, 343 (12-76); CH 4, 1067 (39-7) Btu/ft
3 

(MJ/m
3
) at NTP. 

[Institution of Metallurgists, Fuels, Old Regulations.] 

Ans. Volume gas per ton = 182,000 ft
3
 at NTP. 

Volume gas per tonne = 5080 m
3
 at NTP. 

Required % = 8 3 % . 

14. A gas of volumetric percentage composition: C 0 2, 21-8; CO, 
34-7; H 2, 39-4; CH 4, 1-7; N 2, 0-9; H 2S, 1-5; is generated from a fuel 
containing as used; C, 54-2; H, 4-1; Ö, 13-9; N, 0-8; S, 3-3; ash, 15-3; 
moisture, 8-4% by weight. For the gasification process there are used 
270 ft

3
 (m

3
) oxygen, 300 ft

3
 (m

3
) of steam, both measured at NTP, per 

thousand cubic feet (metres) of gas made. The yield of gas is stated to be 
15-5 ft

3
 (m

3
) at NTP, per pound (kilogram) of fuel gasified. 

Investigate the efficiency of utilization of the steam and the carbon. 
Mention a type of gasification plant to which such figures could be appli-
cable and comment on the accuracy of the data. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Ans. Efficiency carbon utilization = 52 %. 
Efficiency steam utilization = 50%. 

15. "In many metal finishing operations the quality of the final pro-
duct is largely influenced by its previous thermal history." Discuss the 
significance of this statement by making particular reference to the design 
and operation of furnaces used in the final heat treatment of ferrous 
and non-ferrous products. 

An endothermic gas generator burns towns gas substoichiometrically 
and the product purge gas is used as a furnace atmosphere in an annealing 
operation. Calculate the percentage air deficiency if the gases have the 
following compositions and indicate the range of metals which could be 
annealed in such an atmosphere: 

Towns gas: C 0 2, 2; 0 2, 1 ; N 2, 12; CO, 7; H 2, 46; CH 4, 30; C 3H e, 2 % 
by volume. 

Purge gas: H 2, 18; CO, 10; C 0 2, 3; H 20 , 6% by volume; balance 
nitrogen. 

[Institution of Metallurgists, Part IV, AIM, Furnace Technology.] 

Ans. Deficiency = 42%. 

16. In a cyclic catalytic oil gasification plant of conventional design 
13-57 X10

6
 ft

3
 (0-384 X10

6
 m

3
) of gas is produced over a period of 22 days. 

For this purpose 55,480 gal (251,000 1.) of oil are gasified to produce the 
gas of the following average composition. 
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30 in.Hg and 60°F (1013 mbar and 15°C). CO„, 11-0; 0 2, 0-4; Q H m, 
6-6; CO, 14-7; H 2, 48-9; C 2H 6, 0-6; CH 4, 14-7; N 2, 3.0% by volume. 

For heating up the catalyst during the "blow", 4-6% of the make gas 
is used. 

Neglecting any credits for tar or debits for steam, calculate with the 
information given below, the net gaseous thermal yield per gallon and 
the thermal efficiency of the gas-making process. Oil specific gravity 
= 0-963 at 60°F (15°C). CV = 18,260 Btu/lb gross (42,600 kJ/kg gross). 
CVsat30in.Hg and 60°F(1013 mbar and 15°C):COandH 2 = 320Btu/ft

3 

(11-92 MJ/m
3
); C„Hm = 2300 Btu/ft

3
 (85-20 MJ/m

3
); C 2H 6 = 1700 

Btu/ft
3
 (63-2 MJ/m

3
); CH 4 = 995 Btu/ft

3
 (37-05 MJ/m

3
). 

[City and Guilds Advanced, Liquid Fuels.] 

Ans. Thermal yield = 1-2 XlO
5
 Btu/gal. 

= 0-28XlO
5
 kJ/1. 

Efficiency = 67%. 

17. Two gases A and B, initially at 60°F (15°C), of compositions 
indicated, are burned with the theoretical quantity of air, also at 60°F 
(15°C). Assuming no dissociation and neglecting the sensible heat content 
of the fuel and air, calculate the theoretical flame temperature attained 
by each of these gases. Indicate which commercial gases have composi-
tions approximating to A and to B. What effect would dissociation have 
on the flame temperature ? Indicate other factors which might be expected 
to alter the calculated theoretical flame temperature. Comment upon why 
the gas with the lowest calorific value gives rise to the highest theoretical 
flame temperature. 

Gas A Gas Β 
(% by volume) (% by volume) 

COo 4-7 22-0 

o2 

0 0 0-4 
0 0 2-6 

CO 41 0 7-4 
H 2 

4 9 0 5 4 0 
CH 4 0-8 2 8 0 
N 2 

4-5 6-2 

Net CVs: CO, 318 (11-85); H 2, 270 (10-05); CH 4, 895 (33-35); C 2. 5H 5, 
1600 (59-5); Btu/ft

3
 (MJ/m

3
) at 60°F and 30 in.Hg (15°C and 1013 mbar). 
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Mean specific heats of combustion products between 60°F (15°C) 
and temperature of combustion, for gas A, 0-028 (1-875), and for gas 
£, 0-026 (1-744) Btu/ft

3
 °F (kJ/m

3
 K). 

[Fuel and Combustion Engineering, Swansea College 
of Technology.] 

Ans. 3473°F (1910°C) and 3370°F (1850°Q. 

18. Coal is fired in a boiler furnace at the rate of 25 lb/hr (12-2 kg/hr) 
per ft

2
 (m

2
) of grate area. If the temperature of the fuel bed is 2500°F 

(1370°C) and the calorific value of the fuel 13,000 Btu/lb (30,200 kJ/kg) 
find the fraction of the heat radiated per square foot (metre) of grate 
area per hour when the walls are at (a) 340°F (171°C), and (b) 540°F 
(282°C). Take the emissivity to be 0-9 and grey body conditions to apply. 

(Stefan-Boltzmann constant = 1-73 X 10~
9
 Btu/hr ft

2
 R

4 

= 5-67X10"8 W/m 2 K4.) 

[HNC Metallurgy, Swansea College of Technology.] 

Ans. (a) 0-366. (b) 0-363. 

19. The walls of a furnace are built of a 6 in. (152-4 mm) thickness of 
refractory material of thermal conductivity 0-50 lb-cal/hr ft

2
 °C/ft 

(0-865 W/m °C). The surface temperatures of the inner and outer faces 
of the refractory are 1100° and 240°C respectively. The coefficient of 
heat transfer from the outer surface to the air, which is at 20°C, may be 
taken as 4-0 lb-cal/hr ft

2
 °C (22-713 W/m

2
 °C). 

If a layer of insulating material 1 in. (25-4 mm) thick, of thermal 
conductivity 0 1 0 lb-cal/hr ft

2
 °C/ft (0-1731 W/m

2
 °C), is added onto 

the outside wall, what temperature will the face exposed to the air 
attain, and what is the saving in heat? Assume that the inner surface 
remains at 1100°C. The coefficient of heat transfer from the outer surface of 
the insulating material to air at 20°C may be taken as 3-3 lb-cal/hr ft

2
 °C 

(18-74 W/m
2
 °C). 

[LRIC Fuel and Industrial Chemistry, Swansea College 
of Technology.] 

Ans. (a) Saving in heat = 358 lb-cal/hr ft
2
 = 2124 W/m

2
. (b) Tempera-

ture = 173°C. 

20. (a) Derive from first principles the following formula: 

ν jr > 

where R8l = inside surface resistance; Ra2 = outside surface resist-
ance; L = thickness material; Κ = conductivity. 

(b) (i) Explain the phenomenon of pattern staining on a ceiling, (ii) It is 
desired to eliminate pattern staining in a bungalow ceiling comprising 
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3/4 in. plaster below 6 x 2 in. wood joists. Determine the required thick-
ness of insulation between the joists, given: conductivity of plaster = 4-0 
Btu/ft

2
 hr °F; conductivity of wood = 1-0 Btu/ft

2
 hr °F; conductivity 

of insulation - 0-25 Btu/ft
2
 hr °F. 

[Institution of Heating and Ventilating Engineers, Section B, Prin-
ciples of Heating, Combustion, and Ventilation.] 

Ans. (b) (ii) 1-5 in. 

2 1 . Develop from first principles, an expression for the radial heat 
flow through and from walls of a thick cylinder in terms of rx the inner 
radius, and r2 the outer radius, 7 \ the temperature of the inner surface, 
T2 the temperature of the outer surface, and k the thermal conductivity 
of the material of the walls of the cylinder. 

Calculate the heat loss per hour per square foot (metre) of pipe sur-
face from a pipe of internal diameter 4 in. (100 mm), covered with 2 in. 
(50 mm) of insulation of thermal conductivity 2-5 Btu/ft

2
 hr °F/in. (0-346 

W/m
2
 °C). The temperature of the inner surface is 400°F (205°C) and 

the outer surface temperature is 100°F (38°C). 
[HNC Metallurgy, Swansea College of Technology.] 

Ans. 216 Btu/ft
2
 hr (102-5 W/m

2
). 

2 2 . Explain carefully the difference between counter-flow and parallel-
flow operation in heat exchangers. 

In a counter-flow heater 6000 ft
3
/min (2-8 m

3
/s) of combustion pro-

ducts are used to pre-heat 5000 ft
3
/min (2-33 m

3
/s) of air. The hot gas 

enters the heat exchanger at 1470°F (799°C). The air enters at 60°F (15°C) 
and is heated to 1000°F (538°C). 

(a) Determine the temperature at which hot gases leave the exchanger, 
neglecting external losses. 

(b) Thence determine the value of the overall heat transfer coefficient 
if the area of the heat exchanging surface is 810 ft

2
 (73 m

2
). 

Mean specific heat of gases, 0-0215 (1-44), of air 0-0197 (1-32) Btu/ft
3
 °F 

(kJ/m
3
 °C). All volumes measured at NTP. 

[Fuel and Combustion Engineering, Swansea College 
of Technology.] 

Ans. (a) 752°F (395°C). (b) 12 Btu/ft
2
 hr °F (68 W/m

2
 °C). 

2 3 . Write down the pertinent equations for the steady flow of heat 
through: (a) a composite wall of different materials in solid contact, 
the surface film coefficients being given for the hot and cold walls; and 
(b) the walls of a hollow cylinder whose internal and external walls are 
maintained at specific temperatures. 

In the case of (a) compute the heat loss per square foot (metre) of 
exterior surface per hour given the following data. The wall consists of 
4 i in. (114-4 mm) of material A, 9 in. (228-8 mm) of material B, and 4 i in. 
(114-4 mm) of material C. 
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The respective film coefficients at the hot and cold surfaces are 4-5 
(25-54) and 2-5 Btu/ft

2
 hr °F (14-2 W/m

2
 °C). The respective thermal 

conductivities are 10-0 (1-443), 2-0 (0.289), and 0-6 Btu/ft
2
 hr °F/in. 

(0-0867 W/m
2
 °C). The temperature of the surroundings at the hot face 

is 2192°F (1200°C). The ambient temperature (cold face) is 68°F (20°C). 
Dimensions and temperatures in (b) are as follows : Length of cylinder 

5 ft (1-525 m); i.d. 0-75 ft (0-2285 m); o.d. 1-0 ft (0-305 m). Temperature 
inner surface 536°F (280°C). Drop of temperature across riml-8°F (1°C). 

Calculate the heat flow through the walls of the cylinder if thermal 
conductivity k = 128-2 Btu ft

2
 hr °F/ft (222 W/m °C). 

[Institution of Metallurgists, Old Regulations, Fuels.] 

Ans. (a) 163 Btu/ft
2
 hr (515 W/m

2
) . (b) 25,430 Btu/hr (7448 W). 

24. The total radiation energy, in Btu/hr emitted to the surroundings 
from the surface of a lagged steam pipe, is 12X 10-

10
X(T*-T*)xA, 

where A is the area of the outer surface of the lagging and Tx and T2 are 
the absolute temperatures in degrees Rankine of the outer surface and 
the surroundings respectively. 

The heat lost by convection is 0-39 X ^ X ^ - ^ )
1
'

2 5
, where tv °F and 

t2 °F are the temperatures of the outer surfaces of the lagging and the 
surrounding air. 

If the pipe diameter is 6 in. and the thickness of the lagging is 2 in., 
calculate graphically or otherwise the temperature of the steam at which 
the heat lost by radiation will be equal to the heat lost by convection. 

Mean thermal conductivity lagging 0-035 Btu/ft
2
 hr °F/ft. Temperature 

surroundings 60°F. 

[City and Guilds Advanced, Fuel Engineering.] 

Ans. Surface temperature = 70°F; steam temperature = 155°F. 
25. Outline the basic principles underlying the construction of a suc-

tion pyrometer. 
Air at atmospheric pressure flows over a thermocouple junction with 

a gas velocity of 10 ft/sec (0-305 m/s). The temperature of the wall Tw 

is 1200 R (666 K), and the couple indicates a temperature of 1500 R 
(833 K) (Tp). The diameter of the couple junction is 0-0042 ft (000126 m) 
and its emissivity 0-2. 

For flow across wires, the convective heat transfer coefficient can be 
found from: Nu = 0-5 Re

0
'

5
. Over the temperature range considered, the 

thermal conductivity of air = 0-0344 Btu/ft hr °F (0-0595 W/m °C) and 
the kinematic viscosity 9-44 X l O

- 4
 ft

2
/sec (0-85 XlO"

4
 m

2
/s). 

Calculate the convective and radiative heat transfer coefficients, and 
thence the true gas temperature. 

(Nu = Nusselt group, Re = Reynolds group, Stefan-Boltzmann con-
stant = 1-71 ΧΙΟ""

9
 Btu/ft

2
 hr R

4
 = 5 · 6 7 χ 1 0 ~

8
 W/m

2
 K

4
.) 

[Fuel and Combustion Engineering, Swansea College 
of Technology.] 
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Ans. hc = 27-4 Btu/ft
2
 hr °F (155-4 W/m

2
 °C). 

hr = 3-41 Btu/ft
2
 hr °F (19-33 W/m

2
 °C). 

Temperature gas = 1537 R (855 K). 

26. A horizontal duct is 80 ft (24-37 m) long. Its shell is 3 ft 3 in. 
(991 mm) internal diameter, and is lined with 4i in. (114-4 mm) of insu-
lating material having a mean thermal conductivity of 0-08 Btu/ft

2
 hr 

°F/ft (0-1384 W/m °C). The internal film coefficient of conductance is 
4 Btu/ft

2
 hr °F (22-712 W/m

2
 °C); and the external surface coefficient is 

3-5 (19-87 W/m
2
 °C). The ambient temperature is 60°F (15°C). 

Determine the heat loss, in therms (new therms) per hour from the 
surface of the duct when the mean temperature of the gases flowing in 
the duct is 482°F (250°C). 

1 new therm = 100 M J. 

[City and Guilds Advanced, Metallurgy, Section J, Fuels.] 

Ans. 0-69 therm or 0-73 new therm. 

27. A radiant tube, in which gaseous fuel is burnt, is used to heat a 
furnace operating with a controlled atmosphere. The tube is cylindrical 
and has an internal diameter of 6 in. (152-4 mm) and an external diameter 
of 7 in. (177-8 mm). The external temperature of the tube is 1500°F 
(810°C) and the tube radiates to a surrounding body that is at a tempera-
ture of 1400°F (760°C). If the effective emissivity of the heat exchanging 
surfaces, external to the tube, is 0-9, and the thermal conductivity at 
the mean temperature of the metal of the tube is 151 Btu/ft

2
 hr °F/in. 

(21-8 W/m °C), and the radiation constant is 1-72X10"
9
 Btu/ft

2
 hr R

4 

(5 -67XlO
-8
 W/m

2
 K

4
), determine the temperature gradient in the wall 

of the tube. 
Discuss the factors that may enter into the problem due to the geo-

metrical relationships of the heat exchanging surfaces. 
[Institution of Metallurgists, Old Regulations, Fuels.] 

Ans. Gradient = 30-5°F/in. (0-67°C/mm). 

28. Write a critical account of the heat transfer mechanism which 
operates during the cooling of a large steel ingot from the completion of 
casting the molten metal at 1650°C into a heavy cast-iron mould at 200°C 
until the metal is solid and the mould removed, and then during air cool-
ing to ambient temperature. 

An ingot, 0-5 m square in cross-section and 2 m high, is stripped of 
its mould when the surface temperature is 815°C. Calculate the rate at 
which heat is lost to the air and the surroundings at 15°C using the 
formula : 

H = 2 - 7 X l O
-5
 Ö

1
'

33
 cal/cm

2
 sec for the rate of heat loss for natural 

convection from vertical surfaces (one-third greater for horizontal sur-
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faces); emissivity of ingot = 0-5; and the Stefan-Boltzmann constant 
= 1-37X10-" cal/cm

2
 sec K

4
. 

[Institution of Metallurgists, Old Regulations, Fuels.] 

Ans. Loss by convection = 867,440 cal/sec. 
Loss by radiation = 4-02 X 10

e
 cal/sec. 

29. Discuss the statement "Dimensionless groups have contributed 
significantly to the solution of problems involving heat transfer". 

A steel slab at 20°C is introduced into a furnace which is at 1250°C. 
Determine the time which will elapse before the central plane of the slab 
will reach a temperature of 1200°C. 

Slab thickness = 15 cm. 
Thermal conductivity = 0-075 cal/cm

2
 s °C/cm. 

Density = 7-5 g/cm
3
. 

State any assumptions necessary in the calculation. 

X f 

erfc χ 

0-4 0-5716 
0-45 0-5245 
0-5 0-4795 

[Advanced Diploma, Applied Heat, Swansea College 
of Technology.] 

Ans. 1080 sec. 

30. A rectangular flue 1 ft 9 in. by 1 ft 9 in. (53-3 mm by 53-3 mm) in 
cross-section exhausts the products from a furnace at the rate of 144,000 
ft

3
/hr (0-113 m

3
/s) measured at NTP. It is 150 ft (45-6 m) long, and there 

are four right-angled bends in a horizontal plane. The mean temperature 
of the gases in the flue is 300°C (573°F). The value of the frictional factor 
in the Fanning equation may be taken as 0-016, when using hydraulic 
mean depth. The loss in pressure-head in a right-angled bend may be 
taken as 1*5 times the velocity head. 

(i) Determine the pressure loss in the flue, and the fan power expected 
to be required to exhaust the gases. 

(ii) Indicate the principles involved in such a calculation if two vertical 
ducts are interposed into the system. 

Density gases = 0-0825 lb/ft
3
 (1-32 kg/m

3
) at NTP. 1 HP = 33,000 

ft lb/min. g = 32-2 ft/sec
2
 (9-81 m/s

2
); 1 in. w.g. = 5-2 lb/ft

2
. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Ans. 0-8 HP (59-6 W). 1-01 in. w.g. (249 N / m
2
 = 25-4 mm H 20 ) . 
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31. Give an account, illustrated by sketches, of the provisions required 
for the supply of fuel oil to an industrial space heating unit, indicating 
the character of the test data required and safety precautions necessary. 

Determine the pressure drop that would occur in 100 ft (100 m) length 
of 3 in. (76*2 mm) internal diameter pipe, carrying at a temperature of 
100°F (38°C), 2000 gal/hr (2-52 l./s) of oil fuel, having the following 
properties: specific gravity and kinematic viscosity at 100°F (38°C), re-
spectively 0-86 and 0-00023 ft

2
/sec (0-00002136 m

2
/s) (the Fanning equa-

tion in accepted symbols is given as 

[City and Guilds Advanced, Fuel Plant Technology.] 

Ans. 36-5 lb/ft
2
 per 100 ft. 

5550 N / m
2
 per 100 m. 

/ = 0-008. 

32. (a) Outline the basic principles involved in the determination 
of pressure drop in furnace flues due separately to velocity head, friction, 
and buoyancy. 

(b) Determine the static draught of a chimney 100 ft (100 m) high 
and having a mean temperature of the gases of 350°F (177°C). 

(c) For the same derive the loss of draught due to velocity head and 
friction given the following data: 

Internal diameter = 6 ft (1-83 m). 
Mean velocity gases = 1 5 ft/sec (4-675 m/s). 
Density gases = 0-082 lb/ft

3
 (1-312 kg/m

3
) at NTP. 

Frictional coefficient = 0-026. 
1 in. w.g. = 5-2 lb/ft

2
; 1 kPa = 102 mm H 20 . 

Gravitational constant = 32-17 ft/sec
2
 = 9-81 m/s

2
. 

Ambient temperature = 60°F (15°C). 
Density air = 0-08071 lb/ft

3
 (1-292 kg/m

3
) at NTP. 

[Institution of Metallurgists, Old Regulations, Fuels.] 

Ans. (b) 0-5 in. w.g. (441 N/m
2
 = 45 mm water), (c) 0-09 in. w.g. (58-08N/m

2 

= 5-81 mm H 20 ) . 

33. Explain the principles of the orifice gauge and show how these 
principles are applied in the practical case of measurement of fluid flow. 

A saturated gas flows in a circular main of internal diameter 20 in. 
(508 mm). The flow of gas is measured by means of an orifice plate with 
corner tappings, the diameter of the orifice is 10-88 in. (276 mm). The gas 
at the upstream tapping has a density of 0-034 lb/ft

3
 (0-55 kg/m

3
). The 

differential pressure across the orifice is 2 in. w.g. (50-8 mm w.g. = 5 kPa). 
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(i) Determine the rate of flow in ft
3
 (m

3
)/hr for the conditions applying, 

given the following data: C, coefficient of discharge = 0-625; m, ratio 
of orifice area to pipe area = 0-2959; E9 velocity of approach factor 
= 1-047. 

(ii) What additional information is required in order to determine 
the number of therms passing per hour? 1 in. w.g. = 5-2 lb/ft

2
; g = 32-17 

ft/sec
2
 = 9-81 m/s

2
. 

[City and Guilds Advanced, Fuel Plant Technology.] 

Ans. 206,700 ft
3
/hr (5790 m

3
/h). 
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Index 

Absorptivity 100 
Aerodynamics, furnace 190 
Air 

composition 26 
excess from flue gas analysis 32 
theoretical 26 

Analogy 
electric — aerodynamics 190 
electric — heat 94 
Reynolds 117 

Analysis 
dimensional 112 
flue gas 28 
presentation 2 
proximate 12 
statistical 15 
ultimate 12 

Angle, solid 97 
Annulus, heat transfer within 115 
Arithmetic mean 16 
Ash determination 3 
Atmosphere 

composition 26 
controlled 224 

Autothermic, process 72 
Average 16 
Average velocity 193 
Avogadro, hypothesis 26 

Balance 
carbon 36 
heat 171 

Bar 5 
Bernoulli, theorem 192 
Black body 95 

Black body radiation; Stefan-Boltz-
mann law 95 

Boundary layer 117 
British engineering units 114 
British thermal unit 5 
Buffer layer 117 
Buoyancy in furnaces 205 

Calorie 6 
Calorific value 11 

determination 12 
of simple gases and components 

14 
Carbon balance 36 
Carburizing of steel 231 
Casting, rate of solidification 128 
Celsius, heat unit 6 
Chimneys, natural draught 206 
Coefficient, discharge 212 
Combustion 

calculations 25 
incomplete 38 

Compressibility factor 214 
Condensation, film 116 
Conduction 

cylinders 124 
multiple walls 122 
spheres 127 
steady-state 121 
unsteady-state 133 

Convection, heat transfer 112 
Cooling fin 129 

Decarburizing of steel 232 
Definitions 4 

267 
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Deviation, standard 16 
Diffusivity, thermal 135 
Dimensional analysis 

heat 112 
viscosity 191 

Dimensions; aerodynamics 193, 
194 

Discharge coefficient 212 
Dissociation of gases 85 
Drop condensation 116 
Dry 

ash free 3 
mineral matter free 3 

Dulong formulae 13 

Economic thickness of lagging 125 
Eddy current 112 
Effective flame thickness 107 
Ellingham diagrams 227 
Emissivity 100 
Energy 

free 226 
fundamental equation 195 
kinetic 209 
radiant 95 
spatial distribution 96 
wavelength 96, 99 

Entropy 226, 227 
Equilibrium, water gas 87 
Error function 18 
Excess air from flue gas 32 

Fahrenheit scale 5 
Fanning's equation of flow 197 
Fick's law 231 
Film, condensation 116 
Fin, cooling, heat flow 129 
Finite difference method, heat 

transfer 138 
Fisher distribution 19 
Flame, temperature 83 
Flow 

annulus 115 

compressible fluids 202 
frictional resistance to 190 
measurement 208 
stream-line 19.1 
turbulent 191 

Fluid pressure 208 
Forced convention 115 
Frequency distribution i 7 
Friction 

head 195 
pressure drop due to 196 
resistance to flow 190 

Fundamental energy equation 195 
Furnace 

heat lost during tenporary shut-
down 146 

reactions within atmosphere 225 

Gas 
dissociation 85 
in furnaces 205 
radiation 107 
thermocouple in stream 133 

Gasification calculations 67 
Gouthal formula 12 
Grashof number 114 
Grey body 90, 105 
Gross calorific value 11 

Head 
friction 195 
velocity 195 

Heat 
balances 170 
exchangers 118 
flow 

composite walls 122 
cooling fin 129 
cylinders 123 
Fourier's law 121 
sphere 127 

latent 8 
loss in flue gases 42 
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Heat (cont.) 
loss in furnace shut-down 146 
quantity 5 
sensible 7 
specific 6 
transfer 

coefficient by convection 113 
coefficient by radiation 107 
condensation of vapours 116 
conduction, steady-state 121 
convection 112 
radiation 95 
steady-state conduction 121 
unsteady-state conduction 133 

Hemisphere, radiation in 96 
Hottel gas radiation 108 
Hydraulic mean depth 197 
Hydraulic mean diameter 197 

Intensity, radiation 97 
Interchange of radiation 

between black body and black 
enclosure 104 

between two parallel plates 105 
between two plane non-parallel 

surfaces 100 
Inverse square law 96 

Joule, quantity of heat 6 

Kelvin, temperature 5 
Kinematic viscosity 191 
Kirchhoff's radiation law 99 

Lambert's radiation law 96 
Laminar flow 191 
Laplace transform in heat transfer 

135 
Latent heat 8 
Logarithmic mean radius 125 
Logarithmic mean temperature dif-

ference 121 
Logarithms 256 

Mean radius, logarithmic 125 
Mean specific heat 7 
Mean temperature difference, loga-

rithmic 121 
Median 16 
Meter 

orifice plate 211 
venturi 211 

Mineral matter in coal 4 

Natural convection 112 
Natural draught in furnaces 206 
Net calorific value 12 
Newton 6 
Normal temperature and pressure 

5 
Nusselt group 114 

Orifices, fluid measurement 211 

Pascal, unit of pressure 195 
Pipes 

fluid flow in 193 
friction factor 198 
heat loss from 124 
roughness 199 

Pitottube 211 
Planck's law 99 
Poise, c.g.s. unit of viscosity 191 
Poiseuille, SI unit of dynamic vis-

cosity 191 
Prandtl group 114 
Pressure, fluid 209 
Probability 19 

Quantity of heat 5 

Radiation 
black body 95 
energy distribution with wave-

length 98 
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Radiation (cont.) 
gas 107 
grey body 99 
heat transfer by 95 
inverse square law 96 
Kirchhoff's law 99 
Lambert's law 96 
spatial distribution energy 96 
Stefan-Boltzmann law 95 
Wien's law 99 

Random selection 15 
Rankine, temperature 5 
Reynolds number 114,192 
Roughness of pipes 199 

Sankey diagrams 172 
Schmidt method for unsteady heat 

flow 138 
SI units 8 
Significance test 19 
Slug, unit 194 
Specific heat 

instantaneous 7 
mean 6 

Specific volume 192 
Standard deviation 16 
Standard temperature and pressure 

5 
Stefan-Boltzmann radiation law 95 
Stoke, c.g.s. kinematic viscosity 

191 
Stream-line flow 191 
Suction pyrometer 133 

Taylor and Prandtl heat transfer 
coefficient 118 

Temperature 
distribution in fin 131 
flame 83 
mean logarithmic 21 
normal 5 
standard 5 

Therm 6 
Thermal conductivity 122 
Thermal diffusivity 135 
Thermocouple in gas stream 133 
Turbulent flow 191 

Universal velocity profile 118 
Unsteady heat flow 133 

Variance 16 
Venturi meter 221 
Velocity, approach factor 213 
Viscosity 191 
Volatile matter in coal 3 
Volume, gram molecular 27 

Walls, heat conduction through 
122 

Water-gas equilibrium 87 
Watt 9 
Wien's radiation law 99 


